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Abstract 

Grasslands have been considered the most imperiled ecosystems in the world 

because, over the past three decades, grasslands have been subjected to major 

natural and anthropogenic disturbances (e.g., land-use change and global climate 

change). Despite there is increasing evidence that grassland ecosystems are under 

threat of global climate change, our understanding of the functioning (e.g., above-

ground biomass (AGB) and below-ground biomass (BGB)) and stability (e.g., 

resistance and resilience) of these ecosystems in response to climatic variability and 

climate extremes is limited.  

In this thesis, grassland biomass observations in 5 ecoregions (cold steppe, humid 

temperate, humid savanna, savanna and temperate dry steppe) and Bayreuth 

Biodiversity Experiment were studied to examine the effects of climatic variability 

and climate extremes on ecosystem functioning and assess the role of biodiversity 

on ecosystem functioning and stability. Growing-season climatic variables were 

defined based on respective harvests (hereafter single-harvest), which include 

growing-season temperature (GST), precipitation (GSP), mean temperature 

(GSTmean), maximum temperature (GSTmax), minimum temperature (GSTmin) and 

cumulative precipitation (GSPcum). Annual climatic variables include mean annual 

temperature (MAT), maximum temperature (MATmax), minimum temperature 

(MATmin), annual precipitation (AP) and frequency (APfreq). Standardized 

Precipitation Evapotranspiration Index was used to identify growing-season and 

annual climatic conditions (extreme dry, moderate dry, normal, moderate wet and 

extreme wet) based on drought index classification. Annual harvest frequencies 

were classified into extensive, low-intensive, mid-intensive, and intensive. Biomass 

(i.e., AGB, BGB and BGB:AGB ratio) data were analyzed using multiple tests (i.e. 

Pearson correlation, one-way ANOVA, post-hoc test, generalized linear models 

and linear mixed-effects models.  

Results showed that irrespective of study sites, ecoregions and plant types, growing-

season climatic variables were the strong determinants in controlling single-harvest 

biomass rather than the annual climatic variables in explaining annual biomass. For 

example, single-harvest AGB in cold steppe, humid temperate and humid savanna 

ecoregions increased with increasing GSP and GST. For total BGB in C3- and C4-

dominated grasslands across ecoregions, GST, GSTmax and GSTmin had 

significantly positive effects on the single-harvest BGB of C3 plants in humid 

temperate and cold steppe, and C4 plants in temperate dry steppe and savanna 

ecoregions. When BGB:AGB ratio was examined, I found that the single-harvest 

BGB:AGB ratio of C4-dominated grasslands increased, and C3-dominated 

grassland decreased with GST and GSTmax.  

The differential effects of climate extremes on biomass were not only caused by the 

differences in sites, ecoregions and plant types, but also ascribed by the direction 

and timescale of climate extremes. Compared to normal climatic conditions, the 

single-harvest BGB:AGB ratio of C3-dominated grasslands in cold steppe and C4-

dominated grasslands in savanna and humid savanna ecoregions was higher (lower) 

in growing-season dry (wet) climatic conditions. Higher single-harvest BGB:AGB 

ratio of C4-dominated grasslands in savanna and humid savanna in growing-season 

extreme dry climatic conditions caused by a decrease (increase) of AGB (BGB) in 
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these grasslands. The C3-dominated grasslands in cold steppe ecoregion are at great 

threat of drought, as it was observed that growing-season extreme dry climates 

reduced both the single-harvest AGB and BGB. 

The relationships between species richness and AGB were (i) concave-up in June 

harvest and unimodal in September harvests for dry conditions, and (ii) negative 

linear in June harvests and positive linear in September harvests for the wet 

conditions. Species richness increased ecosystem resistance against climate 

extremes of different intensities and directions but decreased resilience towards 

climate extremes of all dry events.  

This research concludes that growing-season climatic variables rather than annual 

climatic variables are the strong determinant in predicting grassland biomass 

productivity. The observed significant effects of climate extremes on biomass in 

most sites and ecoregions suggest that the functioning and stability of grasslands in 

these ecoregions are potentially under threat of increasing intensity and frequency 

of climate extremes. However, in order to buffer the negative effects of climate 

extremes on ecosystem functioning, the presence of higher species richness and 

functional groups is of great importance. 

This research helps improve the understanding of the differences in the responses 

of grassland functioning to climatic variability and climate extremes across 

ecoregions and provides new insights into biodiversity-functioning and 

biodiversity-stability relationships under climate extremes, which is of importance 

to achieving sustainable grassland management in different geographical regions.  

 

 

Keywords: grassland ecosystems, above-ground biomass, below-ground biomass, 

species richness, plant functional types, ecoregion, resistance, resilience, climatic 

variability, climate extremes.   



iv 

 

Acknowledgement  

First and foremost, I would like to sincerely thank my principal supervisor Assoc. Prof. 

Dr. Jianfeng Li for his excellent supervision and guidance, and constant support and 

encouragement to accomplish this mammoth task. I particularly appreciate Dr. Li for 

his enormous support to improve my scientific writing, and analytical, presentation and 

communication skills. I would not have been completed this thesis without his 

wonderful feedback and continuous inspiration. I consider myself exceedingly 

fortunate to have Dr. Li my principal supervisor and mentor, who paved the way for 

my personal growth and academic progress.  

I sincerely thank my co-supervisor Prof. Dr. Owen Richard Bernhart for the strategic 

directions and insightful ideas on my research design. His constructive suggestions 

helped me in strengthening my research implementation skills. My sincere thanks go 

to my PhD candidature committee for their valuable feedback on research design and 

methodology. I extend my gratitude to the thesis examiners (Prof. Dr. Zhou Qiming, 

Assoc. Prof. Dr. Daphne Mah, Dr. Chun Kwok Pan, Prof. Dr. Cheng Lei, and Assoc. 

Prof. Dr. Derrick Lai) for their very insightful observations and valuable comments on 

the thesis, which help improve the quality of the thesis. My sincere thanks to Prof. Dr. 

Wang Donggen, Dr. Gao Meng, and all the faculty members of the department for their 

valuable comments and constructive suggestions on many occasions, particularly 

during the seminar and candidature presentations.  

I am grateful to Prof. Dr. Carl Beierkuhnlein, Department of Biogeography, University 

of Bayreuth, Germany for his great support (PhD research attachment) by providing 

24-year Bayreuth Biodiversity Experiment dataset. I thank him for his constructive 

suggestions in data analysis and excellent support in preparing a manuscript (chapter 

5). I also thank Dr. Samuel Hoffmann, University of Bayreuth for his contribution to 

chapter 5. I am thankful to Mr. Reinhold Stahlmann, University of Bayreuth for his 

assistance in data collection and management. I am grateful to the students and experts 

who collected data over 24 years. 

I am indebted to Lai Yangchen for her cordial support in statistical analysis and 

valuable time in academic and personal discussions, and Zhu Liyuan, who has been an 

unfailing source of fun and friendship. My sincere thanks go to my friends Yi, Aihong, 

Dr. Ali, Dr. Sarwar, Palash, Kabir, Abdullah, Mamun and Rafi for their inspiration. I 

owe my warmest thanks to Ms. Grace, Ms. Maggie, Ms. Joanne, Mr. Benson and Mr. 

Johnson for their timely administrative support.  

I gratefully acknowledge several funding organizations and data sources. The thesis 

work was funded by the Research Grants Council (RGC) of the Hong Kong Special 

Administrative Region, China through Hong Kong PhD Fellowship 2018/19 

(fellowship application reference number PF17-08241). The four published articles 

were supported by research grants from the RGC (Project Numbers HKBU12302518 

and HKBU22301916) and the National Key R&D Program of China (Project No. 

2019YFC1510400). My sincere thanks to Mrs. Betty Y. Cheng,  John & Company Ltd. 

for the generous funding support. Bayreuth Biodiversity Experiment is an extension of 

previous BIODEPTH project (BIODiversity and Ecological Processes in Terrestrial 

Herbaceous Ecosystems), which was funded by the European Commission within the 

Framework IV Environment and Climate program (ENV-CT95-0008). Grassland 

biomass and climate data of five ecoregions were obtained from the global NPP 

database at the Oak Ridge National Laboratory Distributed Active Archive Center, 

Tennessee, USA. Climate data were extracted from the Climatic Research Unit and 

Global Precipitation Climatology Centre. 

Last but not least, I extend heartfelt thanks to my family members for their 

unconditional love and everlasting encouragement.  



v 

 

Table of Contents 

DECLARATION  ........................................................................................... i 

Abstract............................................................................................................ ii 

Acknowledgements ......................................................................................... iv 

Copyright ......................................................................................................... vi 

Table of Contents ............................................................................................ v 

List of Tables ................................................................................................... xi 

List of Figures.................................................................................................. xiii 

Symbols and Abbreviations  .......................................................................... xviii 

 

Chapter 1    Introduction ............................................................................... 1 

1.1. Research background ........................................................................... 1 

1.1.1. Biodiversity ................................................................................. 1 

1.1.2. Grassland ecosystem ................................................................... 2 

1.1.3. Grassland ecosystems functioning and stability ......................... 3 

1.1.4. Climatic variability and climate extremes .................................. 5 

1.2. Current understanding of grassland biodiversity research and  

       research gaps ........................................................................................ 6 

1.3. Research aims and objectives .............................................................. 7 

1.4. Outline of the thesis ............................................................................. 8 

1.5. Scientific novelty ................................................................................. 11 

1.6. Research significance .......................................................................... 12 

 

Chapter 2    Literature Review ...................................................................... 13 

2.1. Introduction .......................................................................................... 13 

2.2. Existing knowledge of grassland biodiversity response to  

       bioclimatic variability .......................................................................... 14 

2.2.1. Grassland AGB responses to bioclimatic variability .................. 15 

2.2.1.1. Climate as a regulator of AGB productivity ....................... 15 

2.2.1.2. Harvest frequency as a regulator of AGB productivity ....... 16 

2.2.1.3. Species richness as a regulator of AGB productivity .......... 17 

2.2.2. Grassland BGB responses to bioclimatic variability .................. 19  

2.2.2.1. Climate as a regulator of BGB productivity ........................ 19 



vi 

 

2.2.2.2. Plant types as a regulator of BGB productivity ................... 20 

2.2.3. Climate as a regulator of biomass partitioning ........................... 22 

 

Chapter 3     Materials and Methods ............................................................ 25 

3.1 Study area background.......................................................................... 25 

3.1.1. Ecoregions .................................................................................. 25 

3.1.2 Bayreuth Biodiversity Experiment .............................................. 27 

3.2 Data sources .......................................................................................... 28 

3.2.1 Biomass data ................................................................................ 28 

3.2.2 Climate data ................................................................................. 28 

3.3 Data and experiment description .......................................................... 29 

3.3.1 Ecoregion biomass data ............................................................... 29 

3.3.2 Bayreuth biodiversity experiment data ........................................ 30 

3.4 Data processing ..................................................................................... 33 

3.4.1 Processing of biomass data .......................................................... 33 

3.4.2 Processing of climatic variables .................................................. 33 

3.4.3 Processing of climate extremes data ............................................ 34 

3.4.3.1 Categorizing climate extremes .......................................... 34 

3.4.3.2. Defining ecosystem resistance and resilience .................. 35 

3.5 Data analysis ......................................................................................... 36 

3.5.1 Temporal changes of biomass...................................................... 36 

3.5.2 Spatial changes of biomass .......................................................... 37 

3.5.3 Effects of harvest frequency on biomass ..................................... 37 

3.5.4 Relationships of biomass with climatic variables ........................ 37 

3.5.5 Effects of climate extremes on biodiversity ................................ 38 

3.5.6 Role of species richness on AGB against climate extremes ........ 38 

 

Chapter 4   Spatiotemporal changes of above-ground biomass in response 

to long-term climatic variability and harvest frequency ......... 39 

Highlights.................................................................................................... 39 

Summary  .................................................................................................... 39 

4.1. Introduction  ......................................................................................... 40 

4.2. Materials and methods ......................................................................... 42 

4.2.1. Description of biomass and climate data  ................................... 42 



vii 

 

4.2.2. Data processing and analysis ...................................................... 42 

4.2.2.1. Analysis of long-term patterns of AGB ........................... 42 

4.2.2.2. Analysis of relationships between AGB and climatic  

     variables  .................................................................................. 43 

4.2.2.3. Analysis of relationships between AGB and harvest 

frequency  ................................................................................. 43 

4.2.2.4. Analysis of AGB in mixed-effect model.......................... 44 

4.3. Results .................................................................................................. 44 

4.3.1. Long-term temporal changes of AGB across 5 ecoregions ........ 44 

4.3.2. Relationships of single-harvest AGB ......................................... 45 

4.3.3. Response of annual AGB to GSPcum, AP and APfreq .............. 47 

3.3.4. Response of annual AGB to GSTmean and MAT ...................... 48  

4.3.5. Effects of harvest frequency on annual AGB  ............................ 50 

3.3.6. Climate variability effects on AGB depending on harvest  

                frequencies  ................................................................................. 52 

4.4. Discussion ............................................................................................ 55 

4.4.1. Temporal changes in AGB ......................................................... 55 

4.4.2. Effects of climate variability on respective single-harvest 

          AGB ............................................................................................ 56 

4.4.3. Effects of precipitation on annual AGB ..................................... 57 

4.4.4. Effects of temperature on annual productivity ........................... 58 

4.4.5. Effects of harvest frequency on annual AGB and their  

          interactions with climatic variability .......................................... 58 

4.5. Conclusions .......................................................................................... 59 

 

Chapter 5   Long-term experimental evidence of higher resistance but 

inconsistent resilience of ecosystem productivity to climatic 

fluctuations ................................................................................. 60  

Highlights.................................................................................................... 60 

Summary ..................................................................................................... 60 

5.1. Introduction  ......................................................................................... 61 

5.2. Materials and methods ......................................................................... 64 

5.2.1. Description of experiment and data ............................................ 64 

5.2.2. Identification and characterization of climatic conditions .......... 64 



viii 

 

5.2.3. Data analysis ............................................................................... 67 

5.3. Results .................................................................................................. 68 

5.3.1. Response of AGB and species richness to climatic conditions .. 68 

5.3.2. Effects of species richness on AGB under different climatic 

conditions .............................................................................................. 72 

5.3.3. Species richness effects on the resistance of AGB ..................... 74  

5.3.4. Species richness effects on the resilience of AGB ..................... 77 

5.4. Discussion ............................................................................................ 79 

5.4.1. Effects of climatic fluctuations on AGB and species richness ... 80 

5.4.2. Species richness-AGB relationships ........................................... 81 

5.4.3. Resistance-species richness relationships ................................... 83 

5.4.4. Resilience-species richness relationships ................................... 85 

5.5. Conclusions .......................................................................................... 87 

 

Chapter 6   Differential response of belowground biomass to climatic 

variability and climate extremes in C3- and C4-dominated 

grasslands across five ecoregions ................................................ 88 

Highlights.................................................................................................... 88 

Summary ..................................................................................................... 88 

6.1. Introduction  ......................................................................................... 89 

6.2. Materials and methods ......................................................................... 91 

6.2.1. Data ............................................................................................. 91 

6.2.2. Grassland ecoregions .................................................................. 91 

6.2.3. Bioclimatic variables in analysis ................................................ 92 

6.2.4. Data analysis ............................................................................... 92 

6.3. Results .................................................................................................. 95 

6.3.1. Spatial variation in BGB productivity across ecoregions  

          and plant types ............................................................................ 95 

6.3.2. Relationships of single-harvest BGB with bioclimatic 

          variables ...................................................................................... 96 

6.3.3. Response of single-harvest BGB to climatic variables ............... 97 

6.3.4. Effects of growing-season climate extremes on single- 

          harvest BGB ................................................................................ 100 

6.3.5. Relationships of annual BGB with bioclimatic variables ........... 102 



ix 

 

6.3.6. Response of annual BGB to climatic variables .......................... 103 

6.3.7. Differential influence of different climate variables on BGB .... 106 

6.3.8. Effects of annual climate extremes on annual BGB ................... 106 

6.4. Discussion ............................................................................................ 107 

6.4.1. Variation in BGB across ecoregions and plant types ................. 108 

6.4.2. BGB responses to bio-climatic variables .................................... 109 

6.4.3. Responses of BGB of C3 and C4 plants to climatic variables.... 109 

6.4.4. BGB responses to climate extreme intensity and direction ........ 112 

6.5. Conclusions .......................................................................................... 114 

 

Chapter 7   Effects of climatic variability and climate extremes on biomass 

partitioning of C3- and C4-dominated grasslands extremes .... 116 

Highlights.................................................................................................... 116 

Summary ..................................................................................................... 116 

7.1. Introduction .......................................................................................... 117  

7.2. Materials and methods ......................................................................... 119 

7.2.1. Description of the study area ...................................................... 119 

7.2.2. Data sources ................................................................................ 120 

7.2.3. Data analysis ............................................................................... 120 

7.3. Results .................................................................................................. 121 

7.3.1. Variations in BGB:AGB ratio across ecoregions and  

          plant types ................................................................................... 121 

7.3.2. Response of BGB:AGB ratio to climatic variability .................. 123  

7.3.3. Climate extremes effects on BGB:AGB ratio............................. 126  

7.4. Discussion ............................................................................................ 128  

7.4.1. Variations of BGB:AGB ratio .................................................... 129  

7.4.2. Response of BGB:AGB ratio to climatic variability .................. 130 

7.4.3. Effects of climate extremes on BGB:AGB ratio ........................ 131  

7.5. Conclusions  ......................................................................................... 132 

 

Chapter 8    Conclusions ................................................................................ 134 

8.1. Research novelty .................................................................................. 135 

8.2. Summary of key findings ..................................................................... 136 

8.3. Research significance and contribution to knowledge ........................ 142 



x 

 

8.4. Study limitations .................................................................................. 147 

8.5. Future research directions .................................................................... 149  

 

List of Appendices ........................................................................................... 152 

List of References ............................................................................................ 181 

List of Publications ......................................................................................... 213 

Copyright ......................................................................................................... 214 

List of Awards and Scientific Events ............................................................ 215 

Curriculum Vitae ............................................................................................ 217  

 

  



xi 

 

List of Tables 

Table 3.1 Characteristics of 31 grassland study sites extracted from the  

 dataset of Scurlock et al 2015 ............................................................... 29 

Table 3.2 List of species planted in 1996 ......................................................... 32 

Table 3.3 Definitions of the growing-season and annual climatic variables ... 34 

Table 3.4 The 5-class (Isbell et al. 2015) and 7-class (Nam et al. 2015)  

 climatic conditions classifications of SPEI values. .............................. 35 

Table 4.1 Fixed effects tests for linear mixed-effects models of the  

response of annual AGB to cumulative growing-season precipitation 

 (GSPcum) and harvest frequency across five ecoregions. .....................  53  

Table 4.2 Fixed effects tests for linear mixed-effects models of the  

response of annual AGB to annual precipitation (AP) and harvest  

frequency across five ecoregions. .........................................................  53 

Table 4.3 Fixed effects tests for linear mixed-effects models of the  

response of annual AGB to mean growing-season temperature  

(GSTmean) and harvest frequency across five ecoregions...................... 55 

Table 4.4 Fixed effects tests for linear mixed-effects models of the  

response of annual AGB to mean annual temperature (MAT) and  

harvest frequency across five ecoregions. ............................................  55 

Table 5.1 Number of climatic conditions based on a 5-class (Isbell et al.  

2015) and a 7-class (Nam et al. 2015) climatic conditions 

classifications. ....................................................................................... 66 

Table 5.2 Fixed effects for linear mixed-effects models of grassland  

resistance to species richness and climate extremes for the 5-class 

 and 7-class climatic conditions classifications. ................................... 75 

Table 5.3 Confounding effects of climatic variability and species  

 richness on the resistance and resilience of AGB ................................. 76 

Table 5.4 Fixed effects for linear mixed-effects models of grassland  

 resilience to species richness and climate extremes for the  

 5-class and 7-class climatic conditions classifications. ........................ 79 

Table 6.1 Fixed effects test for the linear mixed-effects models of single- 

harvest BGB response to (a) growing-season temperature, plant 

type, ecoregion, and their interactions; (b) growing-season maximum 



xii 

 

 temperature, plant type, ecoregion, and their interactions; and (c) 

growing-season minimum temperature, plant type, ecoregion, and 

their interactions. .................................................................................. 100 

Table 6.2 Fixed effects test for the linear mixed-effects models of  

annual BGB response to (a) mean annual temperate, plant type,  

ecoregion, and their interactions; and (b) cumulative growing- 

season precipitation, plant type, ecoregion, and their interactions. ...... 104 

 

 

 

 

 

  



xiii 

 

List of Figures 

Fig. 1.1 Numerous services derived from the grassland ecosystems ............... 3 

Fig. 1.2 Outline to the thesis ............................................................................. 11 

Fig. 1.3 Graphical outline of the interactions of key results chapters .............. 11 

Fig. 3.1 Locations of the study sites across five ecoregions............................. 27 

Fig. 3.2 Initial experimental design of the BIODEPTH experiment with  

 blocks A (1-32) and B (33-64). Each color represents the initial  

 levels of species diversity for each plot. ............................................... 31 

Fig. 4.1 Temporal changes in annual AGB in the five ecoregions over  

              1948–1994. ......................................................................................... 45 

Fig. 4.2 Relationships of single-harvest above-ground biomass (AGB)  

             with respective growing-season precipitation (GSP) across the five   

ecoregions. ............................................................................................ 46 

Fig. 4.3 The same as Fig. 4.2, but for the relationships of single-harvest  

             AGB with respective growing-season temperature (GST) .................. 46 

Fig. 4.4 The same as Fig. 4.2, but for the relationships of annual AGB with 

respective cumulative growing-season precipitation (GSPcum). ........... 47 

Fig. 4.5 The same as Fig. 4.2, but for the relationships of annual AGB with  

 annual precipitation (AP). ..................................................................... 48 

Fig. 4.6 The same as Fig. 4.2, but for the relationships of annual AGB  

 with annual precipitation frequency (APfreq). ....................................... 48  

Fig. 4.7 The same as Fig. 4.2, but for the relationships of annual AGB with 

respective mean growing-season temperature (GSTmean). .................... 49 

Fig. 4.8 The same as Fig. 4.2, but for the relationships of annual AGB with 

  mean annual temperature (MAT). ....................................................... 49 

Fig. 4.9 Boxplots of annual AGB for the four harvest frequencies in cold  

steppe (a), humid savanna (b), humid temperate (c), savanna (d),  

temperate dry steppe (e), and all ecoregions (f). ................................... 51 

Fig. 4.10 Impacts of annual harvest frequency on annual AGB across five 

ecoregions. ............................................................................................ 52  

Fig. 4.11 Annual AGB response to GSPcum and harvest frequency across five 

ecoregions based on linear mixed-effects models. ............................... 52 

Fig. 4.12 The same as Fig. 4.11, but for the response of annual AGB to  



xiv 

 

annual precipitation (AP) and harvest frequency across five ecoregions  

based on linear mixed-effects models. .................................................. 53 

Fig. 4.13 The same as Fig. 4.11, but for the response of annual AGB to  

mean growing-season temperature (GSTmean) and harvest frequency  

across five ecoregions based on linear mixed-effects models. ............. 54 

Fig. 4.14 The same as Fig. 4.11, but for the response of annual AGB to mean 

annual temperature (MAT) and harvest frequency across five  

 ecoregions based on linear mixed-effects models. ............................... 54 

Fig. 5.1 Classification of climate extremes according to 5-class climatic 

conditions classification (extreme wet, moderate wet, normal, moderate 

dry, and extreme dry) based on the SPEI at the time scales that can 

represent the climate conditions in the respective harvests (June and 

September) and year. ............................................................................ 66 

Fig. 5.2 The same as Fig. 5.1, but for the 7-class climatic conditions  

classification (extreme wet, moderate wet, slight wet, normal, mild  

dry, moderate dry, and extreme dry). .................................................... 67 

Fig. 5.3 The response of above-ground biomass (AGB) to climatic conditions 

(extreme wet, moderate wet, normal, moderate dry, and extreme dry) 

categorized according to a 5-class climatic conditions classification... 69  

Fig. 5.4 The same as Fig. 5.3, but for the response of above-ground biomass 

(AGB) to climatic conditions (extreme wet, moderate wet, slight wet, 

normal, mild dry, moderate dry, and extreme dry) categorized  

 according to a 7-class climatic conditions classification.  .................... 70 

Fig. 5.5 Species richness variations to climatic conditions categorized  

 according to a 5-class climatic conditions classification. ..................... 71 

Fig. 5.6 The same as Fig. 5.5, but for the species richness variations to  

climatic conditions (extreme wet, moderate wet, slight wet, normal,  

mild dry, moderate dry, and extreme dry) categorized according to a  

7-class climatic conditions classification.  ............................................ 71 

Fig. 5.7 Species richness-above-ground biomass (AGB) relationships for  

 each harvest and accumulated annual harvests under different climatic 

conditions categorized according to a 5-class climatic conditions 

classification. ........................................................................................ 72 



xv 

 

Fig. 5.8 The same as Fig. 3, but for the relationship between above-ground 

biomass (AGB) and species richness of each harvest and accumulated 

annual harvests under different climatic conditions (extreme wet,  

 moderate wet, slight wet, normal, mild dry, moderate dry, and  

 extreme dry) categorized according to a 7-class climatic conditions 

classification. ........................................................................................ 73 

Fig. 5.9 Species richness effects on the resistance of above-ground biomass 

(AGB) to climate extremes categorized according to a 5-class  

 climatic conditions classification. ......................................................... 74 

Fig. 5.10 The same as Fig. 5.9, but for the species richness effects on the 

resistance of above-ground biomass (AGB) to climate extremes  

 (extreme dry, moderate dry, mild dry, slight wet, moderate wet,  

 extreme wet) categorized according to a 7-class climatic conditions 

classification. ........................................................................................ 76  

Fig. 5.11 Species richness effects on the resilience of above-ground biomass 

(AGB) towards climate extremes categorized according to a 5-class 

climatic conditions classification. ......................................................... 77 

Fig. 5.12 The same as Fig. 5.11, but for the species richness effects on the 

resilience of above-ground biomass (AGB) to climate extremes 

categorized according to a 7-class climatic conditions classification... 78 

Fig. 6.1 Boxplots of single-harvest and annual BGB productivity across 

ecoregions (a, c) and plant types (b, d). ................................................ 96 

Fig. 6.2 Correlation matrix for the Pearson’s correlation coefficients between  

 the single-harvest BGB of two plant types and the growing-season 

bioclimatic variables, including single-harvest belowground biomass 

(BGB), ecoregion (ER), site, growing-season maximum temperature 

(GSTmax), growing-season minimum temperature (GSTmin), growing-

season temperature (GST), growing-season precipitation (GSP), and 

growing-season climate extreme intensity (CEintensity). ......................... 97 

Fig. 6.3 Response of single-harvest BGB of C3 and C4 plants to the growing-

season temperature (a), growing-season maximum temperature (b), 

growing-season minimum temperature (c), and growing-season 

precipitation (d) at 15 sites in 5 ecoregions. ......................................... 99 

Fig. 6.4 Effects of growing-season climate extreme intensity on single- 



xvi 

 

harvest BGB of C3 plants in cold steppe (a), humid temperate (b) 

 and savanna (c), and C4 plants in humid savanna (d), humid  

temperate (e), and savanna (f) ecoregions. ........................................... 101 

Fig. 6.5 Correlation matrix for the Pearson’s correlation coefficients  

between annual BGB of two plant types and bioclimatic variables,  

including annual belowground biomass (BGB), ecoregion (ER),  

cumulative growing-season precipitation (GSPcum), annual  

precipitation (AP), growing-season mean temperature (GSTmean),  

mean annual temperature (MAT), mean maximum annual temperature  

(MATmax), mean minimum annual temperature (MATmin), and annual  

climate extreme intensity (CEintensity). ................................................... 102 

Fig. 6.6 Response of annual BGB of C3 and C4 plants to growing-season  

mean temperature (a), mean annual temperature (b), cumulative  

growing-season precipitation (c) and annual precipitation (d) in  

12 sites under 4 ecoregions. .................................................................. 105 

Fig. 6.7 Effects of annual climate extreme directions on annual BGB of C3  

plants in cold steppe (a) and humid temperate (b), and C4 plants in  

humid savanna (c) and savanna (d) ecoregions. ................................... 107 

Fig. 7.1 Boxplots of single-harvest and annual BGB:AGB ratio across four 

ecoregions (a & b) and two plant types (c & d). ...................................  122 

Fig. 7.2 Response of single-harvest BGB:AGB ratio (a), AGB (b), and  

BGB (c) of C3- and C4-dominated grasslands to the growing-season  

temperature (GST) across ecoregions. .................................................. 124 

Fig. 7.3 The same as Fig. 7.2, but for the association of single-harvest  

BGB:AGB ratio of C3- and C4-dominated grasslands with the growing- 

season precipitation (GSP) (a), and the association of annual BGB:AGB  

ratio of C3- and C4-dominated grasslands with the cumulative growing- 

season precipitation (GSPcum) (b). ........................................................ 125  

Fig. 7.4 Effects of growing-season climate events (i.e. extreme wet, normal,  

and extreme dry) on single-harvest BGB:AGB ratio, AGB, and BGB of  

C3-dominated grasslands at 2 sites (SHR: a-c, and TMG: d-f) in cold  

steppe ecoregion. ..................................................................................  127 

Fig. 7.5 The same as Fig. 7.4, but for the effects of growing-season climate  

events on the single-harvest BGB:AGB ratio, AGB, and BGB of  



xvii 

 

C4-dominated grasslands in humid savanna (KLN site: a-c, and  

MNT site: d-f), and savanna (NRB site: g-i) ecoregions. .....................  128 

Fig. 8.1 Framework of the linkage of the key findings of the ecosystem 

functioning and stability in response to climatic variability and  

 climate extremes ................................................................................... 137 

Fig. 8.2 Key determinants (top panel) of lowering of ecosystem functioning  

 and stability and proposed guiding principles (bottom panel) of  

 sustainable management of grassland ecosystems in response to  

 increasing climatic variability and climate extremes ............................ 147 

 

 

 

  



xviii 

 

Symbols and Abbreviation 

AGB  above-ground biomass 

ANOVA analysis of variance 

AP  annual precipitation 

BGB  below-ground biomass 

CS  cold steppe 

ED  extreme dry 

EW  extreme wet 

GSP  growing-season precipitation 

GSPcum  cumulative growing-season precipitation 

GST  growing-season temperature 

GSTmax growing-season maximum temperature 

GSTmean mean growing-season temperature 

GSTmin  growing-season minimum temperature  

HSD  honest significance difference 

HS  humid savanna 

HT  humid temperate 

MAT  mean annual temperature 

MATmax mean annual maximum temperature 

MATmin mean annual minimum temperature 

MoD  moderate dry 

MoW  moderate wet 

Nor  normal 

NS  not significant 

Pfreq  precipitation frequency 

PT  plant type 

S  savanna 

TDS  temperate dry steppe 

Ω  resistance 

∆  resilience 

*  p < 0.05 

**  p < 0.01 

***  p < 0.001  



1 

 

Chapter 1 

Introduction 

This chapter aims to introduce the background of research including biodiversity, 

grassland ecosystems, ecosystem functioning and stability, climatic variability and 

climate extremes. A brief of the existing knowledge of the interactions of grassland 

biodiversity with climatic variability and climate extremes has been given, and the 

research gaps have been identified to answer in this research works. The outline of 

the thesis has been provided based on each chapter. This thesis contains eight 

chapters, of which the first three chapters include an introduction, literature review 

and methodology. The four analytical chapters (chapters four-seven) are the core of 

the thesis, which addresses the responses of grassland biomass (above-ground 

biomass (AGB) and below-ground biomass (BGB)) to multiple bioclimatic 

variables, namely; (i) growing-season and annual climatic variability (i.e., 

temperature and precipitation), (ii) growing-season and annual climate extremes 

(droughts or periods of heavy rain), (iii) biomass harvest frequency (iv) species 

richness, (v) functional types (C3 and C4 plants), and (vi) species composition, of 

which the chapters four-five addressed the AGB, chapter six outlined the BGB and 

chapter seven focused biomass partitioning (BGB:AGB ratio). The chapter eight 

highlights the summary of all key findings, contributions to knowledge, research 

implications and limitations and future research directions. 

1.1. Research background 

1.1.1. Biodiversity 

Biodiversity, the variety of life forms, including plants, animals, fungi and micro-

organisms (IPBES 2019), is the unique feature of life in the terrestrial and aquatic 

ecosystems on earth (Cardinale et al. 2012). Biodiversity provides numerous goods 

and services to humanity, including provisioning (e.g., food, fuel and fibre), 

regulating (e.g., pollination, climate regulation and carbon storage), cultural (e.g., 

recreation, aesthetic and education) and supporting (e.g., nutrient and water cycling, 

and soil formation) services (Millennium Ecosystem Assessment 2005). 

Approximately 11 million species inhabit the earth, of which 1.9 million are 

described species and approximately 9.33 million are undescribed species 
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(Chapman 2009). Out of 1.9 million described species, 0.39 million species are 

floral biodiversity, including flowering plants (e.g., trees, shrubs and grasses), 

gymnosperms (e.g., conifers), bryophytes (e.g., mosses) and ferns (Chapman 2009). 

As scientists claim that biodiversity is declining at an unprecedented rate in human 

history and the species extinction rate will increase in future, at the first Earth 

Summit 3 decades ago, the majority of the world’s nations agreed on the need for 

the conservation of nature, realizing the importance of biodiversity and its 

ecosystem services. A recent global assessment report on biodiversity and 

ecosystem services reported that nearly 1 million species are threatened with 

extinction (IPBES 2019). This report highlights that the most important drivers of 

biodiversity loss are land use changes, over exploitation of resources, 

environmental degradation, intrusion of alien invasive species, and climate change.. 

Given the evidence of the unprecedented rate of biodiversity loss across the world, 

the United Nations declared this decade (2021-2030) the ‘decade on Ecosystem 

Restoration’ in order to combat climate change, halt biodiversity loss, and enhance 

ecosystems services by restoring the degraded ecosystems (United Nations 

Environment Agency 2019). Among the many terrestrial ecosystems (e.g., 

temperate deciduous forest, tundra, tropical rain forest and desert), grassland is one 

of the most degraded ecosystems due to degradation and conversion, which require 

much restoration attention to achieve the goals of the UN decade on Ecosystem 

Restoration.  

1.1.2. Grassland ecosystems 

Grassland ecosystems, one of the most widespread habitats in the world, cover over 

30% of the earth’s terrestrial surface (Adams et al. 1990; Thebault et al. 2014) and 

are distributed on every continent except Antarctica (Blair et al. 2014). Hosting 

over 10 thousands floral species, grasslands contribute over 10% of the total 

biosphere carbon sequestration (Eswaran et al. 1993; Nosberger et al. 2000) and 

provide four major ecosystem services (i.e., provisioning, cultural, regulating and 

supporting) (MEA 2005) (Fig. 1.1). Over 800 million people are directly dependent 

on grasslands for their livelihood, and every one of us depends on this ecosystem 

for numerous goods and services (White et al. 2000). However, over the recent 

decades, grasslands have been threatened by degradation and habitat loss caused by 

land-use changes, overgrazing, poor agricultural practices, monocropping, invasive 
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species, and continued global warming. For example, the coverage of 16% of 

tropical grasslands and 50% of temperate grasslands have been lost by the 

conversion into agricultural and industrial uses (IPBES 2019). Since the first Earth 

Summit, many international initiatives, namely; (i) Millennium Ecosystem 

Assessment, (ii) Convention on Biological Diversity, (iii) Sustainable Development 

Goals, (iv) Aichi Biodiversity Targets, and (v) Paris Agreement on Climate Change 

have been taken to halt the loss of habitat of grassland biodiversity and restore the 

degraded grassland ecosystems. More recently, biodiversity in grassland 

ecosystems faces the world most pressing problem, i.e., global climate change 

(IPCC 2019).  

 

 

 

 

 

 

 

Fig. 1.1 Numerous services derived from the grassland ecosystems (Millennium 

Ecosystem Assessment 2005). 

1.1.3. Grassland ecosystems functioning and stability 

The sustainable delivery of goods and services of grassland ecosystems relies on 

their functioning under changing climatic conditions. The primary function of 

grassland ecosystems is production of biomass (AGB and BGB). Healthy grassland 

ecosystems are considered ecological life-support systems that provide numerous 

supports (food, fibre, fuel, medicine, clean air, water, climate regulation, nutrient 

cycling) critical to the survival of human-being (MEA 2005; IPBES 2019). Over 

the past three decades, the functioning of grassland ecosystems has been found 

affected by numerous factors: habitat loss, land-use changes, excessive grazing, 

alien invasive species, inappropriate management practices, and global climate 
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change (IPCC 2021). The increasing fluctuations of climatic conditions have been 

considered the critical determinant of lowering grassland ecosystems in the recent 

decade (Craven et al. 2016; Kreyling et al. 2019; Lei et al. 2020; Liu et al. 2021). 

However, there is a growing debate on i) whether growing-season or annual 

climatic variability are the key determinants of plant functioning, ii) whether plant 

functional types (e.g., C3 and C4 plants) or species richness (number of species) are 

important for stable delivery of ecosystem functioning and services, and iii) 

whether the differential responses of ecosystem functioning to climatic variability 

caused by the differences in spatial and temporal scales or resulted from the 

adjustment of resource allocation (e.g., enhancing fine root during water stress) of 

plants during the dry climatic condition (Hector et al. 1999; Tilman et al. 2014; 

Isbell et al. 2015; Craven et al. 2018; Wang et al. 2021). Understanding the 

influence of climatic variability on grassland ecosystems is critical to sustainable 

management of these ecosystems, maintaining stable biomass production, and 

strengthening ecosystem stability.  

Ecosystem stability is the capability of an ecosystem to maintain its steady-state 

over long periods despite perturbations. Resistance and resilience are the two most 

important facets of ecosystem stability. Resistance is the ability of an ecosystem to 

absorb shocks during a disturbance (Pimm 1984), and resilience is the capacity of 

an ecosystem to recover its functioning and structure following a perturbation 

(Tilman and Downing 1994). While the resistance and resilience of an ecosystem 

have been extensively investigated, early attempts yielded inconsistent results. 

Numerous studies have demonstrated that species-rich communities are more 

resistant and resilient to climate extremes than species-poor communities (Vogel et 

al. 2012; Craine et al. 2013; Kreyling et al. 2017), whereas some other studies have 

demonstrated that species-rich communities are less resistant and resilient to 

climate extremes (Pfisterer and Schmid 2002; Pennekamp et al. 2018). Much of our 

current ambiguity regarding ecosystem resistance and resilience could be explained 

by the disparate ecosystem types, temporal and spatial scales of the studies, and 

variation of species composition and level of species richness (Isbell et al. 2015; 

Kreyling et al. 2017). Moreover, the steady provision of grassland ecosystem 

services is vitally dependent on traditional management techniques (e.g., mowing) 

and harvest frequency at a specified interval and time of year (Halada et al. 2011). 
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Regular harvesting and mowing are required to preserve the ecosystem's function, 

stability and diversity, as, without regular harvesting and mowing, this grassland 

will degrade into scrub or woodland (Biro et al. 2013). A comprehensive study 

addressing these crucial issues is vital for advancing our understanding of grassland 

ecosystem functioning and stability in the face of climate change.  

1.1.4. Climatic variability and climate extremes 

Climatic variability refers to variations in the mean state of a climatic parameter 

(e.g., temperature and precipitation) across spatial and temporal (e.g., month, 

season or year) scales that last longer than individual weather events (IPCC 2012). 

Climate extremes are the occurrence of a value of a weather or climate variable at 

the extremes (beyond the normal condition) of the historical distribution (IPCC, 

2012). For example, extreme droughts have occurred once in every decade when 

climatic conditions of the last century (1901-2015) are considered (Isbell et al. 

2015). The recent IPCC Special Report revealed that since the pre-industrial period, 

the air temperature on the land surface had risen nearly twice compared to the global 

mean temperature, and the precipitation pattern has been altered (IPCC 2019). In 

recent decades, global warming has resulted in an increased frequency and intensity 

of climate extremes (e.g., droughts and heatwaves), and under the predicted changes 

in global climates, the duration, frequency and intensity of these extreme events 

will highly likely to increase across many regions of the world (Li et al. 2016; IPCC 

2021). The increasing air temperature and changing precipitation patterns have been 

found adversely affected grassland ecosystems (Hossain and Li 2020), and 

accelerated desertification and land degradation (IPCC 2019). Moreover, the 

increased frequency and intensity of climate extremes over the last few decades had 

an adverse impact on grassland biodiversity, which has led to habitat loss and 

species extinction (IPBES 2019). More frequent and intense climate extremes in 

the future are very likely to pose a huge challenge on ecosystem restoration, 

combating biodiversity loss (Nila et al. 2019) and sustainable management of 

grassland ecosystems (IPCC 2013). Although globally, satellite-derived vegetation 

greening has been observed in a larger area than vegetation browning in recent 

decades (IPCC 2019), the coverage of grassland ecosystems have been reduced 

(IPBES 2019). Reduction of the grassland coverage and loss of its species, in one 

hand, and climate-induced stresses on plant productivity, on the other hand, affect 
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the stability of global grassland ecosystems (Hautier et al. 2015, Craven et al. 

2018).  

1.2. Current understanding of grassland biodiversity research and research 

gaps 

Exploration of the relationship of grassland plant productivity with increasing 

temperature, altering precipitation patterns, and frequent and intense climate 

extremes has occupied a central place in plant ecology research for decades. One of 

the main motivations for the growing number of ecological research is that 

grassland biodiversity is declining at an alarming rate, and plant productivity is 

affected by climate-induced disturbances. Many recent empirical evidence assessed 

the responses of grassland plant biodiversity to climatic variability and climate 

extremes and provided compelling evidence that grassland productivity decreased 

with increasing temperature (De Boeck et al. 2011) and drought events (Ma et al. 

2017; Jung et al. 2020). In contrast, a substantial body of studies reported that 

higher productivity results from increased temperature (Chen et al. 2016; Denton 

et al. 2017; Guo et al. 2018). Numerous studies have revealed positive (Wilcox et 

al. 2017), negative (La Pierre et al. 2011), or no effects (Zhang et al. 2019a) of 

precipitation and extreme wet event on grassland productivity.  

The mentioned studies have well considered the variations of the response in 

different geographical conditions, but the mixed results of the responses of 

grassland productivity to climatic variability and climate extremes may result from 

(i) the differences in temporal (i.e., short-, medium-, or long-term) and spatial (i.e., 

single- or multi-site) scales of the studies, (ii) variations in biomass harvest 

frequency (e.g., 1, 2 or 6 cut a year), (iii) consideration of different timescales of 

climatic variables (i.e., growing-season or annual), (iv) differences in plant 

functional types (i.e., C3, C4 or mixture of both types), functional groups (e.g., grass, 

herb, or legume) and species composition and richness, and (v) methodological 

difficulties in classifying climate extremes (e.g., use of different drought index or 

manipulation of climatic variables) (Craine et al. 2012; Byrne et al. 2013, Xu et al. 

2013; Wilcox et al. 2015; Grant et al. 2017; Dai et al. 2019a).  
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A single site and short-term study cannot explain the grassland functioning and 

stability in the long-run across large spatial scales, as in the long-run, plants can 

build their adaptive mechanisms with changing climates. The response of 

biodiversity of a particular functional type (e.g., C3) to climatic variability and 

climate extremes can be different from the species of other functional type (e.g., 

C4), as both plant types maintain different response mechanisms in adverse climatic 

conditions. The feedback of the species in a functional group (e.g., grass) to climatic 

perturbations differs from other functional groups (e.g., legume), as some grass 

species can absorb shocks while legumes are less tolerant to disturbance. It is also 

important to consider the composition of many species, as different species 

contribute differently to the resource utilization (e.g., light and nutrient), structure 

(e.g., dominant and subordinate) and functioning. For example, the presence of 

legume species in species composition enhance soil nutrients as legume can fix 

atmospheric nitrogen to the soil which can be utilized by species in other functional 

groups. The response of a species or functional group to sudden pulse events (e.g., 

manipulation of temperature and precipitation experimentally) may differ from 

chronic press events (growing-season or annual climate extremes). It is also 

essential to explore the dynamics of biomass partitioning, as the decrease of AGB 

to changing climate may enhance the BGB and vice versa. Because a small change 

in BGB may profoundly impact on the functioning and stability of grassland 

ecosystems and accelerate global climate change.  

An examination of the response of grassland productivity to climatic variables and 

climate extremes addressing all the above-mentioned research gaps is critically 

important to provide compelling evidence of the debated issue and new insights for 

grassland plant functioning and stability in the growing risk of climate warming.  

1.3. Research aims and objectives  

This thesis aims to explore grassland ecosystems functioning and stability under 

climatic variability and climate extremes by investigating the (i) response of single-

harvest (annual) AGB, BGB, and BGB:AGB ratio to growing-season (annual) 

climatic variability and climate extremes across ecoregions and plant functional 

types, and (ii) role of species richness in AGB productivity and its resistance and 
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resilience under climate extremes of different intensities and directions. The 

specific objectives of this study are: 

(i) to explore the key climatic drivers of grassland plant productivity by assessing 

the relationships of growing-season and annual climatic variables with the single-

harvest and annual biomass (AGB and BGB), and biomass partitioning (BGB:AGB 

ratio) across ecoregions and plant functional types; 

(ii) to identify the spatial variation of biomass productivity and their partitioning of 

C3- and C4-dominated grasslands across five ecoregions and the effects of climate 

extremes on biomass productivity of these plant types and ecoregions; 

(iii) to examine the impacts of harvest frequency on productivity by comparing 

annual AGB among different harvest frequencies across ecoregions; 

(iv) to identify the biodiversity-productivity relationships under extreme climatic 

conditions by examining the effects of species richness on AGB productivity in 

different climate extreme intensities, and directions; and 

(v) to explore the biodiversity-stability relationships by examining the AGB 

resistance to and resilience towards climate extremes. 

This research provides an important scientific evidence of ecosystems functioning 

and stability under the changing climate explaining the response of biomass to a 

wide range of climatic variables and climate extremes across large spatiotemporal 

scales, which is of practical implications for sustainable management of grassland 

ecosystems, maintenance of stable delivery of ecosystem goods and services, and 

restoration of degraded grassland ecosystems across ecoregions. 

1.4. Outline of the thesis 

This thesis is organized into eight chapters, including this introduction chapter (Fig. 

1.2). The chapter two (literature review) highlights the current understanding of 

grassland biodiversity response to bioclimatic variability. The probable reasons of 

mixed understanding of the response of grassland's AGB, BGB and their 

partitioning to climatic variability and climate extremes have been documented. 

The long-standing debate of biodiversity-productivity and biodiversity-stability 
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relationships have also been addressed, explaining the resistance and resilience of 

grassland under climate extremes.  

In chapter three (materials and methods), the descriptions of my study area and 

experiment, the sources of data, and the pre-processing of data have been given. 

Depending on the variability of biomass harvests across different ecoregions, the 

respective growing-season climatic variables were varied. Thus, the definitions of 

climatic variables have been given. In order to explore the biodiversity-stability 

relationship, I have calculated the resistance and resistance of AGB production, 

which have also been mentioned. Finally, I have given a general overview of data 

analysis methods for the key results. A detailed description of data analysis has 

been given in the respective result chapters (Chapters 4-7). 

In the first results of my thesis (Chapter 4), using AGB data of 31 study sties, I have 

shown the temporal variations of AGB in five ecoregions (Fig. 1.3). Then, the 

associations of single-harvest and annual AGB with the growing-season and annual 

climatic variables have been shown. As harvests of biomass differ among sites, 

ecoregions and years, I have shown the variations of annual AGB in different 

harvest frequencies and the effects of harvest frequency on annual AGB and their 

interactions with annual climatic variabilities. The consistencies and 

inconsistencies of my results with previous similar studies have been addressed and 

the interpretation of the discrepancies has been highlighted in the discussion 

section. A short summary has also been given outlining the key results at the end of 

the chapter. 

The chapter five highlights the results of biodiversity-productivity and biodiversity-

stability relationships at a long-running Bayreuth Biodiversity Experiment (Fig. 

1.3). In this chapter, how species richness and AGB respond to different intensities 

and directions of climate extremes and whether AGB, resistance and resilience 

depend on species richness have been discussed using two different drought 

classifications. In the discussion section, emphasis has been given to the key 

findings and explanations of positive biodiversity-productivity and biodiversity-

resistance relationships have been highlighted. The discrepancy of differential 

responses of biodiversity-resilience has also been interpreted. The importance of 
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higher species richness for maintaining ecosystem functioning and stability has 

been suggested in the conclusion section. 

The chapter six focuses on grassland BGB of 15 study sites. The spatial variation 

of grassland total BGB (live and dead) across five ecoregions and the relationships 

of single-harvest and annual BGB of C3- and C4-dominated grasslands with 

growing-season and annual climate variables have been assessed in this chapter 

(Fig. 1.3). The effects of growing-season and annual climate extremes on the single-

harvest and annual BGB of both plant types have also been shown. The 

consistencies and inconsistencies of differential responses of BGB of C3- and C4-

dominated grasslands to climatic variability and climate extremes have been 

interpreted in the discussion section. In conclusion, the stress of the importance of 

growing-season climates has been given as the growing-season climates have been 

found the key predictor of single-harvest BGB. 

In chapter seven, the final results of the research works addressing the variations of 

biomass partitioning across four ecoregions, and two plant types and the response 

of biomass partitioning to climatic variability have been evaluated (Fig. 1.3). The 

underlying reasons for differential responses of biomass partitioning to climate 

extremes have also been explored by investigating the effects of climate extremes 

on AGB and BGB separately. In the discussion section, the key findings have been 

interpreted, and the consistencies and inconsistencies of the results have been 

discussed, addressing previous similar works. A short summary has also been given 

outlining the main results at the end of the chapter. 

The chapter eight gives the summary of the research works, research novelty, 

research significance and contribution to knowledge. The study limitations and 

future research gaps are also highlighted at the end of chapter eight. 
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Fig. 1.2 Outline of the thesis 

 

Fig. 1.3 Graphical outline of the interactions of result chapters.  

1.5. Scientific novelty  

There is a growing concern that changes in precipitation patterns, increases in 

temperature and increasing frequency and intensity of climate extremes will have 

tremendous impacts on grassland biodiversity functioning and stability. Despite the 

fact that climatic variability and climate extremes affect grassland biomass 

productivity, the biomass-climate relationship across ecoregions and plant 
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functional types are limited, and the biodiversity-functioning and biodiversity-

stability relationships in long-term grassland ecosystem are unidentified. In this 

thesis, the responses of grassland biomass (i.e., AGB, BGB, and their partitioning) 

of five ecoregions to the growing-season and annual climatic variability and climate 

extremes were assessed, and the role of biodiversity in a long-run ecosystem in 

buffering ecosystem productivity and maintaining stability under climate extremes 

was investigated. The scientific novelty of this research is that it (i) uses both 

growing-season and annual climatic factors and chronic press events of different 

intensities and directions, (ii) considers grasslands of ecologically distinct features 

(i.e., five ecoregions and two plant functional types), and (iii) allows species 

competition under normal and resource-scarce condition under consistent harvest 

frequency and management practices.  

1.6. Research significance 

The findings of the grassland productivity-climate relationship in this research 

provide evidence that the growing-season climatic variability is the key determinant 

in explaining biomass productivity than the annual climatic variability, which is of 

practical implications for sustainable management of grassland ecosystems across 

ecoregions. The empirical evidence of biodiversity-functioning and biodiversity-

stability relationships in a 24-year grassland biodiversity experiment provides new 

insights into the importance of the maintenance of higher biodiversity in order to 

buffer ecosystem functioning and maintain ecosystem stability. The observed 

differential effects of climate extremes on AGB and BGB productivity in C3- and 

C4-dominated grasslands affected the biomass partitioning of these plants across 

ecoregions contribute to existing knowledge that increasing frequency and intensity 

of climate extremes will have severe impacts on biomass partitioning of different 

plant types in different geographical regions, which is of practical implications for 

the pastoralists, land managers, and nature conservationists in achieving stable 

delivery of ecosystem goods and services and ecosystem restoration targets. Since 

the current decade (2021-2030) has been declared as the ‘decade on Ecosystem 

Restoration’ by the United Nations, the findings of this thesis would be useful to 

the concerned people to contribute to achieving the goals of the UN decade on 

Ecosystem Restoration.    
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Chapter 2 

Literature review 

2.1. Introduction 

Grasslands are the most extensive ecosystems in the world and provide numerous 

goods and services, including AGB (e.g., fuel and fibre), BGB (e.g., carbon storage 

and soil formation), biodiversity conservation (e.g., hosting over 10 thousand grass 

species), biophysical and biochemical cycles (e.g., nutrient and water cycles), and 

climate regulation (MEA 2005; IPBES 2019). In recent decades, grassland 

ecosystems have been found affected by numerous natural and anthropogenic 

disturbances (IPCC 2019). As the climate is one of the key drivers of grassland 

ecosystem functioning and stability, the increasing variability of climatic factors 

(e.g., temperature and precipitation) and frequency of climate extremes (e.g., 

drought or periods of heavy rain) have an enormous impact on grassland 

biodiversity (Isbell et al. 2015) and thus affect grassland's AGB, BGB and its 

partitioning (BGB:AGB ratio) (Xu et al. 2013; Nie et al. 2016; Yang et al. 2018). 

Considering the grassland species richness (number of species in a given 

population), plant functional types (C3 or C4), functional groups (e.g., grass, herb 

and legume), and spatial (e.g., cold steppe and savanna) and temporal (short- or 

long-term) scales of studies, understanding the relationship of grassland 

biodiversity with climatic variability and climate extremes is crucial for predicting 

grassland productivity and sustainable management of grassland ecosystems 

(Dormann et al. 2017; Tälle et al. 2017; Guo et al. 2018; Zhang et al. 2019), as the 

response of species belonging to a plant functional type or group at an ecoregion to 

climatic variability and climate extremes may differ than the species of same or 

another functional type, group, and ecoregion. Even the response of a species or 

functional type to climatic variability and climate extremes may vary between its 

AGB and BGB. In this chapter, I critically reviewed the exiting literature on the 

interactions of grassland ABG, BGB, BGB:AGB ratio with climatic variables and 

climate extremes to find the research gaps for my study. First, existing literature 

addressing the ABG response to climate, harvest frequency, and species richness 

have been explored. Second, the previous studies on BGB response to climate and 
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plant functional types have been reviewed. Finally, although fewer studies have 

been found, I reviewed biomass partitioning response to climate.  

2.2. Existing knowledge of grassland biodiversity response to bioclimatic 

variability 

Plant productivity of grassland communities is one of the key elements to 

understanding the functioning and stability of grassland ecosystems which are 

highly sensitive to changes in climatic conditions (Polley et al. 2013; Robinson et 

al. 2013). Under the changing environment, rises in climatic variability (e.g., 

temperature and precipitation), intensification of climate extremes (e.g., floods and 

droughts) and loss of biodiversity affect ecosystem functioning and stability 

(Loreau and de Mazancourt 2013; Komatsu et al. 2019). In the future warming 

climate, climate extremes are expected to be more frequent and intense, and loss of 

biodiversity is very likely to continue, posing huge challenges to the sustainability 

of ecosystems (IPCC 2013; IPBES 2019; Kreyling et al. 2019). Given this, 

examinations of the responses of ecosystem functioning (e.g., AGB and BGB 

productivity) and stability (e.g., resistance and resilience) to climatic variability and 

climate extremes are urgently needed to understand the potential impacts of rises in 

temperature, changes in precipitation patterns and of future more extreme climate 

on ecosystems, which has long been a fundamental topic in ecological studies 

(Tilman and Downing 1994; Schuldt et al. 2020). Investigation of grassland 

biodiversity in the face of climate change is of global importance because, 

grasslands cover around 30% of the Earth’s terrestrial surface with a diverse 

assemblage of plant and animal life (Scherber et al. 2010; Thebault et al. 2014).  

Currently, much of our knowledge is centered on grassland AGB and BGB 

productivity response to climatic variability and climate extremes at a single site or 

multi-site experiments without consideration of ecoregions. Meanwhile, our 

knowledge about the different responses across ecoregions is still un-robust and 

limited. Ecoregions are characterized by smaller ecosystems or, more often, 

complexes of ecosystems that occur throughout the region (Baily 1989). 

Relationship of grassland productivity and climatic factors at one single site has 

been reported to be much more sensitive to local conditions, and therefore the 

relationships detected at one single site may not be representative of the whole 



15 

 

ecoregion (O’Connor et al. 2001; Bonnet et al. 2010; La Pierre et al. 2011). For 

example, in a cold steppe ecoregion, the responses of grasslands to precipitation are 

inconsistent in different sites. La Pierre et al. (2011) reported that the productivity 

of tallgrass prairie is strongly dependent on growing-season precipitation, while 

other studies found that annual precipitation is the major driver of productivity 

changes (Lauenroth and Sala 1992; Nippert et al. 2006). The responses of 

productivity to climatic factors are expected to be different across ecoregions. 

Precipitation variability was reported to be a key driver of AGB productivity in 

savanna ecoregion (McNaughton 1985; Bonnet et al. 2010) and BGB productivity 

in temperate dry steppe (Wilcox et al. 2015). In other temperate dry steppes, AGB 

and BGB have been found sensitive to both growing-season temperature and 

precipitation (Huxman et al. 2004; Byrne et al. 2013). However, the effects of 

precipitation and temperature on grassland productivity in humid savanna and 

humid temperate ecoregions remain poorly understood (Craine et al. 2012). 

Although it is evident in some ecoregions that precipitation and temperature at a 

small spatial scale can play a role in determining annual AGB and BGB 

productivity, there is an urgent need for a comprehensive evaluation of the effects 

of climatic variabilities on productivity across different multi-site ecoregions.  

2.2.1. Grassland AGB responses to bioclimatic variability 

2.2.1.1. Climate as a regulator of AGB productivity 

Grassland AGB is an important ecological indicator of the functioning and stability 

of grassland ecosystems and is used to monitor ecosystem health (La Pierre et al. 

2016). There has been a long-standing debate in ecological studies about the 

influencing factors of grassland AGB productivity (e.g., Sala et al. 1988; Jentsch et 

al. 2011; Denton et al. 2017). Despite well-reported evidence that grassland AGB 

is sensitive to precipitation and temperature variability (e.g., Sohrawardy and 

Hossain 2014; La Pierre et al. 2016; Guo et al. 2017; Guo et al. 2018; Yang et al. 

2018), it remains debatable whether annual or growing-season climatic factors are 

more important determinants of grassland AGB productivity. In literature, for 

example, some studies found that annual precipitation and temperature variability 

are the dominant drivers of annual AGB productivity (e.g., Lauenroth and Sala 

1992; Hsu et al. 2012), while others showed growing-season climatic factors are 
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better predictors of annual productivity (Chen et al. 2016; Hossain and 

Beierkuhnlein 2018). These disparate responses of AGB productivity to climatic 

variability can be related to the temporal and spatial scales of the study regions. For 

example, studies at small spatial scales usually found positive relationships of 

annual AGB productivity with growing-season climates (La Pierre et al. 2011; 

Denton et al. 2017), while those at broad spatial scales usually identified stronger 

correlations between productivity and annual climatic factors (Lauenroth and Sala 

1992; Sala et al. 1988; Ma et al. 2008; Sala et al. 2012). The disparate findings of 

previous studies can also be caused by the geographical differences of the study 

sites. For example, a comparative assessment of grassland productivity in different 

regions by Gang et al. (2015) reported that regional climatic variability had negative 

impacts on grassland productivity in North America and Europe but positive 

impacts in China and Australia. Apart from temporal and geographical differences, 

the response of AGB to climatic variability is also largely dependent on harvest 

frequency (i.e., cutting and removal of biomass) of annual AGB, which has been 

explained in Section 2.2.1.2. 

2.2.1.2. Harvest frequency as a regulator of AGB productivity 

The growing energy demands and worldwide interests in switching to cleaner 

energy sources have motivated scientists to conduct intensive research for exploring 

renewable sources of energy. Grasslands have been identified as one of the 

important renewable sources of energy given their high biomass production, 

ecological sustainability and economic feasibility compared to other annual crops 

(Naik et al. 2010). Given that grasslands emerged as a promising source of 

renewable energy, understanding the impacts of harvest frequency as a management 

practice on AGB is a fundamental research goal in ecology (Dragoni et al. 2015). 

It remains unclear which level of harvest frequency produces greater annual AGB 

productivity, as previous studies have provided contradictory results. Some 

researchers found that higher harvest frequency produces higher annual 

productivity compared to lower harvest frequency (Thomason et al. 2005; Komac 

et al. 2014; Tälle et al. 2015; Tälle et al. 2017). On the contrary, other studies have 

reported that higher harvest frequency is a significant disturbance to highly 

productive species, and thus frequent harvest leads to a decrease in annual 

productivity by reducing the abundance of the highly productive and dominant 
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species or communities (Socher et al. 2013). The inconsistent relationships between 

productivity and harvest frequency may occur because these previous studies were 

site-specific and were based on small temporal scales, single species and highly 

productive species (Bakker et al. 2002; Milberg et al. 2017). However, it remains 

unknown whether these inconsistent findings are relevant long-term and broad 

spatial scale, especially across multi-site ecoregions.  

2.2.1.3. Species richness as a regulator of AGB productivity 

Studying grassland species richness-productivity relationships under climatic 

extremes has challenged plant community ecologists for decades (Craven et al. 

2018). Ecologists agree that species richness maintains grassland stability in general 

(Hector et al. 1999; Hector et al. 2010; Backhaus et al. 2014). However, under 

specific intensities of climatic extremes, the relationships between richness levels 

and ecosystem resistance (Pimm 1984) and resilience (Hodgson et al. 2015; 

Donohue et al. 2016) are largely inconsistent. Previous attempts have produced 

different and even contradictory conclusions on the responses of ANPP to species 

richness under climatic extremes (Craven et al. 2016; Pennekamp et al. 2018). A 

substantial body of evidence demonstrates that species-rich communities increase 

ecosystem resistance (Kahmen et al. 2005; Isbell et al. 2015) to and resilience 

(Vogel et al. 2012; Kreyling et al. 2017) after extreme climatic impacts. On the 

other hand, a growing number of empirical studies suggest that species richness can 

even decrease ecosystem resistance (Allison 2004; Pennekamp et al. 2018) and 

resilience (Pfisterer and Schmid 2002). Moreover, the relationship between 

biodiversity and ecosystem resilience under climatic extremes is not yet clear (van 

Ruijven and Berendse 2010; Isbell et al. 2015).  

The inconsistent relationships between productivity and species richness can be 

explained by various theories. For example, the Hump-backed model (Grime 1973) 

indicates that species richness is highest at the intermediate productivity level. That 

is, at high species richness, only highly competitive species survive, and at climate 

extreme conditions, only a few stress-tolerant species can tolerate. This hypothesis 

is supported by Fraser et al. (2015), who used datasets of 30 natural and managed 

grasslands sites in 19 countries on 6 continents to advance the understanding of 

species richness-productivity relationships. However, Alder et al. (2011) used other 
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datasets of 48 experiments on 5 continents and found no consistent relationship 

between productivity and species richness. The insurance hypothesis (Yachi and 

Loreau 1999) suggests that ecosystem resistance and resilience increase with the 

increase of species richness, because communities with high species richness have 

a greater range of responses to climate extremes. Therefore, the decline of 

productivity of a species may be compensated by the increase in productivity of 

other stress-tolerant species (Hector et al. 2010) that can extract water from the 

deeper soil layer (Mueller et al. 2012) and nutrients from different depths in the 

rhizosphere (Dimitrakopoulos and Schmid 2004).  

The productivity-diversity relationship in previous studies was mostly measured 

based on short-term field observations at a limited number of sites or experiments 

in different regions (Tilman and Downing 1994; Tilman 1996; Pfisterer and Schmid 

2002; van Ruijven and Berendse 2010), and short-term laboratory experiments 

(McGrady-Steed et al. 1997; Naeem and Li 1997; Petchey et al. 1999). Although 

these studies have well considered the variations of the responses, different 

diversity-productivity relationships were concluded because of confounding factors 

related to local site conditions or management intensity (Vogel et al. 2012). Other 

confounding factors are intra-annual precipitation variability interacting with 

growing season temperatures (Grant et al. 2017), the timing of climatic events 

(Craine et al. 2012), species assemblages and functional trait composition (Craine 

et al. 2013; Fisher et al. 2016), species richness (van Ruijven and Berendse 2010; 

Kreyling et al., 2017), the scale of the experiments (Bai et al. 2004), and short-run 

experiments (Kreyling et al. 2017). Relatively speaking, a long-run experiment 

allows to maintain the consistency of parameters. It experiences a longer term of 

climate change (e.g., several decades) and more climatic extreme events (Hossain 

and Li, 2021a). It can thus better represent the response of ecosystem functioning 

to climate change at a specific location and avoid singularities compared to just a 

few years in most of the existing studies. Hence, using a long-run experiment to 

evaluate productivity-biodiversity relationship under climatic extremes may 

provide more robust results given the extensive temporal coverage and high 

gradient of species compositions, which is expected to provide an important 

scientific reference from a long-term perspective to advance our understanding of 
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how diversity affects its productivity, resistance, and resilience under climatic 

perturbations.  

2.2.2. Grassland BGB responses to bioclimatic variability 

2.2.2.1. Climate as a regulator of BGB productivity 

Grassland plays a significant role in terrestrial carbon stocks (Fang et al. 2019; Sha 

et al. 2020), which account for over 10% of global terrestrial biomass carbon stocks 

(Wu et al. 2018). The projected increases in temperature and changes in 

precipitation regime under future climate warming are highly likely to exert 

considerable effects not only on AGB but also on BGB productivity (IPCC 2013). 

Although the impacts of climatic variables and climate extremes on grassland ABG 

productivity have been studied more extensively the study of the  impacts of 

climatic variability and climate extremes on BGB productivity is limited 

(Beierkuhnlein et al. 2011; Guo et al. 2017; Hossain and Beierkuhnlein 2018). 

Despite the fact that over 80% of the total biomass in grasslands is stored in the soil 

(Schenk and Jackson 2002), fewer studies have investigated the effects of climate 

change on BGB productivity (Luo et al. 2017a). 

Given the potential threat of climate change to ecosystems, disentangling the effects 

of changes in meteorological variables on grassland BGB is an important research 

theme in the field of ecology (Dai et al. 2019a; Zhang et al. 2019). The BGB in 

grasslands is four times greater than the AGB, and a small change in the BGB may 

therefore lead to profound impacts on grassland carbon stocks (Schenk and Jackson, 

2002). The continuing loss of BGB and carbon stocks caused by natural and 

anthropogenic disturbances can exert considerable impacts on grassland 

productivity, nutrient cycling, ecosystem stability, and other crucial ecosystem 

functions (Niu et al. 2019). However, understanding how grasslands adjust BGB 

allocation under a changing climate remains limited, and the results of existing 

studies sometimes differ from those of others (e.g., Luo et al. 2017a). Optimal 

partitioning theory indicates that vegetation maintains resource-use strategies 

during unfavourable conditions to maximize its growth (Bloom et al. 1985). For 

instance, plants allocate more resources to roots to extract water in water-scarce 

areas and allocate more resources to shoots to access light in water-abundant areas. 



20 

 

Nevertheless, the relationship between precipitation and BGB is not as evident as 

the optimal partitioning theory suggests and has been reported to be negative in 

some studies (Byrne et al. 2013; Xu et al. 2013) but positive in others (Byrne et al. 

2013; Wilcox et al. 2015). The responses of BGB to precipitation changes can also 

be different at various plant rooting depths and temporal scales (Hui and Jackson 

2006; Zhang et al. 2017b). A recent study has indicated that under changing 

precipitation regimes, plants are able to adjust their root distributions rather than 

BGB allocation (Zhang et al. 2019). Moreover, temperature is another important 

determinant of BGB productivity, and the relationship between temperature and 

BGB is also inconsistent across grassland sites. For example, Dai et al. (2019a) 

found that mean annual temperature had no effect on BGB at one site but had 

positive effects at another site on the northeastern Tibetan Plateau. These 

inconsistent or even contradictory results of the effects of precipitation and 

temperature on BGB may be due to differences in species composition, plant 

functional types (e.g., C3 and C4 plants), sites, and ecosystems (Byrne et al. 2013; 

Xu et al. 2013; Wilcox et al. 2015; Dai et al. 2019a). Therefore, it is necessary to 

disentangle the response mechanisms of grassland BGB to climatic variability in 

various ecoregions consisting of different plant types, such as C3 and C4 plants. C3 

and C4 plants have distinct biochemistry and physiology (Sage and Kubien 2003). 

For instance, the water-use efficiency of C3 plants is lower than that of C4 plants. 

Therefore, C3 and C4 plants may respond differently to climatic variability and 

climate extremes. 

2.2.2.2. Plant functional types as a regulator of BGB productivity 

It has been well documented that the resource-use strategies of C3 and C4 plants 

with respect to various abiotic components (e.g., light, nutrients and moisture) differ 

across grassland types (e.g., alpine, meadow and prairie) (Angelo and Pau 2015) 

and ecoregions (e.g., cold steppe, temperate dry steppe and savanna) (Sankaran 

2019; Zhang et al. 2019). C3 plants usually dominate cooler temperate grasslands 

(e.g., cold steppe), while C4 plants are dominant in tropical, subtropical, and warm 

temperate grasslands (e.g., humid savanna and savanna) (Sage et al. 1999; Sankaran 

2019). Previous empirical studies have reported that precipitation and temperature 

are key factors that determine the BGB productivity of C3 and C4 plants in 

grasslands (Nippert and Knapp 2007; Hsu et al. 2012). Although precipitation is an 
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important driver of BGB, depending on ecoregions, plant types, and seasonality, 

studies have reported both positive and negative effects of precipitation on the BGB 

of C3 and C4 plants. For example, Angelo and Pau (2015) showed that the BGB of 

C3 plants increased and that of C4 plants did not change with increasing 

precipitation, while Gao et al. (2013a) reported decreased BGB with increasing 

precipitation, as precipitation decreased the soil organic matter content by 

increasing soil erosion. In arid and semiarid regions (e.g., savanna and temperate 

dry steppe), the productivity of C3 and C4 plants is most sensitive to growing season 

precipitation (Swemmer et al. 2007). C4 plants responded positively to dry winters 

and wet summers, and C3 plants responded positively to dry summers and wet 

winters (Paruelo and Lauenroth 1996; Niu et al. 2005; Murphy and Bowman, 2007). 

Some studies have shown that plant responses to precipitation are dependent on soil 

water availability at various soil depths. For example, C4 plants extract surface soil 

water (e.g., the top 20 cm of the soil profile) (Nippert et al. 2012), and C3 plants are 

more plastic in their response to soil moisture availability (Nippert and Knapp 

2007). In addition to precipitation, C3 and C4 plant productivity is also regulated by 

temperature, and their spatial distributions are expected to shift under climate 

change, which can affect BGB allocation (Fiala 2010). For instance, the 

productivity of C3 plants is affected by increased early growing season temperature, 

while the productivity of C4 plants is affected by increased late growing season 

temperature (Wertin et al. 2015). Mechanistic models have predicted that increased 

temperature, high sunlight, and increased aridity favour C4 plants over C3 plants 

(Collatz et al. 1998). Teeri and Stowe (1976) and Luo et al. (2013) showed a 

significant relationship of C4 plant productivity with growing season temperature. 

These studies found that the productivity of C4 plants declined with decreasing cold 

growing season temperature, which has been further supported by other studies 

(Sage et al. 1999; Geng et al. 2012). 

Furthermore, climate extremes, such as droughts and floods, become more frequent 

and intensified under climate change, which can have both negative and positive 

effects on the BGB productivity of these two plant functional types (Luo et al. 

2017b; Liu et al. 2021). The responses of BGB to climate extremes are different 

and even contradictory in different regions or studies. For example, researchers 

have reported that extreme wet events increased BGB in semiarid grasslands 
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(Zhang et al. 2020b) and had no significant effect on BGB in alpine meadows 

(Zhang et al. 2017b), while extreme dry events decreased BGB in semiarid regions 

(Luo et al. 2017b) and increased BGB in alpine grasslands (Liu et al. 2021). These 

inconsistent responses of BGB to climate extremes may result from differences in 

climate extremes, plant functional types, and ecosystems (Nui et al. 2005; Isbell et 

al. 2015; Barnes et al. 2016; Li et al. 2020). For example, Li et al. (2020) used a 

30-day rain-free period in a growing season to represent extreme drought for a 

semiarid grassland, Barnes et al. (2016) considered SPEI values < -1.3 to indicate 

severe drought for multiple biomes (i.e., forests, grassland, and shrublands), and 

Isbell et al. (2015) used SPEI values ≤ - 1.28 as extreme drought for a study of 46 

grassland experiments across Europe and the USA. Thus, applying a globally 

consistent drought index to disentangle the effects of climate extremes on the BGB 

of C3 and C4 plants across multiple ecoregions has been an important research goal 

in ecological studies. 

2.2.3. Climate as a regulator of biomass partitioning 

Biomass partitioning (i.e., BGB:AGB ratio) is a key parameter to reflect the plant-

adaptive strategy to maintain their functioning in changing climate (Qi et al. 2019). 

BGB:AGB ratio explains the functioning of the ecosystems and biogeochemical 

cycles, and thus the changes in this ratio would greatly affect global carbon balance 

as well as ecosystem stability and biodiversity (Mokany  et al. 2006). Although 

many empirical studies have documented that temperature and precipitation are the 

key determinants of grassland AGB (Hossain and Li 2020; Su et al. 2020) and BGB 

(Zhang et al. 2019; Hossain and Li 2021a) productivity across different grassland 

types, the search for the key climate predictor in controlling grassland BGB:AGB 

ratio has been challenging for plant community ecologists (Quan et al. 2020; Yang 

et al. 2010). For more than two decades, there is a debate in plant ecology research 

about the key determinants of grassland biomass partitioning (Luo et al. 2013; Dai 

et al. 2019a; Fan et al. 2019). For example, some previous studies reported that 

BGB:AGB ratio increases (Want et al. 2016; Wu et al. 2013), while other studies 

demonstrated BGB:AGB ratio decreases (Bhattachan et al. 2012; Nie et al. 2016) 

with increasing temperature. No significant relationships between BGB:AGB ratio 

and temperature were observed in other studies (Yang et al. 2010; Wang et al. 

2010). Meanwhile, a substantial body of evidence has demonstrated the negative 
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(Mokany et al. 2006; Wu et al. 2013), positive (Nie et al. 2016), and insignificant 

(Yang et al. 2010; Zhang et al. 2020b) relationships of biomass partitioning with 

the precipitation. These disparate findings may be due to the differences in study 

duration, grassland ecoregions, plant functional types (C3 or C4 plant), climatic 

variability (growing-season or annual climates) and harvest frequency (Luo et al. 

2013; Dai et al. 2019a; Wang et al. 2019). In order to provide compelling evidence 

of this debated issue, an advanced understanding of the relationships of biomass 

partitioning of C3- and C4-dominated grasslands with climatic variability at broad 

spatial scales is required.  

The increasing trends in the frequency and magnitude of climate extremes (e.g., 

floods and droughts) in recent decades have profound effects on grassland 

ecosystems (Wilcox et al. 2017). In recent years, a growing number of studies have 

investigated the response of grassland productivity to climate extremes and found 

that the effects of climate extremes on AGB and BGB vary greatly (Zhang et al. 

2017a; Liu et al. 2021). Although plenty of empirical evidence demonstrated that 

the effects of extreme dry events on BGB were negative (Luo et al. 2017), positive 

(Liu et al. 2021) and insignificant (Xu et al. 2015), and the effects of extreme wet 

events on AGB were negative (Padilla et al. 2019), positive (Wilcox et al. 2017) 

and insignificant (Zhang et al. 2019), the effects of climate extremes on BGB:AGB 

ratio remains largely unknown. Despite the great efforts that have been made in 

recent years to explore the effects of extreme events on the BGB:AGB ratio in 

different grasslands, no consensus has been made, since some studies reported that 

the response of BGB:AGB ratio to extreme dry climates was either positive (Quan 

et al. 2020) or negative (Poorter et al. 2012), and other studies found increased 

(Wang et al. 2019) and decreased (Holub et al. 2015) BGB:AGB ratio caused by 

extreme wet events. These differential findings may be resulted from (1) the 

differences in plant functional types (Luo et al. 2013), study duration (Dai et al. 

2019a), and experiments (Quan et al. 2020), (2) consideration of either annual or 

growing-season extremes in different climate settings (Zhang et al. 2020b; Zhang 

et al. 2017a), and (3) methodological difficulties in classifying climate extremes (Li 

et al. 2020). For instance, extreme dry events were defined in various ways in 

previous studies, such as: i) 30-day rain-free period (Li et al. 2020), ii) 100% 

rainfall reduction for specific periods during the growing season (Kreyling et al. 
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2017), and iii) temperature increase by 2.5 oC (Quan et al. 2020) across different 

grasslands. Besides, the response of one plant type to climate extremes may differ 

from another, since C3 plants are dominant in humid temperate and cold steppe 

ecoregions, while C4 plants are dominant in humid savanna and savanna ecoregions. 

Thus, an examination of the effects of extreme events on grassland BGB:AGB ratio 

focusing both C3- and C4-dominated grasslands based on a widely used drought 

index classification is critically important to provide new insight into grassland 

productivity in the growing risk of climate warming.  
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Chapter 3 

Materials and Methods 

This chapter describes the study area and experimental background, data sources 

and descriptions, variable identification, and data processing and analysis. A 

detailed description of studied five ecoregions (cold steppe, humid savanna, humid 

temperate, savanna and temperate dry steppe) across 5 continents and a field 

experiment (Bayreuth Biodiversity experiment) was given in Section 3.1. The 

sources and description of grassland biomass and climatic data were outlined in 

Sections 3.2 and 3.3. In Section 3.4, the processing of biomass and climate data, 

including the classification of climate extremes and identification of ecosystem 

resistance and resilience were described. Finally, a brief data analytical approach 

was illustrated in Section 3.5. A detailed description of data analysis was given in 

the methodology section of the respective chapters (Chapters 4-7). All statistical 

analyses were performed using the statistical package R version 4.0.3 (R Core Team 

2020). 

3.1 Study area background 

3.1.1. Ecoregions 

Ecoregions are characterized by smaller ecosystems or, more often, complexes of 

ecosystems that occur throughout the region (Bailey 1989). Ecoregions reflect the 

distribution of species and communities based on biophysical features, such as 

precipitation and temperature, vegetation structure, distinct assemblages of species, 

endemic genera and families and geological history (Bailey 1998; Olson et al. 

2001). The five ecoregions (Fig. 3.1) are briefly described below: 

Cold steppe: Grasslands in cold steppe ecoregion are extended mostly in the USA, 

Mongolia, Russia, Kazakhstan, and China (Scurlock et al. 2002). For example, 

grasslands in North American cold steppe include tall grasses, short grasses and 

mixed grasses  (Sims et al. 1978) and grasslands in the Inner Mongolian steppe 

include perennial grasses (Ma et al. 2010a). Vegetation in this ecoregion are 

dominated by C3 plants with deep-rooting profile. Grasslands are characterized by 

warm summer and very cold winter. Annual precipitation in the Inner Mongolian 
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cold steppe varies from 250 to 800 mm, and 67% of this precipitation occurs 

between June and August  (Ma et al. 2010a), while annual precipitation in the North 

American cold steppe ranges from 150 mm to 900 mm and 75% of this precipitation 

occurs between April and September (Sims et al. 1978).  

Humid savanna: Humid savanna contains vast open C4-dominated grasslands 

formed as a result of human interferences (e.g., deforestation and agricultural 

expansion) and natural disturbances (e.g., fire and other events) (Pandey and Singh, 

1991). The climate of humid savanna is seasonal with a humid season of 6-8 months 

(Median, 1982). Annual rainfall ranges from 900 to 2200 mm. Grasslands in humid 

savanna mostly occur in Mexico, Ivory Coast, India, Thailand, Costa Rica, and 

Venezuela (Backeus 1992).  

Humid temperate: Humid temperate grasslands are open grasslands that can be 

found in Central America, Europe, Australia, China, and Russia (Woodward 2009). 

Precipitation varies from 400 to 1000 mm and includes snowfall in the Northern 

Hemisphere. Temperature can fall below 0 °C in winter and can reach above 40 °C 

for some days in summer. Grasses are the dominant vegetation with a deep root 

system (Woodward 2009). Vegetation in this ecoregion is able to withstand climate 

extremes and fires (Nunez 2019).  

Savanna: Savanna grasslands are degraded ecosystems and characterized by high 

spatial heterogeneity with the most extensive vegetation types (Scholes and Archer 

1997; Sankaran 2019). It is believed that savanna grasslands are derived from 

forests as a result of natural or anthropogenic disturbance (Veldman et al. 2015). 

Savanna grasslands are characterized by highly variable seasonal precipitation and 

a long warmer season (Bonnet et al. 2010). Grasses in savannas are highly 

specialized to grow in long dry periods and have adaptive strategies to discourse 

animals from grazing (O’Brien et al. 2017).  

Temperate dry steppe: Grasslands in temperate dry steppe are characterized by 

greater seasonal and temperature changes. Temperate dry steppe regions are hot in 

summer and cold in winter, and the annual precipitation varies from 180 mm in the 

Inner Mongolian dry steppe to 900 mm in the North American steppe (Sims et al. 

1978; Li and Guo 2014). This type of grasslands has evolved to withstand natural 
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disturbances (e.g., wind and fire) and animal disturbances (e.g., grazing) (Li and 

Guo 2014). Grasses of this ecoregion have strong root systems that can tolerate 

drought. Temperate dry steppe can be found in various regions of North and South 

America, Europe, and Asia. In our study, grasslands of this ecoregion are 

distributed in the USA, Argentina, Canada, Turkmenistan, and Kazakhstan 

(Scurlock et al. 2002). 

 

Fig. 3.1 Locations of the study sites across five ecoregions.  

3.1.2 Bayreuth Biodiversity Experiment 

Bayreuth Biodiversity experiment includes the field observations of AGB, species 

richness and functional groups (e.g., grass, herb and legume) for the period 1997-

2020. This experiment (49°55' N, 11°35' E, altitude 355 m a.s.l.) is located in 

Germany and managed by the Department of Biogeography, University of 

Bayreuth. This experiment was established in 1996 based on the BIODEPTH 

(BIODiversity and Ecological Processes in Terrestrial Herbaceous Ecosystems) 

concept of identical design at eight sites across Europe (Hector et al. 1999). The 

long-term mean annual precipitation for this site is 724 mm and mean annual 

temperature is 8.2 °C (Beierkuhnlein et al. 2011). The soil of the previously arable 

land was a loamy to sandy stagnic gleysol. Soil carbon and nitrogen contents were 

0.77 ± 0.10% and 0.13 ± 0.01% in 2002, respectively (Kreyling et al. 2011).  
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3.2 Data sources  

3.2.1 Biomass data  

Grassland AGB, BGB and total BGB in five ecoregions were obtained from the 

global net primary productivity (NPP) database at the Oak Ridge National 

Laboratory Distributed Active Archive Center (Scurlock et al. 2015; 

http://daac.ornl.gov). This dataset includes AGB of 31 grassland sites in 20 

countries, BGB of 7 sites and total BGB (live and dead) of 15 sites complied by 

Scurlock et al. (2015) (Table 3.1). AGB data of respective species and functional 

groups in the Bayreuth Biodiversity experiment were obtained from the Department 

of Biogeography, University of Bayreuth, Germany. This dataset includes AGB 

data of two harvests (June and September) in a year for the period 1997-2020.  

3.2.2 Climate data 

Climate data used in this research consists of the growing season and annual 

temperature and precipitation. Growing season climate data includes (i) growing 

season temperature, (ii) growing season maximum temperature, (iii) growing 

season minimum temperature, (iv) mean growing season temperature, (v) growing 

season precipitation, and (vi) cumulative growing season precipitation. Annual 

climate data includes (i) mean annual temperature, (ii) mean maximum annual 

temperature, (iii) mean minimum annual temperature, (iv) annual precipitation, and 

(v) annual precipitation frequency. In order to define the climate variables, I 

extracted climate data from multiple sources. For the Bayreuth Biodiversity 

experiment, all climate data were obtained from the German Weather Service 

station in Bayreuth through the Department of Biogeography, University of 

Bayreuth, Germany. For the five ecoregions, all climatological data were obtained 

from the global net primary productivity (NPP) database at the Oak Ridge National 

Laboratory Distributed Active Archive Center (Scurlock et al. 2015; 

http://daac.ornl.gov), except the daily precipitation, and monthly mean temperature 

data. For the five ecoregions, I obtained the daily precipitation data from the Global 

Precipitation Climatology Centre-GPCC (Ziese et al. 2018, http://gpcc.dwd.de/) and 

the monthly mean temperature from the Climate Research Unit-CRU (Harris et al. 

2014, https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.03/cruts.1905011326.v4.03/tmp/). 

http://daac.ornl.gov/
http://daac.ornl.gov/
http://gpcc.dwd.de/
https://www.sciencedirect.com/science/article/pii/S2351989420306958#bib29
https://www.sciencedirect.com/science/article/pii/S2351989420306958#bib29
https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.03/cruts.1905011326.v4.03/tmp/
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The spatial resolution of the GPCC precipitation data is 1° x 1° (Ziese et al. 2018), 

and the CRU temperature data is 0.5° x 0.5° (Harris et al. 2014). 

3.3 Data and experiment description  

3.3.1 Ecoregion biomass data 

In the global grassland NPP dataset (Scurlock et al. 2015), 31 sites contain AGB, 7 

sites have both AGB and BGB, and 15 sites contain total BGB data. According 

to Scurlock et al. (2002), the sites that contain AGB and total BGB are categorized 

into five ecoregions, including cold steppe, humid savanna, humid temperate, 

savanna, and temperate dry steppe (Table 3.1). The seven sites those have BGB 

data are grouped into four ecoregions, as no sites in temperate dry steppe contain 

BGB. All six sites in cold steppe are characterized by C3-dominated grasslands, 

while vegetation at all six sites in humid savanna are dominated by C4-dominated 

grasslands. Vegetation in the other three ecoregions (i.e., humid temperate, savanna 

and temperate dry steppe) contains both C3- and C4-dominated grasslands. In the 

mentioned dataset, biomass was harvested monthly, but the frequency of harvest 

differs among sites and ecoregions due to the variations in the length of the growing 

season and plant functional types. For example, in cold steppe ecoregion, harvest 

was made every month during April-September (i.e., 6 times) at a site in 

Kazakhstan and every month during April-November (i.e., 8 times) at a site in 

China. In humid savanna and savanna ecoregions, biomass was harvested every 

month (i.e., 12 times) in a year. Harvests of AGB were made within 1.0 m × 0.25 

m quadrat, and BGB was sampled within the center of the quadrat.  

Table 3.1 Characteristics of 31 grassland study sites extracted from the dataset of 

Scurlock et al 2015. Abbreviations of study sites are given within the bracket of the 

name of the study site column. 

Ecoregion Sit

e # 

Country Site name 

(code) 

Dom

inant 

plant 

type 

AGB BG

B 

Total 

BGB 

Preci

pitati

on 

(mm) 

Tem

perat

ure 

(°C) 

Eleva

tion 

Latitu

de 

Longitu

de 

Cold 

steppe 

1 U.S.A. Bridger (brd) C3  ×  395 2.7 2340 45.78 -110.78 

2 
Kazakhst

an 

Shortandy 

(shr) 
C3    350 1.3 367 51.67 71.00 

3 China Tumugi (tmg) C3   × 411 2.1 191 46.10 123.00 

4 Mongolia 
Tumentsogt 

(tmn) 
C3  × × 269 1.7 1100 47.40 112.50 

5 Russia Tuva (tva) C3  × × 285 -4.3 800 51.83 94.42 

6 China Xilingol (xln) C3  × × 361 -2 1200 43.72 116.63 

https://www.sciencedirect.com/science/article/pii/S2351989420306958#bib74
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Ecoregion Sit

e # 

Country Site name 

(code) 

Dom

inant 

plant 

type 

AGB BG

B 

Total 

BGB 

Preci

pitati

on 

(mm) 

Tem

perat

ure 

(°C) 

Eleva

tion 

Latitu

de 

Longitu

de 

Humid 

savanna 

7 
Venezuel

a 

Calabozo 

(clb) 
C4  ×  1252 28.3 98 8.93 -67.42 

8 Thailand 
Klong Hoi 

Khong (kln) 
C4    1541 26.4 30 6.33 100.93 

9 India 
Kurukshetra 

(krk) 
C4  ×  688 23.6 247 29.97 76.85 

10 
Cote 

d’Ivoire 
Lamto (lmt) C4  ×  1165 28.8 300 6.22 -5.03 

11 Mexico 
Montecillo 

(mnt) 
C4    580 14.2 2240 19.46 -98.91 

12 
Costa 

Rica 
Cañas (cns) C4  × × 1926 28 45 10.40 -85.10 

Humid 

temperate 

13 Russia Kursk (krs) C3    594 6.1 250 51.67 36.50 

14 U.S.A. Osage (osg) C4  ×  1014 15.2 392 36.95 -96.55 

15 Russia 
Otradnoe 

(otr) 
C3    485 8.6 50 60.83 30.25 

16 UK 
Becon Hill 

(bcn) 
C3  × × 858 11 205 50.92 -0.85 

17 Ukraine 
Khomutov 

(khm) 
C3  × × 424 11.1 75 47.17 38.00 

18 U.S.A. Konza (knz) C4  × × 859 12.6 400 39.10 -96.61 

19 Sweden 
Tullgarnsnase

t (tll) 
C3  × × 528 2.5 0 59.20 17.50 

Savanna 

20 Australia 
Charleville 

(chr) 
C3  ×  457 19.4 304 -26.40 146.27 

21 U.S.A. Jornada (jrn) C4  ×  276 14.9 1350 32.60 -106.85 

22 Kenya Nairobi (nrb) C4    677 19.7 1600 -1.33 36.83 

23 
South 

Africa 
Nylsvley (nls) C4  × × 666 17.1 1100 -24.65 28.70 

Temperat

e dry 

steppe 

24 U.S.A. 
Dickinson 

(dck) 
C3  ×  425 4.8 784 46.90 -102.82 

25 U.S.A. Hays (hys) C4  ×  564 12.2 714 38.87 -99.38 

26 
Turkmeni

stan 

Badkhyz 

(bdk) 
C3  × × 310 12.6 700 35.68 62.00 

27 U.S.A. CPER (cpr) C4  × × 334 9.9 1625 40.82 -104.77 

28 U.S.A. 
Cottonwood 

(ctt) 
C3  × × 400 8.4 744 43.95 -101.87 

29 
Kazakhst

an 

Dhzanybek 

(dzh) 
C3  × × 291 5 20 49.33 46.78 

30 Argentina 
Media Luna 

(mdl) 
C3  × × 338 5.5 630 -45.60 -71.42 

31 Canada 
Matador 

(mtd) 
C3  × × 350 3 676 50.70 -107.72 

 

3.3.2 Bayreuth biodiversity experiment data 

The experiment contains 64 2m×2m plots planted at five levels of species richness: 

1 (18 plots), 2 (16 plots), 4 (10 plots), 8 (10 plots), 16 (6 plots), and blank (4 plots) 

(Figure 3.2). Species composition was determined by a random draw from a species 

pool of 31 species (Table 3.1) representing 3 functional groups (grasses, forbs and 

legumes). It was ensured that all multi-species communities contained grass 

species. Each diversity level was replicated with different mixtures, and total 30 
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mixtures of communities were taken to reduce possible confusion between species 

number and compositional effects. No watering and fertilizer was applied during 

the entire study period. Weeding was maintained for 1996-1998 to remove 

unwanted species, and after that succession was allowed to take place. The site was 

mown twice a year after the AGB harvest in June and September. The site was 

protected by a fence to restrict the grazing of herbivores. AGB was cut 5 cm above 

the ground within the central square meter of each plot twice a year (1st harvest in 

late June and 2nd harvest in mid-late September). Harvested biomass was sorted 

based on species and functional groups. Biomass was dried at 80 °C for 24 hours 

and weighed at the laboratory of the Department of Biogeography, University 

Bayreuth, Germany (Hossain and Beierkuhnlein 2018). 

Block A  Block B  

1 2 

 

33 34     

 

 

 

 

 

 

 1 Species 

 2 species 

 4 species 

 8 species 

 16 species 

 Without species 
 

3 4 35 36 

5 6 37 38 

7 8 39 40 

9 10 41 42 

11 12 43 44 

13 14 45 46 

15 16 47 48 

17 18 49 50 

19 20 51 52 

21 22 53 54 

23 24 55 56 

25 26 57 58 

27 28 59 60 

29 30 61 62 

31 32 63 64 

Fig. 3.2 Initial experimental design of the BIODEPTH experiment with blocks A 

(1-32) and B (33-64). Each color represents the initial levels of species diversity for 

each plot.  
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Table 3.2 List of species planted in 1996 (adapted from Hossain and Beierkuhnlein 

2018). Each column indicates number of species, species name, and plots where 

species planted. 

1 species 2 species 4 species 8 species 16 species 

 

Alopecurus 

pratensis  

30, 39 

 

Arrhenather

um elatius  

32, 42 

 

Dactylis 

glomerata  

21, 58 

  

Festuca 

rubra  

7, 52 

  

Holcus 

lanatus  

1, 63 

 

Trifolium 

pratense  

18, 48 

  

Trifolium 

repens  

4, 33 

 

Geranium 

pratense  

6, 47 

  

 Plantago 

lanceolata 

24, 43 

 

Ranunculus 

acris  

20, 53 

  

  

 

 

 

Alopecurus 

pratensis  

Arrhenatheru

m elatius  

19, 46 

 

Festuca 

rubra  

Holcus 

lanatus  

27, 54 

  

Dactylis 

glomerata  

Trifolium 

repens  

8, 34 

 

Festuca 

rubra  

Trifolium 

pratense  

25, 60 

  

Festuca 

pratensis  

Ranunculus 

acris  

14, 62 

 

Festuca 

rubra  

Plantago 

lanceolata  

5, 49 

 

Arrhenatheru

m elatius  

Geranium 

pratense  

3, 35 

 

 

Arrhenatherum elatius  

Dactylis glomerata  

Holcus lanatus  

Lolium perenne 

10, 50 

  

Alopecurus pratensis  

Dactylis glomerata  

Holcus lanatus  

Geranium pratense  

13, 40 

  

Alopecurus pratensis  

Arrhenatherum elatius  

Festuca rubra  

Trifolium repens  

31, 57 

  

Festuca rubra 

Lolium perenne  

Trifolium pratense  

Ranunculus acris  

17, 36 

  

Alopecurus pratensis  

Arrhenatherum elatius  

Lotus corniculatus  

Plantago lanceolata  

23, 55 

 

 

Alopecurus pratensis  

Arrhenatherum elatius  

Dactylis glomerata  

Festuca pratensis  

Festuca rubra  

Holcus lanatus  

Lolium perenne  

Phleum pratense  

16,45 

  

Arrhenatherum elatius  

Dactylis glomerata  

Festuca rubra  

Holcus lanatus  

Lolium perenne  

Phleum pratense  

Trifolium pratense  

Trifolium repens  

15, 59 

  

Alopecurus pratensis  

Arrhenatherum elatius  

Dactylis glomerata  

Holcus lanatus  

Lolium perenne  

Achillea millefolium  

Geranium pratense  

Ranunculus acris  

22, 44 

  

Alopecurus pratensis 

Arrhenatherum elatius 

Festuca pratensis  

Festuca rubra  

Lathyrus pratensis  

Trifolium pratense  

Rumex rugosus  

Plantago lanceolata  

9, 64 

 

Anthoxanthum odoratum  

Cynosurus cristatus  

Festuca pratensis  

Lolium perenne  

Lotus corniculatus  

Vicia sepium  

Crepis biennis  

Taraxacum officinalis  

26, 37 

 

 

Alopecurus pratensis  

Anthoxanthum odoratum  

Arrhenatherum elatius  

Bromus hordeaceus 

Festuca rubra  

Holcus lanatus  

Lolium perenne  

Phleum pratense  

Lotus corniculatus  

Trifolium pratense  

Trifolium repens  

Vicia cracca  

Centaurea jacea  

Knautia arvensis  

Pimpinella major  

Plantago lanceolata  

11, 38 

  

Alopecurus pratensis  

Anthoxanthum odoratum 

Cynosurus cristatus  

Dactylis glomerata  

Festuca pratensis  

Festuca rubra  

Lolium perenne  

Phleum pratense  

Lathyrus pratensis  

Lotus corniculatus  

Trifolium repens  

Vicia cracca  

Geranium pratense  

Leontodon autumnalis  

Ranunculus acris  

Silene flos-cuculi  

28, 51 

  

Arrhenatherum elatius  

Anthoxanthum odoratum  

Bromus hordeaceus  

Cynosurus cristatus  

Dactylis glomerata  

Holcus lanatus  

Lolium perenne  

Phleum pratense  

Lathyrus pratensis  

Lotus corniculatus  

Trifolium pratense  

Vicia cracca  

Achillea millefolium  

Campanula patula  

Crepis biennis  

Leucanthemum 

ircutianum  

2,56 
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3.4 Data processing 

3.4.1 Processing of biomass data 

AGB, BGB, and total BGB data were sorted in respective harvest (hereafter single-

harvest AGB, BGB, and total BGB) and site. Every harvest of biomass is regarded 

as a single-harvest. There are several harvests in a season or a year depending on 

the length of the growing-season, plant functional types, and ecoregion. Therefore, 

biomass in every particular harvest was considered single-harvest biomass. The 

single-harvest biomass in a particular year at a site were summed up to get the 

annual biomass of that site. The BGB:AGB ratio was obtained by dividing single 

harvest/annual BGB by the respective single-harvest/annual AGB. 

For the Bayreuth Biodiversity experiment, first, AGB data in each harvest was 

sorted based on species and functional groups in order to obtain species-specific 

and functional groups AGB in respective plots. Then, AGB in corresponding plots 

of both harvests in a year was summed up to obtain the annual AGB. For each 

harvest, species richness was defined as the number of individual species recorded 

in the respective plot. Annual species richness in a plot was the mean of species 

richness of both plots in two harvests.  

3.4.2 Processing of climatic variables 

Growing season was defined as the month(s) between two harvests. Based on 

harvest frequency in a growing season or a year, growing season and annual 

climatic variables were defined in order to make the consistency of the definition 

of climate variables across sites and ecoregions (Table 3.3, Hossain and Li 2021a). 

For example, GSP was defined as total precipitation between two harvests and 

GSPcum was defined as the sum of precipitation of all harvests in a year. A similar 

approach was applied to compute other growing season variables (e.g., GST, 

GSTmax, GSTmin and GSTmean). The mean of maximum and minimum temperature 

of a year was defined as MATmax and MATmin. MAT and AP were defined as the 

mean of 12 months temperature and the sum of precipitation of 12 months of a year. 

Furthermore, APfreq was defined as the number of days with daily precipitation 

≥1 mm in a year (Li et al. 2020). The detailed definitions of these variables are 

given in Table 3.3. 
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Table 3.3 Definitions of the growing-season and annual climatic variables 

No. Variable Definition 

          Growing season climatic variables 

1 GST 

GST was defined as the mean temperature between two harvests. For 

example, if harvests were made every month, growing-season 

temperature was defined as the mean temperature of the harvest month. 

Similarly, if harvests were made every two months, growing-season 

temperature was defined as the mean temperature between two harvests.  

2 GSTmax The same as GST, but for maximum temperature. 

3 GSTmin The same as GST, but for minimum temperature. 

4 GSP 
GSP of a harvest was defined as the total precipitation between two 

harvests.  

5 GSTmean 

This was defined as the temperature average between all harvests in a 

year. For example, if harvests were made in six consecutive months, 

GSTmean of a year was defined as the mean of the temperature in those 

six months.  

6 GSPcum 

This was defined as the sum of precipitation of all harvests. For example, 

if harvests were made in January, March and May, GSPcum was defined 

as the cumulative precipitation of January-May of a year.   

         Annual climatic variables 

7 MATmax MATmax was defined as the mean of maximum temperature of a year.  

8 MATmin MATmin was defined as the mean of minimum temperature of a year.  

9 MAT MAT was defined as the mean of 12 months temperature of a year.  

10 AP  This was defined as the sum of precipitation of 12 months of a year. 

11 APfreq 
This was defined as the number of days with daily precipitation ≥ 1 mm 

in a year. 

3.4.3 Processing of climate extremes data 

3.4.3.1 Categorizing climate extremes 

A commonly used meteorological drought index, Standardized Precipitation 

Evapotranspiration Index (SPEI), was used to identify and characterize climate 

extremes (Vicente-Serrano et al. 2010). SPEI is a multi-scalar drought index that 

considers not only precipitation but also evapotranspiration (Beguria et al. 2010). 

SPEI values were calculated using monthly precipitation and maximum and 
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minimum temperature. The 3-month SPEI values were used to represent the wet/dry 

conditions during the growing-season. The 12-month SPEI values were used to 

represent the annual wet/dry conditions. Climate extremes were categorized into 5 

classes based on the values of SPEI (Isbell et al. 2015). For example, SPEI values 

≥ 1.28 indicate extreme wet and ≤ - 1.28 represent extreme dry events (Table 3.4). 

Table 3.4 The 5-class (Isbell et al. 2015) and 7-class (Nam et al. 2015) climatic 

conditions classifications of SPEI values. 

Category  SPEI value 

5-class 7-class 

Extreme/severe wet ≥ 1.28 ≥1.50 

Moderate wet 0.67 to < 1.28 1.00 to < 1.49 

Slight wet - 0.50 to < 0.99 

Normal -0.67 to < 0.67 -0.49 to < 0.49 

Mild dry - -0.99 to < - 0.50 

Moderate dry -1.28 to < - 0.67 -1.49 to < -1.00 

Extreme/severe dry ≤ - 1.28 ≤ - 1.50 

3.4.3.2. Defining ecosystem resistance and resilience 

Resistance is the ability to withstand a climate extreme, and resilience is the rate of 

return towards the normal level of productivity after a climate extreme. Resistance 

and resilience have been widely used to measure different facets of ecosystem 

stability (Pimm 1984; Hossain and Li, 2021c). Resistance and resilience are 

dimensionless and symmetric and thus directly comparable between communities 

with different levels of productivity and between different climate extremes (Isbell 

et al. 2015). We calculated resistance (i) and resilience (ii) from the data of the 

experiment site based on the following formula:  

Resistance (Ω) =
𝑌𝑛

|𝑌𝑒−𝑌𝑛|
  ................................................... (i) 

Resilience (∆) = |
𝑌𝑒−𝑌𝑛

𝑌𝑒+1−𝑌𝑛
|  ................................................. (ii)       

where 𝑌𝑛  is the expected ecosystem productivity during the normal years or 

growing-seasons; Ye is the productivity during a climate extreme (e.g., extreme dry 
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and extreme wet); Ye+1 is productivity during a normal event after a climate 

extreme. According to Isbell et al. (2015), normal years (𝑌𝑛) SPEI index values are 

between -0.67 and 0.67, and climate extremes (Ye) SPEI ranges are between > 0.67 

and < -0.67 (Table 3.4) 

3.5 Data analysis 

This research work contains several dependent and independent biogeoclimatic 

variables addressing the research objectives in four core chapters (Chapters 4-7). 

Biological variables include species, species richness, functional groups and 

functional types, geological variables include site and ecoregion, and climatic 

variables are growing-season and annual climatic variables (e.g., GST and GSP) 

and climate extremes (e.g., extreme dry and extreme wet). The appropriate 

statistical analyses namely; Pearson correlation, linear model, one-way ANOVA, 

post-hoc test, and linear generalized and mixed-effects models were carried out in 

order to address the corresponding objective. First, Pearson correlation and linear 

model were used for assessing temporal changes and linear associations of biomass 

with climatic variables. Second, multiple pairwise tests was performed for 

examining the significance of the differences of biomass among ecoregions, plant 

types, functional groups, harvest frequency and climate extremes. Finally, linear 

generalized and mixed-effects models were fitted for detecting the effects of species 

richness on AGB and resistance and resilience of AGB to climate extremes. The 

brief descriptions of each analysis are given below, and the detailed descriptions of 

objective-based analysis are given in respective chapters (chapters 4-7).  

3.5.1 Temporal changes of biomass 

Temporal changes of annual AGB of 5 ecoregions were examined using Pearson 

correlation analysis. The trend of AGB over time was assessed using a linear model, 

and the distribution of AGB was displayed using the boxplot. The p and r values of 

the Pearson’s correlation coefficient explain the changes of AGB are either 

significant or not. The dependent variable was the annual AGB in each ecoregion 

and the independent variable was the corresponding year. 
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3.5.2 Spatial changes of biomass 

Spatial changes of biomass across ecoregions were examined for single-harvest and 

annual biomass (i.e., AGB, BGB, total BGB) and BGB:AGB ratio using multiple 

pairwise tests. First, a one-way ANOVA was used to examine the significance of 

the differences in the mean single-harvest and annual AGB, BGB, total BGB, and 

BGB:AGB ratio among ecoregions and plant functional types (Kaufmann and 

Schering 2014). Second, if the difference in the mean values of biomass and 

BGB:AGB ratio among ecoregions was significant, a post hoc Tukey’s HSD 

(honestly significant difference) test was performed for pairwise comparisons of 

mean biomass and BGB:AGB ratio between ecoregions (Tukey 1949).   

3.5.3 Effects of harvest frequency on biomass 

Like the analysis of spatial changes of biomass, the annual AGB of five ecoregions 

was analyzed using multiple pairwise tests in order to examine the effects of harvest 

frequency on annual AGB in the respective ecoregion. A one-way ANOVA was 

used to detect the significance of the differences in the mean annual AGB among 

four harvest frequencies. A 2-sample t-test was used to determine the significance 

of the differences in the means between the annual AGB of a harvest frequency and 

the base-mean (i.e., all harvest frequencies) (Kim 2015).   

3.5.4 Relationships of biomass with climatic variables 

The relationships of biomass and BGB:AGB ratio with climatic variables were 

assessed using Pearson correlation and linear mixed-effects models. Using 

Pearson correlation, the associations of single-harvest biomass and BGB:AGB 

ratio with the growing-season climatic variables (GST, GSTmax, GSTmin, GSP), of 

annual biomass and BGB:AGB ratio with the annual climatic variables (MAT, 

MATmax, MATmin, GSTmean, GSPcum, and AP), and of annual AGB with annual 

precipitation frequency were assessed. Considering the multifaceted interactions of 

climate variables with biomass data, linear mixed-effects models appear to be the 

most appropriate to disentangle these interactions (Harrison et al. 2018). Thus, 

using linear mixed-effects models, the responses of annual AGB to annual climatic 

variables across four harvest frequencies and of single-harvest and annual total 

BGB to the growing-season and annual climatic variables across the site, ecoregion, 
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and plant functional type were examined. For annual AGB analysis in linear mixed-

effects models, the fixed effects were annual climatic variables, harvest frequency 

and their interactions and the random effect was harvest frequency. For single-

harvest and annual total BGB analysis, the fixed effects were growing-season and 

annual climatic variables, ecoregion, plant types and their interactions, and the 

random effects were ecoregion and site.  

3.5.5 Effects of climate extremes on biodiversity 

Like the analysis of spatial changes of biomass, multiple pairwise tests (i.e., one-

way ANOVA, post-hoc Tukey’s HSD, and 2-way t-test) were performed in order 

to examine the effects of climate extremes on biodiversity. The effects of climate 

extremes on (i) species richness, species-specific AGB, functional group AGB, 

community AGB and resistance and resilience of functional group AGB of 

Bayreuth Biodiversity experiment and (ii) BGB:AGB ratio, AGB, BGB and total 

BGB of C3- and C4-dominated grasslands in five ecoregions were examined using 

the mentioned multiple pairwise tests.  

3.5.6 Role of species richness on AGB against climate extremes 

Like the analysis of the relationships of biomass with climate variables, generalized 

linear and linear mixed-effects models were applied to test whether AGB depended 

on species richness and climate extremes and whether resistance and resilience of 

AGB to climate extremes depended on species richness. Confounding effects of 

growing-season and interannual climatic variability on the resistance and resilience 

of AGB were assessed using linear mixed-effects models. For these analyses, fixed 

effects were species richness, climate extreme intensity, climate extreme direction, 

climatic variables, and their interactions (i.e., species richness × climate extreme 

intensity, species richness × temperature × precipitaton) and random effects were 

plot. Models were fitted for growing-season and annual AGB, resistance and 

resilience.  
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Chapter 4 

Spatiotemporal changes of above-ground biomass in response 

to long-term climatic variability and harvest frequency  

Highlights 

 The above-ground biomass (AGB) of 31 sites in 20 countries belonging to five 

ecoregions was studied. 

 Annual AGB in humid temperate and savanna significantly increased, and the 

changes of AGB in other three ecoregions were insignificant over time. 

 Growing-season climatic variables (i.e., temperature and precipitation) 

increased single harvest AGB in cold steppe, humid temperate and humid 

savanna ecoregions.  

 Cumulative growing-season precipitation had significant positive effects on 

annual AGB in all ecoregions. 

 Annual AGB in humid temperate ecoregions enhanced, while in savanna and 

temperate dry steppe decreased with increasing growing-season mean 

temperature and mean annual temperature. 

Summary  

The degree to which grassland above-ground biomass (AGB) responds to climatic 

variability (e.g., precipitation and temperature) as well as management practices 

(e.g., harvest frequency) has attracted considerable interest in ecological studies. 

This understanding is important for maintaining ecosystem stability and sustainable 

delivery of ecosystem services under climate change. In this chapter, grassland 

biomass observations in 31 study sites in 5 ecoregions (i.e., cold steppe, humid 

savanna, humid temperate, savanna, and temperate dry steppe) were studied to 

examine the effects of growing-season and annual climatic variability and harvest 

frequency on AGB productivity. Annual AGB showed significant increasing trends 

in humid temperate and savanna, but the changes of annual AGB in cold steppe, 

humid savanna, and temperate dry steppe ecoregions were insignificant. Single 

harvest AGB in cold steppe, humid savanna and humid temperate ecoregions 

increased with higher growing season precipitation and temperature. Although 
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annual precipitation had positive effects on annual AGB, we found cumulative 

growing-season precipitation was a more important determinant in all ecoregions. 

Impacts of mean annual temperature (MAT) and growing-season mean temperature 

(GSTmean) on annual AGB in humid temperate were significantly positive, while 

significant adverse impacts of GSTmean and MAT were found in savanna and 

temperate dry steppe ecoregions, respectively. Irrespective of climatic variability, 

annual AGB consistently increased with increasing harvest frequency across 

ecoregions. Our study found significant gains in grassland AGB across ecoregions 

with increased precipitation and harvest frequency and significant losses of AGB 

in savanna and temperate dry steppe ecoregions with increased temperature. Results 

of this chapter help improve the understanding of the differences in the responses 

of grassland productivity to climate variability and harvest frequency across various 

ecoregions, which is of importance to achieve sustainable grassland management 

in different geographical regions. 

4.1. Introduction  

Above-ground biomass (AGB) productivity is a key indicator of grassland 

ecosystems functioning and stability. There is a long-standing debate in ecological 

research about the factors driving grassland AGB productivity (Jentsch et al. 2011; 

Walter et al. 2012; Denton et al. 2017). Many studies have documented that 

grassland is sensitive to climatic conditions (e.g., precipitation and temperature) 

(Bloor et al. 2010; Beierkuhnlein et al. 2011; La Pierre et al. 2016; Guo et al. 2017). 

Despite widespread agreement on the importance of climatic conditions in 

grassland functioning, it remains debated whether annual or growing-season 

climatic conditions are the key drivers of AGB productivity. Much of previous 

studies have documented that the precipitation and temperature changes during a 

certain period (e.g., growing-season and early– or late–growing-season) of a year 

are the important drivers of AGB productivity (Chou et al. 2008; Craine et al. 2012; 

Robinson et al. 2013; La Pierre et al. 2016). Growing-season climatic factors have 

long been recognized as a driver of AGB productivity at site-specific and small 

spatial scales (Chou et al. 2008; Xia et al. 2010; La Pierre et al. 2011; Denton et al. 

2017). However, across broad spatial scales and multiple continents, annual 

climatic factors, rather than growing-season climatic factors, have been shown to 

be a strong predictor of AGB productivity (Huxman et al. 2004; Ma et al. 2008; 
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Hsu et al. 2012; Sala et al. 2012). Despite the potential importance of growing-

season climatic conditions at small spatial scales and annual climatic conditions at 

broad spatial scales as a determinant of AGB productivity, the relationships of 

climatic conditions with AGB at multiple ecoregions are unknown. Moreover, how 

harvest frequency (i.e., number of harvest of standing AGB in a given year or 

growing seasons) affects AGB given the changes of growing-season and annual 

climatic factors across ecoregions remains unknown, which warrants exploration. 

Therefore, based on observations in multiple experiment sites across different 

ecoregions, this research chapter aims to improve our understanding of these two 

questions: (i) how do annual and growing season climatic factors affect AGB across 

ecoregions? (ii) how do harvest frequencies and their interactions with climatic 

factors affect AGB across ecoregions? In this connection, the study focuses on the 

following three objectives: 

(i) To assess the relationships of single-harvest AGB with the respective growing-

season climatic factors across ecoregions; 

(ii) To evaluate the relationships of annual AGB with annual and growing-season 

climatic factors across ecoregions, and; 

(iii) To examine the impacts of harvest frequency on annual AGB and the responses 

of annual AGB to climatic factors under different harvest frequencies.  

The scientific novelty of this research chapter lies on the (i) examination of the 

response of AGB to the growing-season and annual climatic variability based on 

ecoregion and (ii) bridging the knowledge gaps of which harvest frequency produce 

higher AGB in respective ecoregion under climatic variability. Addressing the three 

objectives will provide empirical evidence about how grassland productivity across 

ecoregions responds to seasonal and annual climatic variability and how harvest 

frequencies affect annual productivity. A better understanding of the impacts of the 

growing season and annual climatic variability on AGB across ecoregions will 

increase our ability to evaluate future changes in grassland productivity under 

climate change. The research findings on the impacts of harvest frequency on 

annual productivity will be an important scientific reference for sustainable 

grassland management in different ecoregions.  
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4.2. Materials and methods 

4.2.1. Description of biomass and climate data  

Grassland AGB and precipitation data were obtained from the global net primary 

productivity database at the Oak Ridge National Laboratory Distributed Active 

Archive Center (Scurlock et al. 2015). This dataset includes 31 grassland sites in 

20 countries, complied by Scurlock et al. (2015). Monthly temperature data were 

obtained from the Climate Research Unit (Harris et al., 2014). Daily precipitation 

data were obtained from Global Precipitation Climatology Centre (Ziese et al. 

2018). According to Scurlock et al. (2002), the 31 sites were categorized into five 

ecoregions, including cold steppe, humid savanna, humid temperate, savanna, and 

temperate dry steppe (Fig. 3.1, Table 3.1, detailed descriptions of five ecoregions 

are provided in Section 3.1.1 in Chapter 3).  

Growing-season climatic variables include growing-season temperature (GST), 

growing-season precipitation (GSP), growing-season mean temperature (GSTmean), 

and cumulative growing season precipitation (GSPcum). Annual climatic variables 

include mean annual temperature (MAT), annual precipitation (AP), and 

precipitation frequency (APfreq). The definitions of the climatic variables are given 

in Table 3.3 in Chapter 3. 

4.2.2. Data processing and analysis 

The obtained grassland AGB of 5 ecoregions and climate data were processed in 

order to pair the single-harvest AGB with growing-season climatic variables and 

the annual AGB with annual climatic variables. Annual AGB was also assessed 

based on harvest frequency. Following Raus et al. (2012), harvest frequency was 

defined as the number of harvests in a year. Based on the classification in Raus et 

al. (2012), harvest frequency was grouped in the range between 1 and 3 as 

extensive, between 4 and 6 as low intensive, between 7 and 9 as mid intensive and 

> 9 as very intensive.  

4.2.2.1. Analysis of long-term patterns of AGB 

Pearson correlation analysis was used to examine the linear association of the long-

term patterns of annual AGB with time across five ecoregions (Gang et al. 2015). 
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The dependent variable was the annual AGB, and the independent variable was the 

respective year. The ‘ggscatterstats’ function in R was applied to plot the 

relationship of annual AGB with the respective year and applied linear model to 

estimate the trend and boxplot to display the distribution of the variables. The r and 

p values of Pearson correlation were shown. Furthermore, AGB in all ecoregions 

was grouped together and plotted against the respective year to detect the long-term 

pattern of grassland AGB of all ecoregions.   

4.2.2.2. Analysis of relationships between AGB and climatic variables  

The associations between single-harvest and annual AGB and respective growing-

season and annual climatic variables were examined using Pearson correlation. 

First, the relationships of single-harvest AGB with respective GSP and GST were 

identified. The dependent variable was single-harvest AGB, while the independent 

variable was respective GSP or GST. Second, I examined the relationships of 

annual AGB with GSPcum and GSTmean. Here, the dependent variable was annual 

AGB and the independent variable was the GSPcum or GSTmean in the corresponding 

year. Third, the correlations of annual AGB with MAT, AP and APfreq were 

analyzed. The dependent variable was annual AGB and the independent variables 

were MAT, AP or APfreq.  

4.2.2.3. Analysis of relationships between AGB and harvest frequency  

Based on boxplot, pairwise comparisons between four harvest frequencies were 

conducted to analyze the responses of annual AGB productivity to harvest 

frequencies (i.e., extensive, low intensive, mid intensive and very intensive) 

(Petersen and Isselstein 2015). The dependent variable was the annual AGB, while 

the independent variable was the harvest frequency. The 2-sample t test was used 

to detect the significance of the differences in the means between annual AGB of 

each harvest category and the base-mean (i.e., all harvest frequencies) (Kim 2015). 

These comparisons showed whether the annual AGB of a specific harvest frequency 

was significantly higher or lower than the base-mean in each ecoregion. A one-way 

ANOVA test was used to detect whether the means of annual AGB of four harvest 

frequencies are significantly different from each other (Kaufmann and Schering 

2014).    
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4.2.2.4. Analysis of AGB in mixed-effect model 

I used linear mixed-effects models to examine the response of AGB to climate 

variability depending on harvest frequency. Linear mixed-effects models are a 

powerful and widely used tool in analysis of ecological data (Harrison et al. 2018). 

Models were fitted for GSPcum, GSTmean, AP and MAT, respectively. Fixed effects 

included all climatic variables and harvest frequency. Random effects included 

harvest frequency. Fixed effects were specified as GSPcum, GSTmean, AP, MAT, 

harvest frequency and their interactions (i.e., GSPcum × harvest frequency, GSTmean 

× harvest frequency, AP × harvest frequency, and MAT × harvest frequency).  

Random effects were specified as (1| harvest frequency). Models were fitted with 

the ‘lme4’ package, and results were obtained with ‘ggplot2’ package and 

statistically significant values were estimated with ‘lmerTest’ package in R version 

1.1.456 (R Core Team 2020).   

4.3. Results 

4.3.1. Long-term temporal changes of AGB across the five ecoregions 

Annual AGB productivity increased in cold steppe, humid temperate, savanna and 

temperate dry steppe ecoregions, while declined in humid savanna over the study 

period 1968-1994 (Fig. 4.1). The average annual AGB was highest in humid 

savanna (1,810 g.m-2yr-1) and the lowest in temperate dry steppe ecoregion (283 

g.m-2yr-1). The average annual AGB in humid temperate and savanna ecoregions 

were 1,378 g.m-2yr-1 and 973 g.m-2yr-1, respectively, and significantly increased 

over the study period (Fig. 4.1c: p = 0.001, r = 0.44; Fig. 4.1d: p = 0.003, r = 0.64). 

Although annual AGB in cold steppe and temperate dry steppe increased, the 

correlations were not significant (Fig. 4.1a: p = 0.267, r = 0.17; Fig. 4.1e: p = 0.203, 

r = 0.14). Annual AGB of the five ecoregions were grouped together and plotted 

against the respective years, and we found a significant increase over the study 

period (Fig. 4.1f: p < 0.001, r = 0.28).     
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Fig. 4.1 Temporal changes in annual above-ground biomass (AGB) in the five 

ecoregions over 1948–1994. Blue lines indicate linear trends of temporal changes 

of AGB, and bands represent 95% confidence intervals. The boxplot on the right 

indicates the percentiles of annual AGB weight (g.m-2), and the solid line near the 

middle of the box is the median (50th percentile). The p and r values of Pearson’s 

correlation coefficient are shown.  

4.3.2. Relationships of single-harvest AGB with GSP and GST 

AGB in single-harvest increased significantly with increasing GSP in cold steppe, 

humid savanna and humid temperate (Fig. 4.2a: p < 0.001, r = 0.34; Fig. 4.2b: p = 

0.002, r = 0.18, and Fig. 4.2c: p = 0.001, r = 0.19). Although a positive relationship 

was recorded, single-harvest AGB productivity did not show significant responses 

to GSP in savanna ecoregion (Fig. 4.2d: p = 0.198, r = 0.10).. The average single-

harvest AGB was highest in humid savanna (227.17 g.m-2 harvest-1) and lowest in 

temperate dry steppe (77.46 g.m-2 harvest-1) (Figs. 4.2b and 4.2e). The highest 

biomass in individual harvest in humid savanna can be explained by the highest 

mean GSP (88.54 mm per harvest) among all ecoregions (Fig. 4.2b). In cold steppe, 

the average of individual harvest biomass was 97.82 g.m-2 harvest-1, and this 

number was nearly double in humid temperate ecoregion (181.65 g.m-2 harvest-1), 

while the difference of mean GSP in these ecoregions was only 9.5 mm (Figs. 4.2a 

and 4.2e). AGB in individual harvest showed significantly positive correlations 

with GST in cold steppe, humid savanna, humid temperate, and temperate dry 

steppe ecoregions (Fig. 4.3a: p < 0.001, r = 0.46; Fig. 4.3b: p < 0.001, r = 0.30; Fig. 

4.3c: p < 0.001, r = 0.59; Fig. 4.3e: p < 0.001, r = 0.50).   
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Fig. 4.2 Relationships of single-harvest above-ground biomass (AGB) with 

respective growing-season precipitation (GSP) across the five ecoregions. Blue 

lines indicate linear trends, and bands represent 95% confidence intervals of 

changes in individual harvest AGB. The top boxplot indicates the percentiles of 

GSP, and the right-side boxplot indicates the percentiles of single-harvest AGB 

weight (g.m-2). The solid line near the middle of the box is the median (50th 

percentile). The r and p values of the Pearson’s correlation coefficient of single-

harvest AGB with the respective GSP are shown. 

Fig. 4.3 The same as Fig. 4.2, but for the relationships of single-harvest AGB with 

respective growing-season temperature (GST). 
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4.3.3. Response of annual AGB to GSPcum, AP and APfreq 

Over the period 1948-1994, annual AGB in all the ecoregions predominantly 

exhibited positive relationships with increasing GSPcum and AP (Figs. 4.4 and 4.5). 

The positive relationships with annual AGB and GSPcum were significant in the five 

ecoregions (cold steppe: Fig. 4.4a, p < 0.001, r = 0.70; humid savanna: Fig. 4.4b, p 

= 0.020, r = 0.41; humid temperate: Fig. 4.4c, p < 0.001, r = 0.59; savanna: Fig. 

4.4d, p = 0.022, rpearson = 0.52; temperate dry steppe: Fig. 4.4e, p < 0.001, r = 0.74). 

Similarly, AP had also significant positive relationships with annual AGB in the 

ecoregions except humid savanna (cold steppe: Fig. S4.1a, p < 0.001, r = 0.60; 

humid temperate: Fig. 4.5c, p < 0.01, r = 0.41; savanna: Fig. 4.5d, p < 0.05, r = 

0.47; temperate dry steppe: Fig. 4.5e, p < 0.001, r = 0.48; humid savanna: Fig. 4.5b, 

p = 0.335, r = 0.18). The average annual AGB was highest in humid savanna 

(1,810.19 g.m-2 year-1) and this ecoregion experienced the highest mean GSPcum 

(842.05 mm) and AP (1047.68 mm) compared to other ecoregions (Figs. 4.4b and 

4.5b). The lowest annual AGB was found in temperate dry steppe (283.01 g.m-2 

year-1), which can be explained by the lowest mean GSPcum (131.54 mm) and AP 

(308.02 mm) (Figs. 4.4e and 4.5e). APfreq and its relationship with annual AGB 

varied across the five ecoregions (Fig. 4.6). The relationships of annual AGB and 

APfreq were insignificant in most of the ecoregions except the significant negative 

relationship in humid temperate (Fig. 4.6c, p < 0.001, r = -0.46).  

Fig. 4.4 The same as Fig. 4.2, but for the relationships of annual AGB with 

respective cumulative growing-season precipitation (GSPcum). 
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Fig. 4.5 The same as Fig. 4.2, but for the relationships of annual AGB with annual 

precipitation (AP). 

 

Fig. 4.6 The same as Fig. 4.2, but for the relationships of annual AGB with annual 

precipitation frequency (APfreq).   

3.3.4. Response of annual AGB to GSTmean and MAT  

The relationships between annual AGB and GSTmean were significantly positive in 

humid temperate (Fig. 4.7c: p < 0.001, r = 0.63), but significantly negative in 

savanna ecoregion (Fig. 4.7d: p = 0.034, r = -0.49). No significant effects of 

GSTmean on annual AGB were detected in other three ecoregions (cold steppe: Fig. 

4.7a, p = 0.309, r = 0.16; humid savanna: Fig. 4.7b, p = 0.607, r = 0.09; and 

temperate dry steppe: Fig. 4.7e, p = 0.136, r = -0.17). We also assessed the 

relationships of annual AGB with MAT (Fig. 4.8). Similar to the effects of GSTmean 

on annual AGB, MAT also showed significant positive effects on annual AGB in 

humid temperate ecoregion (Fig. 4.8c: p < 0.001, r = 0.52). The relationships of 
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annual AGB with MAT in temperate dry steppe were significantly negative (Fig. 

4.8e: p < 0.001, r = 0.44), but no detectable relationships were observed in savanna 

ecoregion (Fig. 4.8d: p = 0.751, r = 0.08).    

Fig. 4.7 The same as Fig. 4.2, but for the relationships of annual AGB with 

respective mean growing-season temperature (GSTmean). 

 

Fig. 4.8 The same as Fig. 4.2, but for the relationships of annual AGB with mean 

annual temperature (MAT). 
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4.3.5. Effects of harvest frequency on annual AGB  

In each ecoregion, the annual AGB of the four harvest frequencies were 

significantly different from each other (Fig. 4.9, all ANOVA p < 0.001). Compared 

to the base-mean, annual AGB in cold steppe ecoregion was significantly lower and 

higher for extensive and very intensive harvests, respectively (Fig. 4.9a; extensive: 

p = 0.01, very intensive: p < 0.001). Low-intensive and mid-intensive harvests did 

not have significant effects on annual AGB in cold steppe (Fig. 4.9a, p > 0.05). In 

humid savanna, annual AGB varied significantly across the four categories of 

harvest frequency, and the AGB of extensive and mid-intensive harvests were 

significantly lower and higher than the base-mean, respectively (Fig. 4.9b, p < 

0.001). Annual AGB for extensive harvest was below 630 g.m-2yr-1, while for mid 

intensive harvest, AGB reached 3,700 g.m-2yr-1, which was double of the mean 

(1,806 g.m-2yr-1) in humid savanna ecoregion (Fig. 4.9b). Very-intensive harvest 

showed significant effects on increasing annual AGB in humid temperate and 

savanna ecoregions (humid temperate: Fig. 4.9c, p < 0.001; savanna: Fig. 4.9d, p < 

0.05). In temperate dry steppe ecoregion, extensive harvests resulted in significantly 

lower annual AGB compared to the base-mean, while mid-intensive and very-

intensive harvests caused significantly higher annual AGB (Fig 4.7e, all p < 0.001). 

When the sites in all ecoregions were considered, annual AGB varied significantly 

across the four categories of harvest frequency (Fig. 4.9f, p < 0.001). The annual 

AGB with extensive, mid-intensive and very-intensive harvests were highly 

significant (Fig. 4.9f, all p < 0.001), while the effects were non-significant in low-

intensive harvest (Fig. 4.9f, p > 0.05). The analysis of the response of annual AGB 

to increasing harvest frequency showed that annual AGB increased with every 

added harvest frequency in all ecoregions (Fig. 4.10).  
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Fig. 4.9 Boxplots of annual AGB for the four harvest frequencies in cold steppe (a), 

humid savanna (b), humid temperate (c), savanna (d), temperate dry steppe (e), and 

all ecoregions (f). Harvest frequencies were classified into four categories: 

extensive (1-3 harvests), low-intensive (4-6 harvests), mid-intensive (7-9 harvests) 

and very-intensive (>9 harvests). ANOVA p indicates the significant difference of 

annual AGB among the harvest frequencies, and p values above the boxes indicate 

the significance level of the difference between the annual AGB of each harvest 

frequency and the base-mean (i.e., all harvests). Boxes represent the interquartile 

range with the 25th percentile as the lower quartile and the 75th percentile as the 

higher quartile. The horizontal line near the middle of the box is the median (50th 

percentile). Y-axis is logarithmic. 
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Fig. 4.10 Impacts of annual harvest frequency on annual AGB across five 

ecoregions.  

3.3.6. Climate variability effects on AGB depending on harvest frequencies  

The correlation results in the above analysis are affected by the interplays of climate 

variability and harvest frequencies. Using the linear mixed-effects models, I here 

examined the climate variability effects on annual AGB in different harvest 

frequencies. The linear mixed-effects models indicated that AP and GSPcum had 

significant positive effects on annual AGB regardless of harvest frequency (Figs. 

4.11and 4.12, Tables 4.1 and 4.2, all p < 0.05). Furthermore, the model results also 

showed that annual AGB positively responded to higher harvest frequencies (Figs. 

4.11and 4.12, Tables 4.1 and 4.2, all p < 0.01). The interactions of harvest frequency 

with precipitation (i.e., harvest frequency × GSPcum, and harvest frequency × AP) 

were not significant (Figs. 4.11and 4.12, Tables 4.1 and 4.2, all p > 0.05).  

Fig. 4.11 Annual AGB response to GSPcum and harvest frequency across five 

ecoregions based on linear mixed-effects models. Points represent annual AGB 
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values in respective harvest frequency. Lines represent mixed-model fits between 

GSPcum and annual AGB for each harvest frequency. Axes are logarithmic.  

Table 4.1 Fixed effects tests for linear mixed-effects models of the response of 

annual AGB to cumulative growing-season precipitation (GSPcum) and harvest 

frequency across five ecoregions.   

Fixed effects t-value p-value 

GSPcum 2.438 0.036 * 

Harvest frequency 3.433 0.005 ** 

GSPcum × Harvest frequency 0.460 0.661 

*p < 0.05; **p < 0.01; ***p < 0.001 

Fig. 4.12 The same as Fig. 4.11, but for the response of annual AGB to annual 

precipitation (AP) and harvest frequency across five ecoregions based on linear 

mixed-effects models.  

Table 4.2 Fixed effects tests for linear mixed-effects models of the response of 

annual AGB to annual precipitation (AP) and harvest frequency across five 

ecoregions.   

Fixed effects t-value p-value 

AP 2.947 0.003 ** 

Harvest frequency 6.804 < 0.001 *** 

AP × Harvest frequency 0.604 0.546 

*p < 0.05; **p < 0.01; ***p < 0.001 
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The interactions of harvest frequency with GSTmean and MAT raised annual AGB 

(Figs. 4.13and 4.14, Tables 4.3 and 4.4, all p < 0.01). There was a substantial 

difference in the effects of harvest frequency on annual biomass between GSTmean 

and MAT (Tables 4.3 and 4.4). Harvest frequency significantly increased annual 

biomass when MAT was considered (Fig. 4.14, Table 4.4, p < 0.001). There were, 

however, no significant effects of harvest frequency on annual AGB when GSTmean 

was considered (Fig. 4.13, Table 4.3, p > 0.05). 

Fig. 4.13 The same as Fig. 4.11, but for the response of annual AGB to mean 

growing-season temperature (GSTmean) and harvest frequency across five 

ecoregions based on linear mixed-effects models.  

Fig. 4.14 The same as Fig. 4.11, but for the response of annual AGB to mean annual 

temperature (MAT) and harvest frequency across five ecoregions based on linear 

mixed-effects models. 
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Table 4.3 Fixed effects tests for linear mixed-effects models of the response of 

annual AGB to mean growing-season temperature (GSTmean) and harvest frequency 

across five ecoregions.   

Fixed effects t-value p-value 

GSTmean 2.089 0.038 * 

Harvest frequency 1.624 0.109 

GSTmean × Harvest frequency 2.874 0.004 ** 

*p < 0.05; **p < 0.01; ***p < 0.001 

Table 4.4 Fixed effects tests for linear mixed-effects models of the response of 

annual AGB to mean annual temperature (MAT) and harvest frequency across 

five ecoregions.   

Fixed effects t-value p-value 

MAT 0.531 0.596 

Harvest frequency 5.470 < 0.001 *** 

MAT × Harvest frequency 3.008 0.002 ** 

*p < 0.05; **p < 0.01; ***p < 0.001 

4.4. Discussion 

AGB is an important ecological indicator of grassland stability under the challenge 

of climate change (Gao et al. 2013b; Isbell et al. 2015). In this chapter, grassland 

AGB in cold steppe, humid savanna, humid temperate, savanna and temperate dry 

steppe ecoregions over 1948-1994 were analyzed to examine the effects of 

growing-season and annual climatic variability (i.e., GSP, GST, GSPcum, GSTmean, 

AP, MAT, and APfreq) and harvest frequency on single-harvest and annual AGB.  

4.4.1. Temporal changes in AGB 

Long-term observations of grassland productivity at a broad spatial scale are 

important for explaining grassland functioning (e.g., AGB productivity). The 

results in this chapter show that annual AGB significantly increased if all 

ecoregions were considered together, but different temporal changes were found in 

different ecoregions. Specifically, annual AGB increased significantly in humid 

temperate and savanna ecoregions, while the changes were insignificant in cold 
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steppe, humid savanna and temperate dry steppe ecoregions. These results highlight 

the importance of understanding the AGB responses to climatic variability in 

different ecoregions. Overall, the significant increase of annual AGB in humid 

temperate and savanna ecoregions can be explained by the changes in seasonal and 

annual climatic factors (Gang et al. 2015; Yang et al. 2018; Zhang et al. 2018). The 

correlation analysis between annual AGB and growing-season and annual climatic 

factors also support the patterns reported.  

4.4.2. Effects of climate variability on respective single-harvest AGB 

The effects of growing-season climate variability on respective harvest biomass are 

important for grassland functioning and stability. Results showed that the 

correlations between single-harvest AGB and GSP, between AGB and GST varied 

across ecoregions. Consistent with the findings of other studies (Lauenroth and Sala 

1992; Grime et al. 2000; Kahmen et al. 2005; Robinson et al. 2013; La Pierre et al. 

2016; Yang et al. 2018), I found that the rise in GSP is beneficial to increasing AGB 

in cold steppe, humid savanna, and humid temperate ecoregions. However, in 

savanna and temperate dry steppe ecoregions, single-harvest AGB did not show 

significant interactions with GSP. These results are consistent with the findings of 

Fay et al. (2003), who found changes in the GSP did not significantly alter the 

productivity of the native tallgrass prairie ecosystem, which is the major grassland 

type in temperate dry steppe ecoregion. The non-significant relationships between 

GSP and single-harvest AGB in temperate dry steppe may be due to the fact that 

grasslands in this ecoregion are driven by GST, which is supported by my 

correlation analysis between single-harvest AGB and GST in temperate dry steppe 

ecoregion.  

Similar to GSP, single-harvest AGB significantly increased with increasing GST in 

cold steppe, humid savanna, and humid temperate ecoregions, which is consistent 

with previous studies (Chen et al. 2016; Guo et al. 2018). GSP had negative effects, 

but the GST showed significant positive effects on single-harvest AGB in temperate 

dry steppe. This result suggests that irrespective of the GSP, AGB in temperate dry 

steppe increased because of increasing GST. Although the rise in GST is beneficial 

to increasing AGB, this study results showed warming may reduce productivity in 

savanna ecoregion, which is consistent with previous studies (Grime et al. 2000; 
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Kahmen et al. 2005; De Boeck et al. 2011; Swemmer et al. 2018). The observed 

negative relationships between GST and single-harvest AGB in savanna ecoregion 

can be explained by the decrease in soil water availability, weakening of 

photosynthesis, and increase in evapotranspiration under a warmer climate (Knapp 

et al. 2008; De Boeck et al. 2011). To sort out the reasons causing the discrepancy 

in the relationships between AGB and GSP and GST across five ecoregions, the 

responses of annual AGB to GSPcum, GSTmean, AP, APfreq, and MAT were 

examined, which are discussed in Sections 4.4.3 and 4.4.4.  

4.4.3. Effects of precipitation on annual AGB 

Annual AGB increased with both rising GSPcum and AP, and its relationships were 

stronger with GSPcum in all ecoregions. These results suggest that the GSPcum is a 

dominating driver of the increases in annual AGB across ecoregions. These results 

highlight that GSP provides sufficient soil moisture for plant growth, and the 

surplus soil water in one growing-season would benefit the subsequent growing-

season productivity (Knapp et al. 2001). For instance, in temperate dry steppe and 

savanna ecoregions, GSP did not show significant effects on single-harvest AGB, 

while GSPcum had strong significant effects on annual AGB. The observed positive 

relationships between GSPcum and annual AGB across all ecoregions are consistent 

with other previous studies carried out at broad spatial and temporal scales in 

meadow steppes, temperate grasslands and alpine grasslands (Guo et al. 2012; 

Estiarte et al. 2016; Yang et al. 2018).  

Although it is clear that annual AGB across ecoregions responds positively to 

GSPcum and AP, the reasons for different interactions between annual AGB and 

APfreq across ecoregions are unclear. One explanation of the significant negative 

effects of APfreq on annual AGB in humid temperate ecoregion is that high APfreq 

leads to high soil moisture or over-saturated soils, so decreased water use efficiency 

(Yan et al. 2015). This finding in humid temperate ecoregion is consistent with 

Didiano et al. (2016), who showed that APfreq impacted the productivity of 

grassland species in a meadow in Canada. Another explanation of the insignificant 

effects of APfreq on annual AGB in cold steppe, humid savanna, savanna and 

temperate dry steppe ecoregions is that precipitation timing rather than frequency 
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drives annual AGB productivity (Craine et al. 2012; Yan et al. 2015; Guo et al. 

2017; Yang et al. 2018).   

4.4.4. Effects of temperature on annual productivity 

The study results indicated that GSTmean and MAT had different impacts on annual 

AGB across ecoregions. The rise in GSTmean and MAT was beneficial to annual 

AGB in humid temperate ecoregion, while temperature increases reduced annual 

AGB in savanna and temperate dry steppe ecoregions. As discussed in previous 

studies, the increase in temperature in savanna and temperate dry steppe ecoregions, 

where precipitation is limited and insufficient, resulted in higher evapotranspiration 

and drier soil (Nicholls et al. 2006; Brookshire and Weaver 2015; De Boeck et al. 

2016; Guo et al. 2017; Yang et al. 2018). The increasing dryness due to climate 

change caused greater physiological stress for plant growth and hence reduced 

productivity. Consistent with the findings in savanna ecoregion, Swemmer et al. 

(2018) found that AGB in South African savanna grasslands responded negatively 

to increasing warmer climates.   

4.4.5. Effects of harvest frequency on annual AGB  

The fundamental goal of harvesting AGB is to produce higher biomass by 

alleviating the competition among species and maintaining ecosystem stability 

(Dragoni et al. 2015; Tälle et al. 2017). In productive grasslands, AGB accumulates 

in the absence of frequent controlled disturbances (e.g., harvesting, mowing and 

fire), which raises the vulnerability of ecosystems to climate extremes. Therefore, 

harvesting is important to raise biomass productivity and maintain ecosystem 

functioning (Yang et al. 2012). The examination of the effects of harvest 

frequencies on grassland productivity reveals that very intensive and intensive 

harvests produced higher AGB than lower harvest frequencies in general, which is 

in accordance with previous studies (Thomason et al. 2005; Komac et al. 2014; 

Tälle et al. 2014; Tälle et al. 2017). Furthermore, linear mixed-effects models in 

this study were carried out to investigate the effects of harvest frequency, climate 

variability (i.e., GSPcum, GSTmean, AP and MAT), and their interactions on annual 

AGB. This analysis showed that harvest frequency had significant effects on annual 

AGB even when the variability of GSPcum and AP was considered. This result 
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suggests that with the increase of GSPcum and AP, more frequent harvest produced 

higher annual AGB.   

4.5. Conclusions 

In an era of increased climatic variability and growing demand for grassland AGB 

as a renewable source of energy, it is important to gain a deeper understanding of 

grassland AGB productivity responses to climate variability and harvest frequency 

across broad temporal and spatial scales. This scientific understanding is the key 

to the effective maintenance of ecosystem functioning and stability. The following 

conclusions can be drawn from the results.  

Annual AGB significantly increased if all ecoregions were considered together, but 

different temporal changes were found in different ecoregions. Annual AGB in 

humid temperate and savanna ecoregions showed significant increasing trends, 

while the changes of annual AGB were insignificant in cold steppe, humid savanna 

and temperate dry steppe ecoregions. The results demonstrate that GSP and GST 

are the dominating factors of the AGB productivity of single-harvest in the cold 

steppe, humid savanna, and humid temperate ecoregions. Grasslands in these three 

ecoregions thus tend to be stable in the face of increased GSP and GST, but this 

may not be the case for savanna and temperate dry steppe ecoregions.  

The study highlights the importance of precipitation for annual AGB productivity. 

Annual AGB in all ecoregions significantly correlated with both increasing GSPcum 

and AP. Rising GSTmean and MAT reduced annual AGB in savanna and temperate 

dry steppe ecoregions, while promoted annual AGB in humid temperate ecoregion. 

Overall, more frequent harvest generally had more annual AGB in all ecoregions. 

Notably, higher harvest frequency produced greater annual AGB with increasing 

GSPcum and AP.  

These findings carry important scientific merits to improve the understanding of the 

differences in the effects of climatic variability and harvest frequency across 

different ecoregions. This knowledge is of practical importance to achieving 

sustainable grassland management in different geographical locations under 

climatic variability.  
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Chapter 5  

Long-term experimental evidence of higher resistance but 

inconsistent resilience of ecosystem productivity to climatic 

fluctuations  

 

Highlights 

 Effects of species richness on ecosystem functioning (above-ground 

biomass (AGB)) and stability (resistance and resilience) to climatic 

fluctuations were investigated. 

 Species richness-AGB relationships showed a concave-up (negative linear) 

pattern for the dry (wet) conditions in June harvests.  

 Species richness formed a unimodal (positive or negative linear) pattern 

with AGB for the dry (wet) conditions in September harvests.  

 Resistance against both dry and wet climate extremes increased with 

increasing species richness. 

 Resilience towards dry climate extremes decreased with increasing species 

richness. 

 Species richness had no effects on ecosystem resilience towards wet climate 

extremes. 

 

Summary 

Under global warming, increasing frequency and magnitude of climate extremes 

affect ecosystem stability. The role of species richness in ecosystem functioning 

has long been of interest to plant ecologists given the fact that global biodiversity 

is declining. In attempting to explore how species richness affects above-ground 

biomass (AGB), resistance, and resilience of ecosystems against climatic 

conditions, I analyzed the grassland AGB of a long-running (1997-2020) Bayreuth 

Biodiversity experiment in Germany. I used the Standardized Precipitation 

Evapotranspiration Index to identify climatic conditions based on a 5- and 7-class 

climatic conditions classification. The differences of AGB and species richness 
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among different climatic conditions were examined by multiple pairwise tests. I 

used generalized linear and linear mixed-effects models to assess the relationships 

between species richness and AGB, resistance and resilience under different 

intensities (e.g., moderate or extreme) and directions (e.g., dry or wet) of climatic 

conditions and under confounding effects of climatic variability. Results show that 

AGB varied significantly among intensities and directions of climatic conditions, 

with the highest AGB in extreme wet and the lowest in extreme dry conditions. The 

relationship between species richness and AGB was a (i) concave-up in June 

harvests and unimodal in September harvests for the dry conditions, (ii) negative 

linear in June harvests and positive linear in September harvests for the wet 

conditions, except extreme wet conditions, and (iii) nonsignificant in accumulated 

annual harvest, except negative linear for moderate dry and slight wet conditions. 

Examination of resistance and resilience of AGB to a wide range of climate 

extremes showed that species richness increased ecosystem resistance against all 

dry and wet climate extremes, but decreased ecosystem resilience towards all dry 

climate extremes for both climatic conditions classifications. Species richness had 

no effects on ecosystem resilience towards wet climate extremes. When 

confounding effects of growing-season and interannual climatic variability were 

considered, all interactions (i.e., species richness × temperature × precipitation) 

showed significant effects on resistance of AGB, but for resilience, only species 

richness × temperature interactions showed significant effects. This study 

emphasizes that plant communities with greater species richness need to be 

maintained to stabilize ecosystem productivity and increase resistance against 

different climate extremes.   

5.1. Introduction  

Understanding the response of global plant diversity functioning and stability to 

climate extremes (e.g., droughts and, periods of heavy rain) is a crucial challenge 

(Vicente-Serrano et al. 2013), as the global climate change has shifted the 

precipitation patterns (Cook et al. 2015), causing accelerating the intense and 

frequent extreme wet (Fischer et al. 2013) and extreme dry events (Huang et al. 

2016). There is widespread recognition that climate extremes affect the dynamics, 

functioning and stability of terrestrial ecosystems (Chu et al. 2019; Komatsu et al. 

2019; Li et al. 2019). Compared with other ecosystems many recent studies have 



62 

 

provided evidence that grassland is more susceptible to climate extremes (Craven 

et al. 2016; Zhang et al. 2017a; Arfin Khan et al. 2018; Liu et al. 2021). The 

increasing frequency and intensity of climate extreme events are highly likely to 

affect the functioning (Cardinale et al. 2012) and stability (Loreau and de 

Mazancourt 2013) of grasslands in many regions (Isbell et al. 2015; Quan et al. 

2020).  

For more than two decades, there has been a long-standing debate in ecological 

research about the impact of climate extremes on grassland productivity, as 

different studies have revealed different results based on the intensity and direction 

of the climate extremes. For example, some studies found that grassland 

productivity enhanced during extreme dry (Quan et al. 2020) and extreme wet 

(Wilcox et al. 2017). Whereas, some researchers showed negative effects of 

extreme dry (Lei et al. 2020) and extreme wet (Padilla et al. 2019) events on 

grassland productivity. A growing body of evidence found that grassland 

productivity remained surprisingly stable during extreme dry (Kreyling et al. 2008; 

Jentsch et al. 2011) and extreme wet climates (Zhang et al. 2019).  

The stable delivery of an ecosystem’s goods and services depends on its ability to 

retain a healthy and productive state, which is called ecosystem stability (Pimm 

1984). Although previous studies suggest that a stable ecosystem has low variability 

in its functioning and can buffer against climate extremes (Bai et al. 2004; Isbell et 

al. 2015), no consensus has been obtained on whether the stability of the ecosystem 

is due to its resistance against perturbation, or resilience towards disturbance or 

both. Ecological resistance and resilience are two important facets, used to identify 

and monitor the health and dynamics of an ecosystem under changing climates 

(Biggs et al. 2012). Resistance is the capacity of an ecosystem to withstand change 

during a climate extreme (Pimm 1984) and resilience is the capacity of an 

ecosystem for recovery towards its pre-disturbed state following a perturbation 

(Tilman and Downing 1994). Although resistance and resilience of an ecosystem 

have been studied extensively, early attempts produced mixed results. For example, 

numerous studies found higher resistance and resilience (Vogel et al. 2012; Craine 

et al. 2013; Kreyling et al. 2017), whereas many other studies demonstrated lower 

resistance and resilience (Pfisterer and Schmid 2002; Pennekamp et al. 2018) of 

species-rich communities than that in species-poor communities to climate 
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extremes. Much of our current mixed understanding of ecosystem resistance and 

resilience may be due to the differences in ecosystem types, temporal and spatial 

scales of the studies, the disparity in the classifications of climate extreme intensity 

and direction, and consideration of a particular climatic variable (e.g., temperature 

or precipitation) without considering of their confounding effects (e.g., temperature 

× precipitation) on resistance and resilience of AGB (Vicente-Serrano et al. 2013; 

Isbell et al. 2015; Kreyling et al. 2017; Liang et al. 2021). The application of long-

run ecological data along with a globally consistent drought index classification 

may provide the best opportunity to advance our understanding of ecological 

resistance and resilience under the increasing frequency and intensity of climate 

extremes.  

Moreover, the stable delivery of the ecosystem services of grasslands is critically 

dependent on traditional management practices (e.g., mowing) and harvest 

frequency at a certain interval and specific time of a season (Halada et al. 2011). 

Regular harvest and mowing are necessary to maintain the functioning, stability and 

diversity of this ecosystem, because without regular harvest and mowing, this 

grassland will turn into scrub or woodland (Biro et al. 2013). A substantial body of 

evidence has demonstrated that grasslands in Europe are of great threat to climate 

change (Jentsch et al. 2011; Gellesch et al. 2015; Malyshev et al. 2015; Gellesch et 

al. 2018). Bayreuth Biodiversity Experiment, one of the long-running experiments 

(1996-2020) in the world, is being carried out by the Department of Biogeography, 

University of Bayreuth, Germany in order to assess the biodiversity-productivity 

relationships under the growing frequency and intensity of climate extremes. This 

experiment is one of the eight European sites of the BIODEPTH (BIODiversity and 

Ecological Processes in Terrestrial Herbaceous Ecosystems) project established in 

1996 (Hector et al. 1999). 

In order to understand biodiversity-functioning and biodiversity-stability 

relationships using this long-term observational dataset, I hypothesize that (i) with 

increasing deviation from regular climatic conditions in precipitation, the 

correlation between species richness and AGB weakens, (ii) the correlation between 

species richness and AGB is less effected by water availability surplus (periods of 

rain) than by water shortage (drought), (iii) resistance against climate extremes 
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increases with increasing species richness, and (iv) resilience towards climate 

extremes decreases with increasing species richness. 

The novelty of this study is that it (i) considered chronic press events addressing 

both growing-season and annual climate extremes instead of sudden pulse events 

(e.g., manipulation of temperature or precipitation), (ii) followed conventional hay 

meadow management practices (i.e., harvests and mown twice a year), (iii) allowed 

the chances of species to invade the neighboring plots instead of control experiment 

(e.g., removing unwanted species), and (iv) avoided the application of fertilizers 

and additional water.   

5.2. Materials and methods 

5.2.1. Description of experiment and data 

I used field observations of AGB productivity and species richness of the Bayreuth 

Biodiversity Experiment in Germany, managed by the Department of 

Biogeography, University of Bayreuth. This experiment was established in 1996 

based on BIODEPTH-concept of identical design at eight sites across Europe 

(Hector et al. 1999). The detailed descriptions of the experiment are given in 

Chapter 3 (see Sections 3.1.2 and 3.2.2, Fig. 3.2, and Table 3.2). This experiment 

contains 64 plots (each plot is 4 m2 in size). Biomass was harvested twice a year 

(June and September) within the central square meter of each plot and sorted based 

on species and functional groups. Biomass was dried for 24 hours at 80 °C and 

weighed at the Department of Biogeography laboratory at the University of 

Bayreuth (Hossain and Beierkuhnlein 2018). Climate data were obtained from the 

German Weather Service Station in Bayreuth. Growing-season in June and 

September harvests were April-June, and July-September, respectively (Hossain 

and Beierkuhnlein 2018). Temperature and precipitation were considered to 

identify climatic conditions, and assess the confounding effects of these variables 

on biomass productivity.  

5.2.2. Identification and characterization of climatic conditions 

Previous studies have used different drought classifications to explore the 

productivity response to different climatic conditions (Isbell et al. 2015; Nam et al. 
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2015; Yao et al. 2019; Cui et al. 2021; Hossain and Li 2021b). In this study, first, 

the climatic conditions were categorized into 5 classes based on the values of SPEI 

as shown in Table 3.4 in Chapter 3 (Isbell et al. 2015). According to Isbell et al. 

(2015), normal years (𝑌𝑛) SPEI index values are between -0.67 and 0.67, and 

climate extremes (Ye) SPEI ranges are between > 0.67 and < -0.67 (Table 3.4 in 

Chapter 3). Climatic conditions were categorized into 3 intensities (normal, 

moderate, and extreme) and 3 directions (dry, wet, and normal) in this 

classification. Based on the 5-class climatic conditions classification there were (i) 

15 growing-season climate extreme conditions (i.e., 6 extreme dry, 3 moderate dry, 

5 moderate wet and 1 extreme wet) and 9 normal climatic conditions in June 

harvests, (ii) 12 growing-season climate extreme conditions (i.e., 4 extreme dry, 2 

moderate dry, 4 moderate wet and 2 extreme wet) and 12 normal climatic conditions 

in September harvests, and (iii) 12 annual climate extreme conditions (i.e., 4 

extreme dry, 3 moderate dry, 1 moderate wet and 4 extreme wet) and 12 normal 

conditions in accumulated annual harvests (Table 5.1a, Fig. 5.1). Second, the 

wet/dry conditions were categorized into 7 classes according to Nam et al. (2015) 

(Table 3.4) in order to identify whether grassland AGB, resistance and resilience 

differ compared with 5-class climatic conditions classification or are consistent in 

both the classifications. According to Nam et al. (2015), 𝑌𝑛   SPEI ranges are 

between -0.49 and 0.49, and Ye SPEI ranges are between ≥ 0.50 and ≤ -0.50 (Table 

3.4). Climatic conditions were categorized into 4 intensities (normal, mild, 

moderate and extreme) and 3 directions (dry, wet and normal) in 7-class climatic 

conditions classification. Based on this classification, there were (i) 17 growing-

season climate extreme conditions (i.e., 4 extreme dry, 2 moderate dry, 4 mild dry, 

4 slight wet, 2 moderate wet and 1 extreme wet) and 7 normal climatic conditions 

in June harvests, (ii) 13 growing-season climate extreme conditions (i.e., 3 extreme 

dry, 2 moderate dry, 2 mild dry, 2 slight wet, 2 moderate wet and 2 extreme wet) 

and 11 normal climatic conditions in September harvests, and (iii) 15 annual climate 

extreme conditions (i.e., 3 extreme dry, 3 moderate dry, 1 mild dry, 3 slight wet, 4 

moderate wet and 1 extreme wet) and 9 normal climatic conditions in accumulated 

annual harvests (Table 5.1b, Fig. 5.2). 
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Table 5.1 Number of climatic conditions based on a 5-class (Isbell et al. 2015) and 

a 7-class (Nam et al. 2015) climatic conditions classifications. 

Climatic 

conditions 

(a) 5-class (b) 7-class 

June 

harvest 

September 

harvest 

Annual June 

harvest 

September 

harvest 

Annual 

Extreme dry 6 4 4 4 3 3 

Moderate dry 3 2 3 2 2 3 

Mild dry - - - 4 2 1 

Normal 9 12 12 7 11 9 

Slight wet - - - 4 2 3 

Moderate wet 5 4 1 2 2 4 

Extreme wet 1 2 4 1 2 1 

  

Fig. 5.1 Classification of climatic conditions according to 5-class climatic 

conditions classification (extreme wet, moderate wet, normal, moderate dry, and 

extreme dry) based on the SPEI at the time scales that can represent the climatic 

conditions in the respective harvests (June and September) and year. The growing-

season of the aboveground biomass (AGB) harvests in June is April-June, therefore 

3-month SPEI (SPEI-3) in June which accounts for the climatic conditions of April-

June was used (a); for the AGB harvests in September, SPEI-3 in September was 

used which accounts for the climatic conditions of July-September (b); and SPEI-

12 in September was used to represent the annual climatic conditions for the sum 

of the two harvests (c).  
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Fig. 5.2 The same as Fig. 5.1, but for the 7-class climatic conditions classification 

(extreme wet, moderate wet, slight wet, normal, mild dry, moderate dry, and 

extreme dry).  

5.2.3. Data analysis 

Using boxplots, AGB and species richness variations between the climatic 

conditions were obtained for the June and September harvests and the accumulated 

annual harvests. First, the significance of the differences in AGB between the 

climatic conditions was examined using a one-way analysis of variance (ANOVA). 

Second, a post-hoc Tukey's Honest Significance Difference (HSD) test was 

performed to investigate pairwise differences of AGB between climatic conditions. 

Likewise, the significance of the differences in species richness between climatic 

conditions was examined for both climatic conditions classifications.  

The relationships between AGB and species richness in respective climatic 

conditions for each individual harvest and accumulated annual harvests were 

detected using generalized linear models. I used linear mixed-effects models to test 

for relationships between species richness and the resistance index, and between 

species richness and the resilience index. These relationships were examined for 

June and September harvests, the accumulated annual harvests and each individual 

climate extreme. Fixed effects included species richness, and the intensity and 

direction of climate extremes. Random effects included the plot. Fixed effects were 

specified as species richness, intensity of climate extremes, direction of climate 

extremes, species richness × climate extreme intensity, and species richness × 

climate extreme direction. Random effects were specified as (1| plot). Linear 
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mixed-effects models were also used to examine the confounding effects of climatic 

variability on the resistance and resilience of AGB, I used linear mixed-effects 

models. Here, fixed effects were specified as species richness, temperature, 

precipitation, species richness × temperature, species richness × precipitation, 

temperature × precipitation, and species richness × temperature × precipitation. As 

I wanted to correct the plot-scale effects, random effects were specified as (1| plot). 

These mixed-effects models were fitted for each growing-season (June and 

September harvests) and the annual AGB (accumulated annual harvests).  

In order to explore whether the relationship between species richness and AGB, 

between species richness and resistance, and between species richness and 

resilience varied in different SPEI ranges as suggested by Isbell et al. (2015) and 

Nam et al. (2015), all models (generalized linear models for AGB-species richness 

relationships, and linear mixed-effects models for species richness-resistance and -

resilience relationships) were also fitted individually for the 5- and 7-class climatic 

conditions classifications. All statistical analyses were conducted in R version 4.0.3 

(R Core Team 2020) using the ‘lme4’ package for linear mixed-effects models. 

5.3. Results 

5.3.1. Response of AGB and species richness to climatic conditions  

AGB significantly differed between climatic conditions in each harvest and in the 

accumulated annual harvests for both climatic conditions classifications (Figs. 5.3 

and 5.4, all p < 0.001). For 5-class climatic conditions classification, compared to 

normal climatic conditions, AGB in both harvests was significantly lower in 

growing-season moderate and extreme dry conditions and higher in growing-season 

moderate and extreme wet conditions (Fig. 5.3, Table A1, all p < 0.001). AGB was 

significantly lower (higher) in annual extreme dry (wet) conditions than that of 

normal climatic conditions (Fig. 5.3, Table A1, all p < 0.001). Surprisingly, AGB 

did not show any significant differences between normal and moderate dry, and 

normal and moderate wet conditions (Fig. 5.3, Table A1, all p > 0.05) in the 5-class 

climatic conditions classification. For the 7-class climatic conditions classification, 

mild dry had no effects on June harvests and the accumulated annual harvests (Fig. 

5.4, Table A2, p > 0.05). Notably, mild dry had significantly higher AGB than 
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normal climatic conditions in September harvests (Fig. 5.4, Table A2, p < 0.05). 

Moderate and extreme dry conditions resulted in a significant reduction of 

September harvests and the accumulated annual harvests AGB than that of normal 

climatic conditions (Fig. 5.4, Table A2, all p < 0.001). Whereas, compared to 

normal climatic conditions, significantly higher AGB in both harvests were 

observed during extreme wet conditions (Fig. 5.4, Table A2, p < 0.001). There were 

no significant differences between annual AGB in normal climatic conditions and 

AGB in moderate and extreme wet conditions for the 7-class climatic conditions 

classification (Fig. 5.4, Table A2, all p > 0.05).  

 

Fig. 5.3 The response of above-ground biomass (AGB) to climatic conditions 

(extreme wet, moderate wet, normal, moderate dry, and extreme dry) categorized 

according to a 5-class climatic conditions classification. Boxes represent the 

interquartile range, and horizontal lines in the boxes are the medians. Whiskers 

indicate the 95% confidence intervals. The p-values represent the significance of 

the differences of AGB among the climatic conditions. Different letters on the top 

of each box indicate significant difference of AGB between climatic conditions at 

p < 0.05 in post-hoc Tukey’s HSD test. 
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Fig. 5.4 The same as Fig. 5.3, but for the response of above-ground biomass (AGB) 

to climatic conditions (extreme wet, moderate wet, slight wet, normal, mild dry, 

moderate dry, and extreme dry) categorized according to a 7-class climatic 

conditions classification.  

Like the responses of AGB to climatic conditions, irrespective of the harvest 

season, species richness also significantly differed between climatic conditions for 

both climatic conditions classifications (Figs. 5.5 and 5.6, all p < 0.001). Pairwise 

comparisons revealed that species richness was significantly higher in moderate and 

extreme dry and extreme wet conditions compared with normal climatic conditions 

for 5-class climatic conditions classification (Fig. 5.5, Table A3, all p < 0.001). 

Similarly, for the 7-class climatic conditions classification, species richness in all 

dry climatic conditions was higher than that in normal climatic conditions for both 

harvests and the accumulated annual harvests (Fig. 5.6, Table A4, all p < 0.001). 

Although extreme wet conditions exhibited higher species richness than normal 

climatic conditions in both harvests (Fig. 5.6, Table A4, all p < 0.001), no 

significant differences in species richness were observed between the lower 

intensity of wet climatic conditions (i.e., slight and moderate) and normal climatic 

conditions in the accumulated annual harvests and June harvests (Fig. 5.6, Table 

A4, all p > 0.05).  
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Fig. 5.5 Species richness variations to climatic conditions categorized according to 

a 5-class climatic conditions classification. Boxes represent the interquartile range 

and horizontal lines in the boxes are the medians. Whiskers indicate the 95% 

confidence intervals. The p-values indicate the significance of the differences of 

species richness among the climatic conditions. Different letters on the top of each 

box indicate significant difference of species richness between climatic conditions 

at p < 0.05 in post-hoc Tukey’s HSD test.  

 

Fig. 5.6 The same as Fig. 5.5, but for the species richness variations to climatic 

conditions (extreme wet, moderate wet, slight wet, normal, mild dry, moderate dry, 

and extreme dry) categorized according to a 7-class climatic conditions 

classification.  
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5.3.2. Effects of species richness on AGB under different climatic conditions 

Species richness affected AGB in two harvests and accumulated annual harvests 

under different climatic conditions for both climatic conditions classifications 

(Figs. 5.7 and 5.8). Species richness formed unimodal, concave-up, positive, 

negative and nonsignificant relationship with AGB irrespective of seasonal harvests 

and accumulated annual harvests, and climatic conditions (Figs. 5.7 and 5.8). The 

most common AGB-species richness relationship was nonsignificant (6 for 5-class 

and 9 for 7-class climatic conditions classifications), followed by unimodal, 

negative linear, concave-up (U-shape), and positive linear patterns for both climatic 

conditions classifications (Figs. 5.7 and 5.8).  

 

Fig. 5.7 Species richness-above-ground biomass (AGB) relationships for each 

harvest and accumulated annual harvests under different climatic conditions 

categorized according to a 5-class climatic conditions classification. Points 

represent plot-level values. Lines represent generalized linear-model fits between 

AGB and species richness for each harvest and accumulated annual harvests. Bands 

represent 95% confidence intervals. Asterisks (*, **, and ***) denote the 

significance of the correlation (p < 0.05, p < 0.01, and p < 0.001) between species 

richness and AGB, the 'ns' indicates that the correlation is not significant. The R2 

values represent the correlation coefficient squared of Pearson correlation between 

AGB and species richness. 
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When climatic conditions of both classifications were considered, the relationship 

between AGB and species richness of the September harvests showed a unimodal 

pattern for the dry (moderate and extreme) and normal climatic conditions (all p < 

0.001), a positive linear for slight and moderate wet conditions (all p < 0.001), and 

a negative linear for extreme wet conditions (both p < 0.01). For the June harvests, 

the relationship between AGB and species richness exhibited a concave-up pattern 

(all p < 0.001) for the dry conditions (moderate and extreme dry in 5-class and mild 

and extreme dry in 7-class climatic conditions classifications) and a negative linear 

(all p < 0.001) for wet conditions (moderate wet in 5-class and slight wet in 7-class 

climatic conditions classifications) (Figs. 5.7 and 5.8). No significant relationship 

between accumulated annual harvests AGB and species richness was observed, 

except a negative linear relationship for moderate dry conditions (p < 0.01) in 5-

class and slight wet conditions (p < 0.001) in 7-class climatic conditions 

classifications (Figs. 5.7 and 5.8).  

Fig. 5.8 The same as Fig. 3, but for the relationship between above-ground biomass 

(AGB) and species richness of each harvest and accumulated annual harvests under 

different climatic conditions (extreme wet, moderate wet, slight wet, normal, mild 
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dry, moderate dry, and extreme dry) categorized according to a 7-class climatic 

conditions classification.  

5.3.3. Species richness effects on the resistance of AGB productivity 

There was substantial variability in the effect of species richness on resistance of 

AGB among June and September harvests and accumulated annual harvests. 

Examination of species richness-resistance relationships under a wide range of 

climate extremes showed that species richness increased the resistance of AGB and 

the relationships were significant for both climatic conditions classifications (5-

class: Fig. 5.9, Table 5.2, p < 0.05; 7-class: Fig. 5.10, Table 5.2, p < 0.05). I found 

no significant effects of climate extreme intensity and the interaction of species 

richness and climate extreme intensity on resistance of AGB (Fig. 5.9, Table 5.2, 

all p > 0.05).  

 

Fig. 5.9 Species richness effects on the resistance of above-ground biomass (AGB) 

to climate extremes categorized according to a 5-class climatic conditions 

classification. Points represent plot-level values. Lines are mixed-model fits. Y-axis 

is logarithmic. A summary of linear mixed-effects models analyses is shown in 

Table 5.2.  
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However, climate extreme direction for the 5-class climatic conditions 

classification had significant effects on the resistance of AGB (Fig. 5.9, Table 5.2, 

p < 0.001). Irrespective of low to high species richness, wet conditions showed 

higher resistance of AGB than that of dry conditions, where the highest resistance 

was in moderate wet conditions and the lowest in extreme dry conditions for the 5-

class climatic conditions classification (Fig. 5.9). For the 7-class climatic conditions 

classification, other fixed effects (climate extreme intensity, climate extreme 

direction, and species richness × climate extreme intensity) had no significant 

effects on the resistance of AGB (Fig. 5.10, Table 5.2, all p > 0.05).  

When confounding effects of growing-season and annual climatic variability and 

species richness were considered, it is also observed that species richness, climatic 

variability (temperature and precipitation) and their interactions (i.e., species 

richness × temperature, species richness × precipitation, temperature × 

precipitation, and species richness × temperature × precipitation) had significant 

effects on resistance of AGB, regardless of seasonal and accumulated annual 

harvests (Table 5.3, all p < 0.05).  

Table 5.2 Fixed effects for linear mixed-effects models of grassland resistance to 

species richness and climate extremes for the 5-class and 7-class climatic 

conditions classifications. 

Fixed effects 5-class 7-class 

t-value p-value t-value p-value 

Species richness 1.99 < 0.05 * 0.03   < 0.05 * 

Climate extreme intensity -0.10 0.91 -1.05   0.30 

Climate extreme direction 3.62 < 0.001 *** 0.25   0.81 

Species richness × Climate extreme

 intensity 

-0.96 0.33 0.32    0.74 

*p < 0.05; **p < 0.01; ***p < 0.001 
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Fig. 5.10 The same as Fig. 5.9, but for the species richness effects on the resistance 

of above-ground biomass (AGB) to climate extremes (extreme dry, moderate dry, 

mild dry, slight wet, moderate wet, extreme wet) categorized according to a 7-class 

climatic conditions classification.  

Table 5.3 Confounding effects of climatic variability and species richness on the 

resistance and resilience of AGB.  

Fixed effects Resistance Resilience 

t-value p-value t-value p-value 

Species richness -2.52 0.011 * 2.69 0.007 ** 

Temperature  -2.57 0.010 * 2.06 0.039 * 

Precipitation  -2.39 0.017 * 0.55 0.581 

Species richness × Temperature 2.90 0.004 ** -2.93 0.003 ** 

Species richness × Precipitation 3.03 0.002 ** -1.36 0.174 

Temperature × Precipitation 2.35 0.019 * -0.37 0.707 

Species richness × Temperature × 

Precipitation  

-2.87 0.004 ** 1.14 0.253 

*p < 0.05; **p < 0.01; ***p < 0.001 
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5.3.4. Species richness effects on the resilience of AGB productivity 

Examination of the species richness-resilience relationships under climate extremes 

showed that species richness had significant effects on the resilience of AGB across 

the June and September harvests and the accumulated annual harvests for both 

climatic conditions classifications (5-class: Fig. 5.11, Table 5.4, p < 0.01; and 7-

class: Fig. 5.12, Table 5.4, p < 0.05). The interactions of species richness and 

climate extreme direction also had significant effects on the resilience of AGB 

(Figs. 5.11 and 5.12, Table 5.4, both p < 0.05), of which resilience decreased with 

increasing species richness towards all dry conditions for both climatic conditions 

classifications. However, when resilience towards wet conditions was considered, 

increased species richness had no effects on ecosystem resilience for the 5-class 

climatic conditions classification (Fig. 5.11) and positive effects, albeit 

insignificantly, on ecosystem resilience for the 7-class climatic conditions 

classification (Fig. 5.12).   

Fig. 5.11 Species richness effects on the resilience of above-ground biomass (AGB) 

towards climate extremes categorized according to a 5-class climatic conditions 

classification. Points represent plot-level values. Lines are mixed-model fits. Y-axis 
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is logarithmic. Asummary of linear mixed-effects models analyses is shown in 

Table 5.4.  

Examination of confounding effects of growing-season and annual climatic 

variability and species richness revealed that resilience of AGB was significantly 

affected by species richness, temperature and their interactions (i.e., species 

richness × temperature) (all p < 0.05, Table 5.3). Consistent with the insignificant 

effects of species richness on the resilience of AGB towards moderate and extreme 

wet climatic conditions, irrespective of growing-season or accumulated annual 

harvests, the confounding effects of species richness × precipitation interaction and 

species richness × temperature × precipitation interaction on the resilience of AGB 

were also insignificant (all p > 0.05, Table 5.3).     

  

Fig. 5.12 The same as Fig. 5.11, but for the species richness effects on the resilience 

of above-ground biomass (AGB) to climate extremes categorized according to a 7-

class climatic conditions classification. Points represent plot-level values.  
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Table 5.4 Fixed effects for linear mixed-effects models of grassland resilience to 

species richness and climate extremes for the 5-class and 7-class climatic conditions 

classifications. 

Fixed effects 5-class 7-class 

t-value p-value t-value p-value 

Species richness -3.22    < 0.01 ** -1.96   0.05 * 

Climate extreme intensity 1.41    0.16 2.75  0.06 

Climate extreme direction  -1.68 0.09 -1.08  0.28 

Species richness × Climate extreme

 direction 

2.04 0.04 * 1.93   0.05 * 

*p < 0.05; **p < 0.01; ***p < 0.001 

5.4. Discussion 

AGB, an important indicator to monitor vegetation health, is used to evaluate the 

functioning and stability of the grassland ecosystem (Wang et al. 2021) and plays 

an important role in the global carbon budget (Sun et al. 2016). In recent years, 

climate extremes posed a serious threat to grassland biodiversity and thus declined 

grassland productivity (Isbell et al. 2015; Zhang et al. 2020a; Hossain et al. 2021). 

Given the increasing frequency and intensity of climate extremes, understanding 

the response, resistance and resilience of grassland is an important research goal in 

plant ecology and gaining increased importance with the realization that grassland 

ecosystem responses to different climate extreme intensities may vary across 

temporal scales (Lei et al. 2020). In this study, using the 24-year Bayreuth 

Lindenhof Biodiversity Experiment data (former BIODEPTH experiment in 

Bayreuth) I explored the i) effects of climatic conditions on AGB and species 

richness, (ii) relationships between AGB and species richness in respective climatic 

conditions, (iii) resistance of AGB against different climate extremes, and (iv) 

resilience of AGB towards the climate extremes. This study provides key insights 

into grassland functioning and stability in the face of the growing intensity and 

frequency of climate extremes, which is of great importance in the sustainable 

management of grassland biodiversity and maintaining the stable delivery of 

ecosystem services.   
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5.4.1. Effects of climatic fluctuations on AGB and species richness 

The different effects of climatic conditions on AGB and species richness were not 

only caused by the intensity (e.g., moderate or extreme), direction (e.g., dry or wet) 

and duration (i.e., growing-season or annual) of climatic conditions but also related 

to individual harvests (i.e., June and September harvests), accumulated annual 

harvests and climatic conditions classifications (i.e., 5-class or 7-class) (Figs. 5.3-

5.6). The significantly lower AGB for both harvests during the growing-season dry 

conditions might be attributed to higher evapotranspiration, lower soil moisture, 

weakening of photosynthesis, lower enzyme activity and tissue die-back of plant 

under moderate and extreme dry conditions (Knapp et al. 2008; Beierkuhnlein et 

al. 2011; Backhaus et al. 2014). Conversely, the observed higher AGB for both 

harvests during the moderate and extreme wet conditions highlight that hay 

meadow allocates more resources to shoot for capturing more sunlight and optimize 

AGB in wet conditions (Guo et al. 2012; Angelo and Pau 2015). Plant 

photosynthesis is attributed to soil water availability, and thus, wet events can 

enhance the assimilation of carbon and increase AGB (Bai et al. 2008). The findings 

for the effects of growing-season climatic conditions on the seasonal harvest AGB 

are consistent with previous studies in meadow steppe (Guo et al. 2012), temperate 

grassland (Estiarte et al. 2016) and alpine grassland (Ma et al. 2017; Yang et al. 

2018), which reported that higher (lower) AGB is associated with seasonal wet 

(dry) climatic conditions. Unlike growing-season climatic conditions, annual AGB 

had no significant changes during annual moderate dry and wet conditions 

compared to normal climatic conditions. This evidence highlights that the growing-

season climatic conditions can explain the AGB changes better than the annual 

climatic conditions and is in accordance with Robinson et al. (2013), which 

indicated that the seasonal wet events explained productivity better than the annual 

wet events.    

Regarding the effects of climatic conditions on species richness, I found that two 

harvests and annual species richness significantly varied between growing-season 

and annual climatic conditions for both climatic conditions classifications, in which 

all dry conditions showed higher species richness than normal climatic conditions. 

These findings are inconsistent with previous observations (Klein et al. 2004; 

Walker et al. 2006; Reyer et al. 2013). These previous studies showed dry events 
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reduced species richness, as the deficit of soil moisture is negatively associated with 

species recruitment and seedling establishment and positively associated with 

species mortality. One explanation of this discrepancy is that these studies used 

experimental warming on a small temporal scale with a short gradient in species 

richness (1 - 10), while my study showed evidence of a long-run observation with 

a high gradient in species richness (1 - 30). In the long run, species may be able to 

develop adaptive strategies to address environmental stresses and physiological 

failure and maintain species recruitment by establishing species synchrony (Tilman 

et al. 2014; Walter et al. 2016). Another possible reason is that species in my study 

belong to three functional groups, while previous studies focused either grasses, or 

grasses and legumes, or grasses and forbs combinations. As different functional 

groups play complementary roles with one another, higher plant functional groups 

can retain ecosystem stability by maintaining higher species richness during climate 

extremes (Mackie et al. 2019). 

5.4.2. Species richness-AGB relationships 

Understanding the patterns of species richness-AGB relationships are vitally 

important for the sustainable management of grassland ecosystems (Fraser et al. 

2015). Like previous studies (e.g., Mittelbach et al. 2001; Alder et al. 2011; Fraser 

et al. 2015), my study results also showed all possible patterns (i.e., unimodal, 

concave-up, positive linear, negative linear and nonsignificant) of species richness-

AGB relationships for both harvests and accumulated annual harvests irrespective 

of growing-season and annual climatic conditions in both climatic conditions 

classifications (Figs. 5.7 and 5.8). The most common pattern in my study was 

nonsignificant, which is consistent with Wang et al. (2007), which reported no 

correlation between species richness and biomass in normal and drought conditions, 

and Alder et al. (2011), which showed 33 out of 48 sites had a nonsignificant 

relationship between species richness and live biomass. The nonsignificant 

relationship in my study was mostly observed between the annual species richness 

and annual AGB for both climatic conditions classifications. I found significant 

interactions between species richness and AGB for both harvests, which havebeen 

discussed below. 
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For the September harvests, the relationship between the growing-season species 

richness and AGB during the normal and dry conditions showed unimodal shape 

(the second most common pattern), which was in conformity with other studies 

(Grime et al. 1973; Mittelbach et al. 2001; Fraser et al. 2015). One possible 

explanation of unimodal pattern in my study for dry climatic conditions is that the 

decrease in species richness with increasing AGB may be attributed to asymmetric 

competition for resources (e.g., nutrients and soil moisture) where stress-tolerant 

and productive species can compensate for the productivity loss of stress-sensitive 

species during dry conditions (Hector et al. 2010). It is also expected that high 

diversity ecosystems have stress-tolerant species that can access water and nutrients 

from deeper soil layers during extreme dry climates (Muller et al. 2012).  

When wet climatic conditions were concerned, the positive linear relationship 

between species richness and AGB during mild and moderate wet conditions for 

the September harvests highlights the greater resource use and higher 

complementary effect among species (Spehn et al. 2005; Bai et al. 2007). A 

possible mechanism for the observed negative linear pattern of species richness and 

AGB for the extreme wet conditions in the September harvests is that excessive 

resource availability (i.e., soil moisture) leads the mortality of sub-ordinate and 

shallow-rooted species due to anoxic conditions associated with saturated soils. 

Another explanation of this negative linear pattern is the competitive exclusion, that 

is only dominant and highly productive species dominate the community (Grime 

2006).  

Unlike the September harvests, I found opposite patterns (concave-up for dry 

conditions and negative linear for wet conditions) in the June harvests. The 

concave-up relationship between species richness and AGB during dry conditions 

highlights that in the high productive season (June harvests have higher AGB than 

the September harvests) species richness is minimum in intermediate productivity 

level. One reason for the sharp decrease of species richness with increasing AGB 

during dry conditions may be that the deep-rooted species can uptake water from 

deeper soil layers and enhance productivity, while shallow-rooted species disappear 

from the community due to drought-induced stress. 
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5.4.3. Resistance-species richness relationships 

The most important facet of ecological stability is the ecosystem’s resistance to 

climate extremes. Consistent with my third hypothesis, I found that irrespective of 

climatic conditions classifications, grassland resistance against climate extremes 

increased with increasing species richness (Figs. 5.9 and 5.10) and is in accordance 

with other studies (Tilman and Downing 1994; Kahmen et al. 2005; Isbell et al. 

2015). AGB of species-rich communities is usually expected to decline during dry 

events due to their greater overall biomass (Tilman et al. 1998; van Ruijven and 

Berendse 2010), weakening complementarity effects, and the presence of drought-

sensitive species and drought-sensitive functional groups (e.g., legumes) (Pfisterer 

and Schmid 2002). This study consisted of 3 functional groups including, legumes 

and drought-tolerant species. As this study finds positive relationship between plant 

species richness and resistance of AGB, it supports the complementarity effects 

(Hooper 1998) and insurance hypothesis (Yachi and Loreau 1999). The significant 

effects of species richness on the resistance of AGB against climate extremes were 

also consistent with the findings of confounding effects of climatic variability on 

the resistance of AGB, where I found that all variables (e.g., species richness, 

temperature) and their interactions (e.g., species richness × temperature × 

precipitation) had significant effects on the resistance of AGB regardless of 

seasonal and accumulated annual harvests. It is notable that species-rich 

communities have a wide range of responsive mechanisms to climatic variability 

and  extremes. Therefore, the decline of productivity of a species or a functional 

group may be compensated by stress-tolerant species (Hector et al. 2010) or by 

drought-tolerant functional groups (Hossain and Beierkuhnlein 2018). Higher 

functional groups in diverse communities can ensure the community against the 

loss of AGB during growing-season and interannual climatic variability and 

extremes (Chapin et al. 2000; Liang et al. 2021). Stress-tolerant species can 

maintain overall productivity through extracting resources from deeper soil layers 

(Mueller et al. 2013) and available nutrients from different depths in the rhizosphere 

(Dimitrakopoulos and Schmid 2004). 

However, this study findings are inconsistent with some previous grassland studies 

(Allison 2004; Caldeira et al. 2005; Dormann et al. 2017; Pennekamp et al. 2018). 

These studies found species richness has either negative or no consistent effect on 
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the resistance of ecosystem productivity. This is maybe caused due to either the 

short gradient in species richness (Peer et al. 2004), or differences in magnitudes of 

climate events (Kreyling et al. 2017), or variations in mowing frequency (Vogel et 

al. 2012). Grasslands resistance declines during climate extremes if the level of 

species richness is low (1 to 2 species) to intermediate (4 to 8 species) as supported 

by Peer et al. (2004) using a combination of 2-8 species richness, van Ruijven and 

Berendse (2010) using 1-8 species richness and Kreyling et al. (2017) using 1-6 

species richness. The discrepancies of the findings in present study with these 

previous studies maybe resulted from the higher species richness (1 – 30) in my 

study than those in the mentioned studies. Another possible explanation of the 

inconsistency of my findings with other studies (Tilman 1996; Pfisterer and Schmid 

2002; van Ruijven and Berendse 2010) is probably due to the fact that the findings 

of these studies are based on short-term experimental or laboratory studies with 

controlled treatment (e.g., removal of unwanted species), whereas the present study 

consists of a 24-year long field experiment where species competition was allowed. 

Furthermore, grasslands resistance to climate extremes depends on the magnitude 

of the event. Species resistance to experimental drought events (Kreyling et al. 

2017) maybe different compared with resistance to natural climate extremes (Isbell 

et al. 2015). Another possible explanation of the inconsistency of my study with 

other studies (Pfisterer and Schmid 2002; Kreyling et al. 2017) is because they 

considered either experimental drought events (8 weeks drought treatment) 

(Pfisterer and Schmid 2002) or 100% rainfall reduction for specific periods during 

the growing-season (Kreyling et al. 2017) whereas, my study considered both 

growing-season and annual climate extremes categorized in two different SPEI 

values (5-class and 7-class climatic conditions classifications). This discrepancy is 

probably caused by sudden pulse events (e.g., experimental drought events) and 

chronic press events (e.g., prolonged natural drought or heavy rain events). 

Community resistance is higher in chronic press events due to species asynchrony, 

promoting drought-tolerant species, promoting subordinate species which are less 

productive during normal climatic conditions (Mariotte et al. 2013), and shifting 

dominance pattern of species and functional groups (Spehn et al. 2002; Arfin Khan 

et al. 2014).  
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5.4.4. Resilience-species richness relationships 

Another important facet of ecological stability is ecosystem resilience towards 

climate extremes. Irrespective of climate extreme intensity and direction, species 

richness had significant effects on the resilience of AGB of the June and September 

harvests and accumulated annual harvests (Figs. 5.11 and 5.12). The decreased 

resilience with increasing species richness towards all dry events for both climatic 

conditions classifications, partially supports my fourth hypothesis, highlights that 

resistance and resilience are inversely correlated with species richness (Pfisterer 

and Schmid 2002; van Ruijven and Berendse 2010); that is, if ecosystem resistance 

increases, its resilience will decrease with increasing species richness and vice 

versa. One explanation of the negative species richness-resilience relationship 

towards dry climatic conditions in my study can be explained by species 

composition. The deep-rooted subordinate species can access water and nutrients 

from deeper soil depth and maintain stable productivity during dry conditions, 

which may exhibit strong competition for resources with productive and dominant 

species after droughts. As recurrent dry events are known to alter the interactions 

among dominant and subordinate species (Mariotte et al. 2013), the resilience of 

dominant species and communities may decline towards dry events. Another 

possible explanation of decreasing ecosystem resilience with increasing species 

richness towards dry events is likely attributed to the effects of dry events on 

biogeochemical cycles and on plant functional groups, as it is known that after dry 

events, plant functional groups show weaker complementarity or resource 

partitioning due to drought memory effect (Liu et al. 2018). For the 7-class climatic 

conditions classification, the positive interactions between ecosystem resilience and 

species richness towards wet events highlight the time-lag effects of precipitation 

on plants (Wu et al. 2015) and nutrient flush in different soil depths after wet events 

(Bloor and Bardgett 2012), which may enhance productivity during normal climatic 

conditions (Wu et al. 2015). Considering 5-class climatic conditions classification, 

consistent with Isbell et al. (2015), my results did not support positive relationships 

of species richness-resilience towards wet events. Compared with the 5-class 

climatic conditions classification, a lower SPEI value (±0.50) was used to classify 

dry or wet climatic conditions for the 7-class climatic conditions classification. That 
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is, the lower the SPEI value, the higher the probability of occurring of positive or 

negative response of biodiversity to resilience.  

However, the species richness-resilience relationships in my study are inconsistent 

with other studies (Vogel et al. 2012; Craine et al. 2013; Kreyling et al. 2017). The 

likely reasons for this discrepancy may be resulted from (i) the dissimilarity in 

species richness, composition and functional groups, (ii) the differences in temporal 

scale of the study, (iii) nature of the study (experiment or natural grasslands), (iv) 

management intensity, (v) variations in the scale of climate extremes (growing-

season or annual), and (vi) methodological difficulties in identifying climate 

extremes. For example, by combining grass and dicots in a short gradient species 

richness (1-8) in an experiment in the Netherlands, van Ruijven and Berendse 

(2010) showed that biodiversity increased resilience after droughts. The apparent 

reason for the inconsistency can also be attributed to the higher number of species 

richness (1-30) in my study, as Kreyling et al. (2017) reported that biodiversity 

increases resilience only in low-productive communities with low species richness 

(1-6). Like in my 24-year long experiment, species in a long-running experiment 

experience more seasonal and annual climate extremes and the recurrent 

perturbations may alter the dominance of species due to carry-over legacies (e.g., 

drought memory effect), which can lower the resilience (Liu et al. 2018). 

Furthermore, applying higher management treatment (i.e., 4 harvests a year and 

fertilizer application), a positive interaction of species richness with resilience was 

observed in the Jena Biodiversity Experiment in Germany (Vogel et al. 2012), 

which differs from the findings in my study as my experiment followed a 

conventional hay meadow management practice (i.e., 2 cuts a year) of Central 

European grasslands without application of fertilizer (Hossain and Beierkuhnlein 

2018). Biodiversity resilience towards chronic press events may be different 

compared with sudden pulse events. That is why the observed negative species 

richness-resilience relationships towards dry events in my study differ with (i) 

Kreyling et al. (2017), who applied 100 % rainfall reduction for a certain duration 

during the growing-season, and (ii) Vogel et al. (2012), who reduced 35-40% rain 

using rainout shelter. Chronic press events rather than sudden pulse events can 

better explain biodiversity-stability relationships in grassland ecosystems (Isbell et 

al. 2015).   
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5.5. Conclusions 

This long-term grassland experiment is critically important due to its long duration 

over 24-years. This period includes a high variability in weather conditions and 

allows to identify time-scales of vegetation responses to climatic fluctuations. 

Using species-specific AGB and climate data, I examined the contribution of 

species richness to the control of AGB and its resistance and resilience under 

climate extremes. The results indicate that AGB in seasonal harvests (June and 

September) and accumulated annual harvests were lower in extreme dry and higher 

in extreme wet climatic conditions. Comparably dry climatic conditions before 

biomass harvests were correlated with higher species richness compared to regular 

climatic conditions. The most pronounced relationship between species richness 

and AGB was a (i) concave-up for dry climatic conditions and negative linear for 

wet climatic conditions in the June harvests, (ii) unimodal for dry climatic 

conditions and positive linear for wet climatic conditions (except extreme wet) in 

the September harvests (iii) nonsignificant for the most climatic conditions in 

accumulated annual harvests. Linear mixed-effects models demonstrate that 

communities with high species richness exhibited greater resistance during the June 

and September harvests and accumulated annual harvest irrespective of (i) 

confounding effects of growing-season and annual climatic variability, (ii) climatic 

conditions classifications, and (iii) climate extreme intensity and direction, which 

indicates that high species richness buffers grassland productivity against climate 

extremes. In contrast, with increasing species richness, ecosystem resilience was 

negatively affected towards dry climate extremes for both climatic conditions 

classifications. This study implies that plant communities with high species 

richness can safeguard the functioning of grassland ecosystems in the face of global 

climate change. This has direct implications for the maintenance of hay meadow 

production in temperate grasslands.  
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Chapter 6 

Differential response of belowground biomass to climatic 

variability and climate extremes in C3- and C4-dominated 

grasslands across five ecoregions   

 

Highlights 

 Grassland belowground biomass (BGB) was highest in cold steppe and 

lowest in savanna. 

 Growing-season temperatures were the strong predictors of single-harvest 

BGB of C3 and C4 plants. 

 Annual BGB of C3 and C4 plants increased with increasing cumulative 

growing-season precipitation in all ecoregions. 

 Annual BGB of both plant types decreased with rising mean annual 

temperature in all ecoregions except cold steppe. 

 Effects of growing-season climate extremes on the single-harvest BGB 

varied across plant types and ecoregions. 

Summary 

Elucidating the variation in grassland belowground biomass (BGB) and its response 

to changes in climatic variables are key issues in plant ecology research. In this 

chapter, BGB data for five ecoregions (cold steppe, temperate dry steppe, savanna, 

humid savanna, and humid temperate) were used to examine the effects of climatic 

variability and climate extremes on the BGB of C3- and C4-dominated grasslands. 

Results showed that BGB varied significantly across the ecoregions, with the 

highest levels in cold steppe and the lowest in savanna. The results indicated that 

growing-season temperature, maximum and minimum temperatures and their 

interactions had significantly positive effects on the single-harvest BGB of 

C3 plants in colder ecoregions (i.e., humid temperate and cold steppe) and of 

C4 plants in arid ecoregions (i.e., temperate dry steppe and savanna). The single-

harvest BGB of C3 plants in arid ecoregions and C4 plants in humid savanna 
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ecoregion declined with increasing temperature during the growing season. 

Growing-season precipitation exerted significant positive effects on the single-

harvest BGB of C4 plants in arid ecoregions. Annual temperature variables 

negatively impacted the annual BGB of humid temperate ecoregion, because of the 

dominance of C3 plants. Increasing cumulative growing-season precipitation 

elevated and the mean annual temperature reduced the annual BGB of both 

categories of plants in arid ecoregions. Compared with normal climates, extreme 

dry events during the growing season enhanced single-harvest BGB in colder 

ecoregions. The single-harvest BGB of C4 plants in savanna tended to increase 

during extreme wet and decrease during moderate dry events compared to normal 

climates. This study suggests that the differential effects of climatic variability and 

climate extremes on BGB can be explained by differences in plant types and 

ecoregions. These findings on the responses of the BGB to climatic variability and 

climate extremes constitute important scientific evidence emphasizing the need to 

maintain ecosystem stability across ecoregions. 

6.1. Introduction  

Below-ground biomass (BGB) is an important indicator of vegetation health and is 

used to evaluate the functioning and stability of the grassland ecosystem (Geng et 

al. 2012; Liu et al. 2021). The effect of climate change on BGB productivity in the 

grassland ecosystem has been a central research theme in ecology over recent 

decades (Wilcox et al. 2015; Wu et al. 2018). For more than three decades, there 

has been a long-standing debate in ecological research about the factors driving 

grassland BGB productivity (van Wijk 2011; Wilcox et al. 2017; Zhang et al. 

2019).  

Many empirical studies have documented that grassland BGB is sensitive to 

precipitation and temperature variability (e.g., Xu et al. 2013; Wilcox et al. 2015; 

Guo et al. 2017) and climate extremes (Luo et al. 2017b; Liu et al. 2021). However, 

recent studies were unable to establish convincing evidence that annual climatic 

variability and climate extremes affect BGB productivity (Zhang et al. 2017b; Dai 

et al. 2019a). For instance, many studies have documented that growing-season 

climatic variability (growing-season temperature (GST) or growing-season 

precipitation (GSP)) are the key drivers of BGB productivity (Niu et al. 2005; 
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Murphy and Bowman 2007; Wilcox et al. 2015). While a substantial body of 

evidence has demonstrated that across broad spatial scales, mean annual 

temperature (MAT) and annual precipitation (AP) variability, rather than GSP and 

GST, have been shown to be a strong predictor of BGB productivity (Wilcox et al. 

2017; Zhang et al. 2019). Some other studies have reported that the relationships 

between precipitation and BGB are positive (Byrne et al. 2013; Wilcox et al. 2015), 

negative (Byrne et al. 2013; Xu et al. 2013) and not consistent (Hui and Jackson 

2006; Ren et al. 2017; Zhang et al. 2017b; Zhang et al. 2020b). Likewise, the 

responses of BGB to climate extremes are different and even contradictory in 

different regions or studies. For instance, extreme dry events increased BGB in 

alpine grasslands (Liu et al. 2021) and decreased BGB in semiarid grasslands (Luo 

et al. 2017b). While extreme wet events had positive effects on BGB in semiarid 

grasslands (Zhang et al. 2020b) and no effects on BGB in alpine meadows (Zhang 

et al. 2017b).  

Despite considerable progress, the question of whether the observed effects of 

climatic variability and climate extremes on BGB is caused by climatic fluctuations 

and spatial heterogeneity (i.e., ecoregions) or is simply because of plant functional 

types (e.g., C3 or C4 plants) remains a controversial issue. The differences between 

these mixed results may be attributed to the spatial scales (Sun et al. 2016; Xiuqing 

et al. 2020), study duration (Niu et al. 2005), plant functional types (Murphy and 

Bowman 2007), climatic variability, such as growing-season or annual precipitation 

and temperature (Luo et al. 2017; Zhang et al. 2020b). These frequent debates are 

especially pressing for the functioning and stability of global grasslands. 

Previous studies have mostly focused on the effects of temperature and precipitation 

variation on BGB productivity at a small spatial scale, and the effects on the BGB 

of C3- and C4-dominated grasslands in multiple ecoregions remain unclear. There 

is, therefore, a need for a comprehensive understanding of the response of the BGB 

of C3 and C4 plants at broad spatial scales in relation to climatic variability and 

climate extremes. In this context, a dataset of grassland BGB productivity in five 

ecoregions (i.e., cold steppe, humid temperate, humid savanna, savanna, and 

temperate dry steppe) was used to test the following three hypotheses: (i) 

irrespective of plant functional type (i.e., C3 and C4 plants), BGB in warmer 

ecoregions (i.e., savanna, humid savanna, and temperate dry steppe) is positively 
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related to precipitation but negatively associated with temperature and its 

interactions with other climate variables (e.g., precipitation); (ii) BGB in colder 

ecoregions (i.e., cold steppe and humid temperate) is mostly regulated by 

temperature variables and their interactions (e.g., GST × GSTmax); and (iii) the 

responses of BGB to climate extremes differ across plant types and ecoregions. To 

address these three hypotheses, I established the following three objectives: 

(i) To explore the spatial variation in annual and single-harvest BGB in the five 

ecoregions and two plant types, 

(ii) To assess the relationships of annual and single-harvest BGB with annual and 

growing-season climatic variables and climate extremes, and 

(iii) To examine the effects of highly correlated climatic variables and climate 

extremes on the annual and single-harvest BGB of C3 and C4 plants in the respective 

ecoregions. 

6.2. Materials and methods 

6.2.1. Data 

In this research chapter, I used monthly total BGB (live and dead), and 

climatological data (i.e., monthly and annual maximum and minimum temperature 

and monthly and annual precipitation) obtained from the global net primary 

productivity (NPP) database at the Oak Ridge National Laboratory Distributed 

Active Archive Center (Scurlock et al. 2015). This dataset developed by Scurlock 

et al. (2015) contains the monthly total BGB of 15 grassland sites in 10 countries 

(Table 3.1). Climatological data in the NPP database were obtained from the 

published literature or the authors in Scurlock et al. (2015). For the monthly mean 

temperatures, I extracted data from the CRU v.4.03 database (Harris and Jones 

2020). The detailed descriptions of the dataset are given in Chapter 3 (see Section 

3.2 and Table 3.1). 

6.2.2. Grassland ecoregions 

Ecoregions are defined by similarity in the distribution of flora and fauna based on 

multiple bioclimatic features, such as climate, soils, geological history, vegetation, 
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and diverse assemblages of biodiversity (Olson et al. 2001). Based on Scurlock et 

al. (2002), the 15 grassland sites compiled by Scurlock et al. (2015) and used in 

this study were classified into 5 ecoregions (i.e., cold steppe, humid temperate, 

temperate dry steppe, savanna, and humid savanna) (Fig. 3.1, Table 3.1, detailed 

descriptions of five ecoregions are provided in Section 3.1.1 in Chapter 3). 

6.2.3. Bioclimatic variables in analysis 

I examined the correlations of the following variables with the spatial variation in 

BGB: (i) growing-season climatic variables, (ii) annual climatic variables, (iii) 

annual and growing-season climate extremes measured by a drought index, i.e., the 

standardized precipitation-evapotranspiration index (SPEI; Vicente-Serrano et al. 

2010), and (iv) plant functional types (i.e., C3 and C4). Growing-season climate 

variables included GSP, GST, GSTmax, GSTmin, GSTmean and GSPcum; and annual 

climate variables included MAT, MATmax MATmin, and AP. The definitions of the 

climatic variables are given in Table 3.3 in Chapter 3. 

6.2.4. Data analysis 

Analysis of spatial variation in BGB across ecoregions and plant types: Based on 

boxplots, the significance of the differences in the mean BGB among five 

ecoregions and two plant types were tested using one-way ANOVA (Kaufmann and 

Schering 2014). Given the significant differences in the mean values of BGB among 

the ecoregions, a post hoc Tukey’s HSD (honestly significant difference) test was 

performed for pairwise comparisons of mean BGB between ecoregions (Tukey 

1949). These pairwise comparisons revealed whether the mean BGB of a particular 

ecoregion was significantly different from the mean BGB of another ecoregion. 

Analysis of relationships between BGB and bioclimatic variables: A Pearson’s 

correlation analysis (corrplot package) was conducted using R v.4.0.0 (R Core 

Team 2020) to identify the variables that were significantly correlated with BGB 

changes. The relationships between the BGB of C3 and C4 plants and bioclimatic 

variables were visualized using the correlation matrix. The correlation matrix 

highlights the most correlated variables in the datasets. Correlation coefficients are 

coloured according to the values (red for negative correlation, blue for positive 

correlation) and are displayed in the upper triangle of the correlogram. The values 
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of the correlation coefficients are also displayed in the upper triangle of the 

correlogram. The p-values of the coefficients of correlation between variables are 

also shown. 

Analysis of BGB in the mixed-effects model: Linear mixed-effects models were 

applied to treat each site, ecoregion, and plant type separately with the respective 

significantly correlated variables. Linear mixed-effects models appear to be the 

most appropriate to analyze complex biological data (Harrison et al. 2018). Fixed 

effects are ones in which the values of the variable are fixed, and random effects 

are considered the effects for which the BGB can change. As I wanted to explore 

the effects of climate variables on BGB (which belongs to 5 ecoregions and 2 plant 

types), fixed effects were growing-season and annual climate variables, plant type, 

ecoregion and their interactions. For single-harvest BGB, fixed effects were 

specified as growing-season temperature variables, plant type, ecoregion and their 

interactions (e.g., GST × plant type). Similarly, fixed effects for annual BGB were 

specified as annual climate variables, plant type, ecoregion and their interactions 

(AP × plant type). As each ecoregion contains two or more sites, random effects for 

both single-harvest and annual BGB included ecoregion and site and were specified 

as 1| ecoregion and 1| site. Marginal and conditional R2 (R2m and R2c) values for 

linear mixed-effects models were calculated using the ‘r.squaredGLLM’ function 

of the MuMIn package (Bartoń 2016). R2m indicates the variance explained solely 

by fixed effects (e.g., climate variables or plant types), and R2c indicates the 

variance explained by both fixed effects and random effects (e.g., BGB~GST * 

ecoregion + GST * plant type + GST * ecoregion * plant type + (1|site) + 

(1|ecoregion)). The second-order Akaike Information Criterion (AICc) was used to 

compare model performances because AICc has been found robust against small 

sample sizes (Adhikari et al. 2021). Cross-validation is one of the most effective 

methods for measuring the efficacy of a machine learning model and addressing 

overfitting problems (Cawley and Talbot 2004). Given the limited observation of 

BGB data in some sites, I performed the cross-validation using the Leave-One-Out-

Cross-Validation (LOOCV) method. This method is suitable because it has been 

demonstrated to provide a nearly unbiased estimate of the true generalization ability 

of models (Cawley and Talbot 2004). In order to address the overfitting problems, 

the model was trained multiple times, using all except one of the data points in the 

training set. The advantage of employing the LOOCV for the validation of biomass 
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is that no data was wasted, and the final model is virtually identical to the one 

generated with all the data points (Sarker et al. 2012). 

For single harvest biomass, I considered all 15 sites, but for annual biomass, I 

excluded 3 sites (2 sites in temperate dry steppe and 1 site in cold steppe 

ecoregions), as these sites are represented by only one year of data, precluding 

fitting by the mixed-effects models. Data on C3 plants in cold steppe (Kazakhstan 

site) for a year were excluded, as only one harvest was made in this year, which 

was inconsistent with previous years. As most climate factors are interrelated and 

have interactive effects on BGB (Li et al. 2020), I further analysed single-harvest 

and annual BGB responses to the combined effects of climate variables and climate 

extremes. Here, one variable was coupled with one or multiple variables (e.g., 

annual temperature × maximum temperature × dry events). I fitted models with the 

‘lme4’ package, plotted figures with the ‘ggplot2’ package and extracted statistical 

results with the ‘lmerTest’ package in R v.4.0.0 (R Core Team 2020). 

Identification of differences in climate variables: Given the different responses of 

single-harvest and annual BGB to growing-season and annual climatic variability, 

I further plotted the Pearson’s coefficients of correlation between climate variables 

and BGB to detect the variables most predictive of BGB across ecoregions. Here, 

the dependent variables were the correlation coefficients of the BGB and climate 

variables, while the independent variables were climate variables. 

Analysis of the response of BGB to climate extremes: As climate extreme intensity 

and direction are categorical variables, I performed multiple pairwise tests (i.e., 

ANOVA and Tukey’s HSD test) to examine the effects of these variables on the 

single-harvest and annual BGB of C3 and C4 plants at the site and ecoregion levels. 

Here, the dependent variables were single-harvest and annual BGB of C3 and C4 

plants, while the independent variables were extreme climate intensity and 

direction, respectively. To obtain the significance of the differences in mean BGB 

among extreme climate intensities (e.g., extreme wet and moderate wet) and among 

extreme climate directions (e.g., dry and wet), we performed one-way ANOVA 

tests for both single-harvest and annual BGB (Kaufmann and Schering, 2014). 

Given the significant differences in the mean BGB among extreme climate 

intensities, using a post hoc Tukey’s HSD test, we further examined pairwise 
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comparisons between intensities (e.g., extreme dry-moderate dry and extreme dry-

normal) These comparisons showed whether the BGB of a particular category of 

intensity was significantly lower or higher than the BGB of another category of 

intensity (Tukey, 1949). Given the insignificant differences in the mean BGB 

between directions of climate extremes, I used a 2-sample t-test to determine the 

significance of the differences between the mean BGB of a direction (e.g., dry) and 

base-mean (i.e., mean BGB of all directions). 

6.3. Results 

6.3.1. Spatial variation in BGB productivity across ecoregions and plant types 

Single-harvest and annual BGB differed significantly across ecoregions (Figs. 6.1a 

& c, ANOVA p < 0.001). Pairwise comparisons showed that single-harvest BGB 

varied significantly between ecoregions, except between humid savanna and humid 

temperate grassland (Fig. 6.1a & Fig. A1a, Table A5, all p < 0.001). Across the five 

ecoregions, the highest and lowest single-harvest BGB was found in cold steppe 

(2958 g m-2 harvest-1) and savanna (244 g m-2 harvest-1), respectively (Fig. 6.1a). 

Pairwise comparisons of annual BGB showed significant differences between cold 

steppe and savanna and between humid savanna and savanna ecoregions (Fig. 6.1c 

& Fig. A1b, Table A5, p < 0.01). Annual BGB ranged from 3510 to 19344 g m-2 in 

cold steppe, 270 to 15925 g m-2 in humid temperate, 1774 to 16160 g m-2 in humid 

temperate, 213 to 4847 g m-2 in savanna, and 7826 to 13711 g m-2 in temperate dry 

steppe ecoregions (Fig. 6.1c). Both single-harvest and annual BGB were 

significantly higher in C3 plants than in C4 plants (Figs. 6.1b & d, all p < 0.05). 
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Fig. 6.1 Boxplots of single-harvest and annual BGB productivity across ecoregions 

(a, c) and plant types (b, d). The significance of the differences in the mean BGB 

among the ecoregions or plant types is examined by one-way ANOVA. Different 

letters on the top of each box represent significantly different BGB among the 

ecoregions at p < 0.05 in post-hoc Tukey’s HSD test. Solid lines and hollow circles 

in the boxes indicate the median and mean, respectively. The boxes indicate the 

first and third quartiles.   

6.3.2. Relationships of single-harvest BGB with bioclimatic variables  

The single-harvest BGB of C3 plants was significantly correlated with ecoregion (r 

= -0.97, p < 0.001), site (r = 0.89, p < 0.01), GSTmax (r
 = -0.52, p < 0.05), GSTmin 

(r = -0.59, p < 0.05), and GST (r = -0.53, p < 0.05) (Fig. 6.2a, Table A6). The single-

harvest BGB of C4 plants showed significant relationships with ecoregion (r = -

0.70, p < 0.01), site (r = -0.49, p < 0.05), GSTmin (r
 = 0.10, p < 0.05), GST (r = 0.09, 

p < 0.05), GSP (r = 0.03, p < 0.05), and growing-season extreme climate intensity 
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(r = 0.03, p < 0.01) (Fig. 6.2b, Table A7). GSP was not significantly correlated with 

any variables for C3 plants (all p > 0.05, Table A6) and was thus excluded from the 

mixed-effects analysis. 

Fig. 6.2 Correlation matrix for the Pearson’s correlation coefficients between the 

single-harvest BGB of two plant types and the growing-season bioclimatic 

variables, including single-harvest belowground biomass (BGB), ecoregion (ER), 

site, growing-season maximum temperature (GSTmax), growing-season minimum 

temperature (GSTmin), growing-season temperature (GST), growing-season 

precipitation (GSP), and growing-season climate extreme intensity (CEintensity). The 

values of correlation coefficients are presented in the respective ellipses in the 

matrix. Positive correlations are displayed in blue and negative correlations in red 

colours. Colour intensity (darker colour represents higher correlation coefficients) 

and the size of the ellipse (lower the area represents higher the correlation 

coefficients) reflect the values of the Pearson’s correlation coefficients. The legend 

on the right side of the correlogram shows the Pearson’s correlation coefficients 

with their corresponding colours. The p values of correlation matrices for C3 and 

C4 plants are given in Tables A6 and A7, respectively.  

6.3.3. Response of single-harvest BGB to climatic variables 

The mixed-effects models showed that GST and its interactions with plant type and 

ecoregion (e.g., GST × plant types; see Table 6.1a for other interactions) had 

significant effects on single harvest BGB (Fig. 6.3a, Table 6.1a, all p < 0.001). 

However, the responses of the BGB of respective plant types across sites and 

ecoregions to GST were inconsistent. For example, the single-harvest BGB of C4 
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plants in temperate dry steppe and savanna and C3 plants in cold steppe ecoregions 

increased significantly with increasing GST (Fig. 6.3a). Conversely, GST had 

negative effects on the BGB of C3 plants in temperate dry steppe and savanna and 

C4 plants in humid savanna (Fig. 6.3a). 

Similarly, irrespective of plant type and ecoregion, GSTmax and GSTmin and their 

interactions with plant type and ecoregion (e.g., GSTmax × plant type, see Tables 

6.1b & 6.1c for other interactions) had significant effects on single-harvest BGB 

(Figs. 6.3b & c, Tables 6.1b & c, all p < 0.01). The responses of C3 and C4 plants 

differed among ecoregions (Figs. 6.3b & c). For example, single-harvest BGB 

increased for C3 plants in cold steppe and for both plant types in humid temperate 

grassland, while the BGB of C4 plants in humid savanna decreased with increasing 

GSTmax and GSTmin (Figs. 6.3b & c). Notably, in temperate dry steppe and savanna 

ecoregions, the single-harvest BGB of C3 plants decreased, while the BGB of C4 

plants increased with increasing GSTmax and GSTmin (Figs. 6.3b & c). GSP and its 

interaction with ecoregion showed significant effects on the single-harvest BGB of 

C4 plants (Fig. 6.3d, Table A8, all p < 0.05). The effects of GSP on single-harvest 

BGB of C4 plants were significantly positive for arid ecoregions (i.e., temperate dry 

steppe and savanna) while negative for humid ecoregions (i.e., humid temperate 

and humid savanna) (Fig. 6.3d). 

When interactive effects of growing-season climatic variables were considered, it 

is evident that the single-harvest BGB of C3 plants in cold steppe and of both plant 

types in humid temperate ecoregions also increased significantly with increasing 

positive interactions of GST and GSTmax, GST and dry events, and GSTmax and dry 

events (Table A9, all p < 0.05). For C4 plants, significant effects were also observed 

for the interactions of GST and GSTmax in temperate dry steppe and GSTmax and 

GSTmin in humid savanna (Table A9, all p < 0.05). In the savanna ecoregion, the 

interactions of GST and GSTmin, and dry events and GSTmin had significant effects 

on the BGB of C4 plants (Table A9, all p < 0.01). Although C3 plants in all 

ecoregions showed weaker correlations with GSP, BGB responses to the interaction 

of GSP and GSTmax in cold steppe and humid temperate ecoregions and to the 

interactions of GSP and dry events and GSP and GSTmin in savanna were significant 

(Table A9, all p < 0.05). 
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Fig. 6.3 Response of single-harvest BGB of C3 and C4 plants to the growing-season 

temperature (a), growing-season maximum temperature (b), growing-season 

minimum temperature (c), and growing-season precipitation (d) at 15 sites in 5 

ecoregions. Points represent the single-harvest BGB values of plant types in 

respective sites and ecoregions. Lines represent the mixed-model fits between 

single-harvest BGB and climatic variables for each site. Site’s full name and 

country in respective ecoregion are given in Table 3.1 in Chapter 3. 
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Table 6.1 Fixed effects test for the linear mixed-effects models of single-harvest 

BGB response to (a) growing-season temperature, plant type, ecoregion, and their 

interactions; (b) growing-season maximum temperature, plant type, ecoregion, and 

their interactions; and (c) growing-season minimum temperature, plant type, 

ecoregion, and their interactions. Abbreviations: growing-season temperature 

(GST), growing-season maximum temperature (GSTmax), growing-season 

minimum temperature (GSTmin), plant type (PT) and Ecoregion (ER). 

a) GST b) GSTmax c) GSTmin 

Fixed 

effects 

t-valu

e 

p-value Fixed 

effects 

t-valu

e 

p-value Fixed 

effects 

t-value p-value 

GST 4.052 <0.001 *** GSTmax 4.123 < 0.001 *** GSTmin 4.03 <0.001 *** 

PT -0.604 0.559 PT -0.267

  

0.795 PT -1.341   0.216 

ER -0.589 0.567 ER  -0.353

  

0.730 ER  -1.226   0.251 

GST ×   

PT 

-4.939 <0.001 *** GSTmax × 

PT 

-4.732

  

<0.001 *** GSTmin × P

T 

-5.333  <0.001 *** 

GST ×   

ER 

-3.395 <0.001 *** GSTmax × 

ER 

-3.221

   

0.0013 **  GSTmin × E

R 

-3.225   0.0013 ** 

PT × ER 0.050 0.960     PT × ER -0.360

  

0.722 PT × ER 1.021   0.325 

GST ×   

PT × ER 

5.302 <0.001 *** GSTmax × 

PT × ER 

4.979  <0.001 *** GSTmin × P

T × ER 

5.295  <0.001 *** 

*p < 0.05; **p < 0.01; ***p < 0.001 

6.3.4. Effects of growing-season climate extremes on single-harvest BGB  

The responses of C3 and C4 plants to dry and wet events across sites and ecoregions 

were examined by evaluating the effects of climate extreme intensity and direction 

on single-harvest BGB. The productivity of single-harvest BGB of C3 plants in cold 

steppe and humid temperate grassland and of C4 plants in savanna differed 

significantly with the intensity of growing-season climate extremes (Figs. 6.4a, b 

& f, all p < 0.05). In pairwise comparisons, it is evident that single-harvest BGB in 

cold steppe differed significantly between extreme wet and moderate wet and 

between normal and moderate wet climates (Figs. 6.4a & Fig. A2a, Table A10, all 

p < 0.05). Compared with normal events, growing season extreme dry and moderate 

wet events were associated with significantly higher BGB for C3 plants in humid 

temperate grassland (Figs. 6.4b & Fig. A2b, Table A10, all p < 0.05). Significant 
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differences in the mean BGB of C4 plants in the savanna ecoregion were observed 

between moderate dry and extreme wet conditions and between moderate dry and 

extreme dry conditions (Fig. 6.4f & Fig. A2f, all p < 0.05).  

Across ecoregions, the direction of growing-season climate extremes had 

insignificant effects on single-harvest BGB of both plant types (Figs. A3 & A4, all 

p > 0.05). Overall, compared with normal events, dry events tended to increase the 

single-harvest BGB of C3 plants and decrease the BGB of C4 plants (Figs. A3 & 

A4, all p > 0.05). At the site level, the direction of growing-season climate extreme 

also showed insignificant effects on the single-harvest BGB of C3 plants (Figs. A5a-

e, all p > 0.05). For C4 plants, at a site in humid savanna, I found significant 

differences between the means of single-harvest BGB with differing climate 

extreme direction (Fig. A6a, p < 0.05). Growing-season climate extreme direction 

did not show any detectable effects on the single-harvest BGB of C4 plants across 

sites (Figs. A6b-f & h, all p > 0.05), except for a significantly lower BGB for dry 

events at one savanna site (Fig. A6g, p < 0.05). 

Fig. 6.4 Effects of growing-season climate extreme intensity on single-harvest BGB 

of C3 plants in cold steppe (a), humid temperate (b) and savanna (c), and C4 plants 

in humid savanna (d), humid temperate (e), and savanna (f) ecoregions. Different 
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letters on the top of each box represent significantly different BGB among the 

climate extreme intensities at p < 0.05 in post-hoc Tukey’s HSD test. Solid lines in 

the box indicate the median. The boxes indicate the first and third quartiles. 

6.3.5. Relationships of annual BGB with bioclimatic variables 

Correlation analysis indicated that the annual BGB of C3 plants was significantly 

correlated with AP (r = -0.87, p < 0.001), GSPcum (r = -0.26, p < 0.01), GSTmean (r
 

= -0.49, p < 0.01), MAT (r = -0.84, p < 0.001), MATmax (r
 = -0.84, p < 0.001), and 

MATmin (r
 = -0.90, p < 0.001) (Fig. 6.5a, Table A11). Although the annual BGB of 

C4 plants was only significantly correlated with GSPcum (r = 0.55, p < 0.001), 

ecoregion and site showed significant correlations with other variables (Fig. 6.5b, 

Table A12). For example, ecoregion showed significant correlations with GSPcum 

(r = 0.77, p < 0.001), AP (r = -0.86, p < 0.001), GSTmean (r
 = -0.69, p < 0.001), MAT 

(r = -0.74, p < 0.01), MATmax (r
 = -0.77, p < 0.01), and MATmin (r

 = -0.75, p < 0.01) 

(Fig. 6.5b, Table A12). 

 

Fig. 6.5 Correlation matrix for the Pearson’s correlation coefficients between 

annual BGB of two plant types and bioclimatic variables, including annual 

belowground biomass (BGB), ecoregion (ER), cumulative growing-season 

precipitation (GSPcum), annual precipitation (AP), growing-season mean 

temperature (GSTmean), mean annual temperature (MAT), mean maximum annual 

temperature (MATmax), mean minimum annual temperature (MATmin), and annual 

climate extreme intensity (CEintensity). The areas of the ellipse show the values of 

corresponding Pearson’s correlation coefficients. Positive correlations are 

displayed in blue and negative correlations in red colours. Colour intensity (darker 



103 

 

colour represents higher correlation coefficients) and the size of the ellipse (lower 

the area represents higher the correlation coefficients) are proportional to the 

correlation coefficients (0 to -1 for the negative coefficient and 0 to 1 for the 

positive coefficient). Numerical values of correlation coefficients are presented in 

the respective ellipses in the matrix. The legend on the right side of the correlogram 

shows the Pearson’s correlation coefficients with their corresponding colours. The 

p values of correlation matrices for C3 and C4 plants are given in Table A11 and 

A12, respectively. 

6.3.6. Response of annual BGB to climatic variables 

The linear mixed-effects analysis confirmed significant effects of climatic variables 

on annual BGB, but the effects differed across sites, plant types, and ecoregions 

(Figs. 6.6 & A7). GSTmean showed significant effects on the annual BGB (Fig. 6.6a), 

with the annual BGB of C3 plants in the cold steppe and C4 plants in the savanna 

increasing, while the annual BGB of C3 plants in the savanna and C4 plants in the 

humid savanna decreased with increasing GSTmean (Fig. 6.6a, Table A13, p < 0.05). 

MAT and its interactions with plant type and ecoregion (e.g., MAT × plant type, 

see Table 6.2a for other interactions) also showed significant effects on annual BGB 

(Fig. 6.6b, Table 6.2a, all p < 0.001). More specifically, increasing MAT increased 

the annual BGB of C3 plants in cold steppe and C4 plants in humid temperate 

grassland and decreased the annual BGB of both plant types in savanna and C4 

plants in humid savanna (Fig. 6.6b). In addition, MATmax and MATmin had 

significant effects on annual BGB, with the BGB of both plant types decreasing 

across ecoregions, except for C3 plants in cold steppe and C4 plants in humid 

temperate grassland (Figs. A7a & b, Tables A14 & A15, all p < 0.05). 

GSPcum and its interactions with plant type and ecoregion (see Table 6.2b for the 

interactions) showed significant positive effects on the annual BGB of both plant 

types across sites and ecoregions (Fig. 6.6c, Table 6.2b, all p < 0.001). Although 

the annual BGB of C3 plants in humid temperate and savanna ecoregions tended to 

increase, and that for C4 plants in humid savanna tended to decrease, the effects of 

AP on annual BGB in these ecoregions were not significant. AP showed 

insignificant effects on annual BGB (Fig. 6.6d, Table A16, p = 0.075), but the 

interaction of AP with plant type significantly affected annual BGB (Fig. 6.6d, 
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Table A16, p < 0.05). For example, AP enhanced the annual BGB of C3 plants in 

savanna, humid temperate and cold steppe and decreased the annual BGB of C4 

plants in humid savanna (Fig. 6.6d). 

It was also evident from the mixed-effects analysis of multiple climate variables 

that MAT had significant effects on the annual BGB of C3 plants in humid 

temperate grassland as long as the AP and GSPcum increased (Table A17, all p < 

0.01). The interactions of MAT with other climate variables (e.g., precipitation, see 

Table A17 for other interactions) had significant effects on the annual BGB of C4 

plants in the savanna ecoregion (Table A17, all p < 0.01). For the annual BGB of 

C4 plants in the humid savanna ecoregion, significant effects were also observed 

for the interactions of MATmax and dry events (Table A17, p < 0.05). 

Table 6.2 Fixed effects test for the linear mixed-effects models of annual BGB 

response to (a) mean annual temperate, plant type, ecoregion, and their interactions; 

and (b) cumulative growing-season precipitation, plant type, ecoregion, and their 

interactions. Abbreviations: mean annual temperature (MAT), cumulative growing-

season precipitation (GSPcum), plant type (PT), and Ecoregion (ER). 

a) MAT b) GSPcum 

Fixed effects t-value p-value Fixed effects t-value p-value 

MAT 4.322  < 0.001 *** GSPcum 5.246  < 0.001 *** 

PT 4.385  < 0.001 *** PT 1.239 0.224      

ER 1.113   0.270 ER 0.341 0.736     

MAT × PT -4.743  < 0.001 *** GSPcum × PT -4.856  < 0.001 *** 

MAT × ER -4.421  < 0.001 *** GSPcum × ER -4.617  < 0.001 *** 

PT × ER -3.044  0.00363 ** PT × ER -1.080 0.288     

MAT × PT × 

ER 

4.831  < 0.001 *** GSPcum × PT × 

ER 

4.278  < 0.001 *** 

*p < 0.05; **p < 0.01; ***p < 0.001    
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Fig. 6.6 Response of annual BGB of C3 and C4 plants to growing-season mean 

temperature (a), mean annual temperature (b), cumulative growing-season 

precipitation (c) and annual precipitation (d) at 12 sites under 4 ecoregions. As 3 

sites (1 in cold steppe and 2 in temperate dry steppe ecoregions) had only one year 

data, I excluded these sites from the linear mixed-effects analysis. Points represent 

annual BGB values of plant types in respective sites and ecoregions. Lines represent 

mixed-model fits between annual BGB and climate variables for each site. Site’s 

full name and country in respective ecoregion are given in Table 3.1 in Chapter 3.  
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6.3.7. Differential influence of different climate variables on BGB 

In the cold steppe ecoregion, the MAT and GSPcum showed an influence on the 

annual BGB that was stronger than the effects of other climate variables on the 

single-harvest and annual BGB (Fig. A8a). Although most climate variables 

depending on plant type had either positive or negative effects on single-harvest 

and annual BGB, the strongest predictor was the GSPcum in humid savanna and 

humid temperate ecoregions (Figs. A8b & c). As the MAT and GSPcum reflect 

opposite effects on the annual BGB in the savanna (Fig. A8d), the interactions of 

these variables were found to be strong predictors controlling the annual BGB in 

this ecoregion (Table A17, all p < 0.01). In the temperate dry steppe ecoregion, 

although all growing-season climate variables showed positive effects on C4 plants, 

temperature showed stronger effects on single-harvest BGB than did the other 

variables (Fig. A8e). 

6.3.8. Effects of annual climate extremes on annual BGB 

When examining the responses of annual BGB of all ecoregions to annual climate 

extreme intensity and direction, I found no significant effects of annual climate 

extreme intensity or direction on the annual BGB of C3 or C4 plants (Figs. A9, A10, 

& 6.7, all p > 0.05). Compared to normal events, dry events tended to decrease, 

albeit insignificantly, the annual BGB of C3 plants in humid temperate and C4 plants 

in savanna (Figs. 6.7b & d, all p > 0.05). Although the effects were insignificant, 

dry and wet events had more positive effects on the annual BGB of C3 plants in 

cold steppe and C4 plants in humid savanna ecoregions than did normal events 

(Figs. 6.7a & c, all p > 0.05). At the site level, no significant effects of extreme 

climate direction on the annual BGB of C3 or C4 plants were found (Fig. A11, all p 

> 0.05). 

 



107 

 

 

Fig. 6.7 Effects of annual climate extreme directions on annual BGB of C3 plants 

in cold steppe (a) and humid temperate (b), and C4 plants in humid savanna (c) and 

savanna (d) ecoregions. Significance level of the annual BGB among the climate 

extreme directions was examined by ANOVA p using pairwise comparisons. The 

values on horizontal solid lines indicate the significance of the difference between 

directions (e.g., dry and wet). Horizontal dash lines indicate the annual BGB base-

mean of all directions. The symbol ‘ns’ on top of the box represents the difference 

between the mean BGB of the respective direction and the base-mean is 

insignificant. Solid lines and circles in the box indicate the median and mean, 

respectively. The boxes indicate the first and third quartiles.  

6.4. Discussion 

Elucidating the variation in BGB of different plant functional types under climate 

change across ecoregions is a central issue in ecological research for understanding 

biodiversity functioning and ecosystem stability (Gao et al. 2013b; Zhang et al. 

2019). In this study, grassland BGB varied significantly across ecoregions, with 
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cold steppe and savanna ecoregions showing the highest and lowest BGB, 

respectively. Significant gains of single-harvest BGB of C3 plants in cold steppe 

and humid temperate grassland and of C4 plants in savanna and temperate dry 

steppe and significant losses of single-harvest BGB of C3 plants in savanna and 

temperate dry steppe and of C4 plants in humid savanna were associated with 

growing-season temperature variables. GSPcum strongly enhanced the annual BGB 

of both plant types across ecoregions; however, the effects of other annual climate 

variables and their interactions on annual BGB cannot be ruled out. Significant 

differences in mean BGB among growing-season climate extreme intensities were 

observed for C3 plants in cold steppe and humid temperate ecoregions and for C4 

plants in savanna. This study provides useful information for advancing our 

understanding of sustainable management and conservation of grasslands in colder 

and warmer regions under global climate change. 

6.4.1. Variation in BGB across ecoregions and plant types 

In this study, single-harvest and annual BGB varied significantly across ecoregions 

and plant types. The significant differences in BGB among ecoregions are 

consistent with the findings of Niu et al. (2019), who showed that BGB productivity 

differed significantly among four grassland ecoregions (i.e., alpine steppe, desert 

steppe, meadow and meadow steppe). Compared with other ecoregions, the highest 

single-harvest and annual BGB was observed in cold steppe, and the lowest value 

was found in savanna. The higher BGB in the cold steppe ecoregion could be related 

to the relatively slow depletion of carbohydrates in roots and slower root turnover 

(Gill and Jackson, 2000; Yang et al. 2009) and to high water-use efficiency (Zhang 

et al. 2019). The lower BGB in the savanna ecoregion may be associated with 

higher evapotranspiration (Swemmer et al. 2018) and higher decomposition and 

mineralization of BGB (Reich and Oleksyn 2004). Although vegetation in the 

savanna ecoregion employs a diverse range of coping strategies to maintain 

productivity during low to moderate water stress (O’Brien et al. 2017), the 

pronounced dry season and higher water stress in this ecoregion lower the BGB 

productivity (Fiala 2010). As C3 plants dominate the cooler temperate grasslands 

and have deep rooting profiles, my study results showed that the BGB of C3-

dominated grasslands across ecoregions was higher than that for C4-dominated 

grasslands, which is also evident in previous studies (Ma et al. 2010b; Zeng et al. 
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2015). These studies showed that the BGB of C3-dominated alpine meadow was 

higher than the BGB of C4-dominated desert steppe. 

6.4.2. BGB responses to bio-climatic variables 

Highly correlated variables for single-harvest and annual BGB productivity of C3 

and C4 plants were detected using Pearson’s correlation coefficients. The single-

harvest BGB of C3 plants was significantly correlated with GST, GSTmax, and 

GSTmin, and the BGB of C4 plants was significantly correlated with GSP and GST 

and GSTmin, which suggests that irrespective of ecoregion and site, these variables 

are strong predictors of single-harvest BGB productivity. Temperature has been 

shown to have strong effects on the BGB in many other studies in temperate, alpine 

and semiarid regions (Byrne et al. 2013; Xu et al. 2013). The weak correlation of 

the single-harvest BGB of C3 plants with GSP is consistent with the findings of 

Tang et al. (2017), who reported that the effects of precipitation on BGB in meadow 

and desert steppe on the Loess Plateau were insignificant. The significant 

correlations of annual BGB of C3 plants with annual temperature variables in my 

study also supported the findings of previous studies (Sala et al. 1996; Wilcox et 

al. 2015; Luo et al. 2017a). For example, Sala et al. (1996) reported that BGB in 

grasslands in North and South America responded positively to temperature. 

Furthermore, significant relationships were also observed between the annual BGB 

of C3 plants and the AP and GSPcum and between the annual BGB of C4 plants and 

GSPcum (Yang et al. 2009). To disentangle the responses of annual BGB to these 

significantly correlated variables, I used mixed-effects models and pairwise 

comparisons to further analyze the effects of climatic variability and climate 

extremes on BGB for the respective plant types and ecoregions as discussed below. 

6.4.3. Responses of BGB of C3 and C4 plants to climatic variables 

The impact of temperature and precipitation on BGB differed between the plant 

types. The key climate factors for single-harvest and annual BGB were also 

different across sites for the five ecoregions. The increased single-harvest BGB of 

C4 plants at all sites in arid ecoregions (i.e., temperate dry steppe and savanna) with 

increasing growing-season temperature variables is consistent with findings of 

previous studies (Hui and Jackson 2006; Byrne et al. 2013; Wilcox et al. 2015). 
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These studies showed that plants in arid and semiarid regions tend to increase BGB 

productivity with increasing GST, suggesting that increased temperature, high 

sunlight and increased aridity have positive effects on the BGB of C4 plants (Collatz 

et al. 1998; Luo et al. 2013). These findings support the optimal partitioning theory 

that plants in dry sites allocate more resources to roots to extract more water. The 

significant effects of growing-season temperature variables on single-harvest BGB 

of C4 plants in temperate dry steppe and savanna ecoregions also supported my 

study findings of the combined effects of GST, GSTmax and GSTmin on BGB of C4 

plants in these ecoregions. Positive effects of precipitation and negative effects of 

temperature on single-harvest BGB of C3 plants in these two ecoregions support a 

component of my first hypothesis, in that BGB in savanna and temperate dry steppe 

is positively associated with precipitation but negatively associated with 

temperature. The increased single-harvest BGB of C4 plants in arid ecoregions with 

increasing GSP indicates that precipitation in arid climates is also a strong predictor 

of BGB productivity (Murphy and Bowman 2007). This observation is consistent 

with findings of previous studies in drier climates (Hui and Jackson 2006), which 

have reported that the BGB of C4 plants in semiarid regions increased with 

precipitation. 

For C4 plants in the savanna ecoregion, although the GSTmean and GSPcum showed 

significant positive effects on the annual BGB, these variables alone may not be 

strong predictors of annual BGB productivity in this ecoregion, as I found reverse 

responses when interactions of annual climate variables were considered. For 

example, MAT and its interactions with other temperature variables (e.g., MATmin) 

and AP had significant negative effects on the annual BGB of C4 plants in this 

ecoregion. The significant negative effects of the interaction of MAT and AP on 

annual BGB of C4 plants in savanna agree with the findings of many previous 

studies (Liu et al. 2012; Sun and Wang 2016) and support a component of my first 

hypothesis, stating that interactions of annual temperature with other annual climate 

variables decrease annual BGB in savanna. The negative effects of annual 

temperature variables and their interactions on the annual BGB of C3 plants in the 

savanna ecoregion also support my first hypothesis. Under sufficient precipitation, 

increased temperature enhances the mineralization rate of BGB, which supplies the 

required nutrients for plants. In nutrient-rich soils, plants allocate more resources to 
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AGB and less photosynthate to BGB (Sun and Wang 2016). Furthermore, plant root 

development is jeopardized in saturated soil moisture conditions. Although 

interactive effects of multiple climate variables on BGB in the savanna ecoregion 

were found to be strong predictors, one explanation for the positive effects of 

GSTmean on the annual BGB of C4 plants in savanna is that increased temperature 

may stimulate evapotranspiration and that plants allocate more resources to root 

systems to take up soil water (Sage and Kubien 2003). 

In humid savanna, where GST is generally high, the pronounced decrease in single-

harvest BGB of C4 plants at all sites in this ecoregion may be associated with heat 

stress caused by increasing GST or BGB mineralization caused by increasing 

precipitation (Liu et al. 2012). This result is consistent with a component of my first 

hypothesis stating that BGB in humid savanna ecoregions decreases with 

temperature. This demonstrates that the optimum growth temperature of C4 plants 

in humid savanna has already been exceeded (Mowll et al. 2015), and the excessive 

optimum temperature stimulates soil enzyme activities and increases 

decomposition and mineralization of BGB (Reich and Oleksyn 2004). Across all 

sites in the humid savanna ecoregion, the declining trends of annual BGB of C4 

plants with increasing annual temperature variables and AP are consistent with 

findings of Tang et al. (2017) and Xiuqing et al. (2020), who reported that MAT 

decreased annual BGB in alpine and desert steppe and that AP had negative effects 

on desert steppe. One interpretation is that the negative effects of all annual 

temperature variables on the annual BGB of C4 plants in humid savanna may result 

from heat stress (Mowll et al. 2015), which was also supported by the combined 

effects of MATmax and dry events. Another possible mechanism is that with 

increased temperature and AP, C4 plants in this ecoregion may facilitate more light 

capture to optimize shoot growth rather than root growth (Sun and Wang 2016). 

Notably, the positive response of GSPcum to the annual BGB of C4 plants at all sites 

in the humid savanna ecoregion suggests that seasonality is a strong predictor of 

BGB productivity, which is supported by findings of another study (Murphy and 

Bowman 2007). 

The increased single-harvest BGB of C3 and C4 plants at all sites in colder 

ecoregions with increasing GST variables and their interactions support my second 

hypothesis that BGB in colder ecoregions (i.e., cold steppe and humid temperate) 
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are regulated by temperature variables and their interactions. These findings are 

consistent with the findings of Paruelo and Lauenroth (1996), who concluded that 

increased dry summers elevated the root biomass of C3 plants. The weak correlation 

of single-harvest BGB of C3 plants with GSP suggests that with increasing 

precipitation, plants in colder ecoregions either allocate more resources to AGB 

than to BGB or stimulate decomposition of their BGB by promoting soil microbial 

activity (Liu et al. 2021) or else BGB productivity is affected by the combined 

effects of precipitation and temperature. The significant effects of the interactions 

of GSP and temperature variables on the single-harvest BGB of C3 plants are 

consistent with the findings of Lin et al. (2010), who reported that BGB 

productivity was associated with interactions of temperature and precipitation. 

Although the annual BGB of C3 plants in humid temperate ecoregions was 

enhanced with increased precipitation and reduced with increased temperature, 

none of these annual climate variables could serve as sole predictors of BGB 

productivity in this ecoregion, as I found that the interaction of precipitation with 

MAT was significantly positive. This suggests that the interaction of precipitation 

with mean annual temperate is a strong predictor of the productivity of the annual 

BGB of C3 plants in humid temperate grassland. This result is consistent with the 

findings of Lin et al. (2010), who reported that plant growth was promoted with 

increased temperature under sufficient water supply. 

6.4.4. BGB responses to climate extreme intensity and direction 

Due to an increase in global average temperature and a shift in precipitation 

patterns, plants will be likely to experience more climate extremes (e.g., droughts 

or floods). Increased climate extremes can impact ecosystem productivity (Luo et 

al. 2017b). To identify the growing-season and annual climate extremes in a 

globally consistent manner (Vicente-Serrano et al. 2010), I used 3-month and 12-

month SPEI values (Isbell et al. 2015). Here, climate extremes (i.e., extreme dry 

and extreme wet) were defined as SPEI values between ≤ - 1.28 and ≥ 1.28, which 

occur once per decade, and moderate events (i.e., moderate dry and moderate wet) 

were defined as SPEI values between -1.28 to < - 0.67 and 0.67 to < 1.28, which 

occur at least once in four years (Isbell et al. 2015). 
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In this study, the responses of single-harvest BGB to extreme and moderate 

growing-season events differed for C3 plants in cold steppe and humid temperate 

ecoregions and for C4 plants in savanna, partially supporting my third hypothesis 

stating that the responses of BGB to climate extremes differ significantly across 

plant types and ecoregions. For example, the single-harvest BGB of C3 plants in 

cold steppe and humid temperate ecoregions and of C4 plants in savanna differed 

significantly across growing-season extreme and moderate climates, while for 

annual BGB, these responses were insignificant for all ecoregions. Furthermore, 

compared with normal climates, growing-season extreme dry climates in humid 

temperate grassland produced significantly higher single-harvest BGB of C3 plants, 

while no effects of annual extremes on annual BGB of C3 plants were observed in 

this ecoregion. The increased BGB of C3 plants in humid temperate grassland to 

growing-season extremes can be attributed to the increase in fine roots and 

reduction of root decomposition and is consistent with findings of several studies 

across different biomes (Xu et al. 2012; Zhang et al. 2017b; Dai et al. 2019b; Liu 

et al. 2021). For example, elevated BGB has been associated with climate extremes 

in tallgrass prairie in the USA (Xu et al. 2012), in Tibetan grasslands (Zhang et al. 

2017b), in alpine meadows in the Qinghai-Tibetan Plateau (Dai et al. 2019b), and 

in alpine grasslands (Liu et al. 2021). The higher single-harvest BGB of C3 plants 

observed during climate extremes further supports the idea that C3 plants can 

maintain BGB productivity during climate extremes (Craine et al. 2013) at the 

expense of AGB (Kreyling et al. 2017). 

Climate extremes are likely to exert negative effects on grassland BGB in arid 

ecoregions (Zhang et al. 2020b), but I found that growing-season climate extremes 

tended to increase the single-harvest BGB of C4 plants in the savanna ecoregion, 

although the effects were insignificant. One explanation for this discrepancy is that 

C4 plants may be resistant to growing-season climate extremes and allocate more 

resources to fine root production to address growing-season stress (Hasibeder et al. 

2015). However, reduced annual BGB may result in response to annual climate 

extremes, as plant mortality begins to occur when perturbation reaches the tipping 

point of plant threshold tolerance (Niu et al. 2014). This supports my study findings 

for C4 plants in savanna, in which the annual BGB of C4 plants in this ecoregion 

declined, although insignificantly, in response to annual climate extremes. 
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6.5. Conclusions 

Understanding the patterns of response of BGB to climatic variability and climate 

extremes is essential and imperative for achieving sustainable management of C3- 

and C4-dominated grasslands under future environmental change. This study 

examined the effects of climatic variables and climate extremes on the total BGB 

(live and dead) of C3- and C4-dominated grasslands across five ecoregions. Results 

show that single-harvest and annual BGB varied significantly across ecoregions and 

plant types. The significantly correlated variables for single-harvest BGB of C3 

plants were GST, GSTmax and GSTmin, ecoregion and site and for single-harvest 

BGB of C4 plants were GST, GSTmin, GSP, extreme intensity, ecoregion and site. 

Similarly, the significantly correlated variables for annual BGB of C3 plants were 

GSTmean, MAT, MATmax and MATmin, AP, GSPcum, ecoregion and site and for 

annual BGB of C4 plants was GSPcum. Based on the responses of C3 and C4 plants 

to climatic variables and climate extremes, I drew the following conclusions: 

Single-harvest and annual BGB varied significantly across ecoregions and plant 

types. For BGB across ecoregions, the highest single-harvest and annual values of 

BGB were in cold steppe, and the lowest was in savanna. For BGB across plant 

types, values of single-harvest and annual BGB were higher in C3- and lower in C4-

dominated grasslands. 

The differential response pattern of single-harvest BGB to temperature and its 

interactions (e.g., GST × GSTmax) depended on plant type and site across 

ecoregions. For C3 plants, single-harvest BGB in colder ecoregions (i.e., humid 

temperate and cold steppe) increased, while BGB declined in arid ecoregions (e.g., 

temperate dry steppe and savanna). For C4 plants, BGB increased in temperate dry 

steppe and savanna, while BGB in humid savanna decreased with increasing 

growing-season climatic variables and their interactions. 

MAT and GSPcum were the strong predictors of annual BGB of C3 and C4 plants in 

all ecoregions, with increased BGB of all ecoregions associated with increasing 

GSPcum and decreased BGB of all ecoregions except cold steppe associated with 

increasing MAT. The interactions of annual climate variables also had significant 

effects on annual BGB. For example, the interaction of MAT and AP had significant 
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effects on the annual BGB of C3 plants in humid temperate ecoregion and of C4 

plants in savanna ecoregion. 

Compared to normal climates, growing-season extreme dry events produced higher 

single-harvest BGB of C3 plants in humid temperate ecoregion, while growing-

season moderate wet events produced lower BGB of C3 plants in cold steppe. 

Moderate dry events during the growing season significantly lowered the single-

harvest BGB, while extreme wet events enhanced the single-harvest BGB of C4 

plants in the savanna ecoregion. 

The results suggest that differences in plant functional types, study sites and 

ecoregions should be considered when examining the effects of climate variables, 

their interactions and climate extremes on grassland BGB. The results of this 

chapter helped to improve our understanding of the responses of BGB allocation by 

C3- and C4-dominated grasslands to changes in climatic factors, which is important 

for achieving sustainable management and conservation of grasslands in an era of 

rapid global change. 
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Chapter 7 

Effects of climatic variability and climate extremes on 

biomass partitioning of C3- and C4-dominated grasslands  

 

Highlights 

 The response of biomass partitioning (below-ground biomass 

(BGB):above-ground biomass (AGB)) of four ecoregions to climatic 

variability and climate extremes was assessed.  

 Highest BGB:AGB ratio was in C3-dominated grasslands in cold steppe 

ecoregion and the lowest in C4-dominated grasslands in savanna ecoregion. 

 BGB:AGB ratio of C3 plants decreased with increasing growing-season 

temperatures. 

 BGB:AGB ratio of C4 plants increased with increasing growing-season 

temperatures. 

 Higher BGB:AGB ratio of C4-dominated grasslands in growing-season 

extreme dry climate caused by a decrease (increase) of AGB (BGB) in these 

grasslands. 

Summary 

The rising temperature, altering precipitation, and increasing extreme events under 

climate warming affect the stability and sustainability of grassland ecosystems. The 

dynamics of biomass partitioning (below-ground biomass (BGB):above-ground 

biomass (AGB)) of grasslands are of fundamental importance to understand their 

feedback to climate change. In this chapter, I used grassland productivity data 

extracted from the Oak Ridge National Laboratory Distributed Active Archive 

Center, Tennessee, USA, in which the AGB was collected within a 1.0 m × 0.25 m 

quadrat and the BGB was sampled within the center of the quadrat. Using multiple 

pairwise tests and Pearson's correlation analysis, I assessed the variations of 

grassland productivity and examined the response of single-harvest and annual 

biomass partitioning of C3- and C4-dominated grasslands to the growing-season and 
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annual climatic variability and climate extremes in seven sites belonging to four 

ecoregions (i.e., cold steppe, humid temperate, humid savanna, and savanna). The 

results show that the annual and single-harvest BGB:AGB ratio varied significantly 

across the plant types and ecoregions. Overall, the C3-dominated grasslands 

exhibited a higher BGB:AGB ratio than that of C4-dominated grasslands. Growing-

season temperatures (GSTs) were found to be the key determinants in explaining 

the single-harvest BGB:AGB ratio rather than growing-season precipitation. For 

instance, the single-harvest BGB:AGB ratio of C4-dominated grasslands increased, 

while that of C3-dominated grasslands decreased with elevated GSTs. The growing-

season extreme dry climates significantly increased the single-harvest BGB:AGB 

ratio of C4 plants by a large reduction of AGB, potentially affecting the ecosystem 

functioning and stability. The C3-dominated grasslands in the cold steppe ecoregion 

are at great threat of drought-induced stress, as it was observed that growing-season 

extreme dry climates reduced, albeit insignificantly, both the single-harvest AGB 

and BGB. This study provides key insights into factors influencing the biomass 

partitioning of C3- and C4-dominated grasslands and has important implications for 

assessing the grassland functioning and stability under increasing climate extremes. 

7.1. Introduction  

Biomass partitioning, the ratio of below-ground biomass (BGB) to above-ground 

biomass (AGB), is a key parameter for assessing ecosystem health (Qi et al. 2019). 

Global climate change is propelling a rapid decline in grassland biodiversity 

(IPBES 2019) and threatening their biomass partitioning (BGB:AGB ratio) caused 

by the reduction of either AGB or BGB or both (Yang et al. 2010; Luo et al. 2013; 

Zhang et al. 2019). The projected changes in global climate are expected to exert 

profound effects on grassland biodiversity (IPCC 2021), affecting the functioning 

(Cardinale et al. 2012) and stability (Loreau and Mazancourt 2013) of the grassland 

ecosystem, especially in C3-dominated grasslands in humid temperate and cold 

steppe ecoregions as well as C4-dominated grasslands in humid savanna and 

savanna ecoregions (Scurlock et al. 2010; Hossain and Li 2020). Given the likely 

threat of global change to the grassland ecosystem, it is essential to understand the 

interactions of the functioning of C3- and C4-dominated grasslands with the rising 

climate extremes and climatic variability. 
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Climatic variability has been considered a key determinant of BGB:AGB ratio in 

experimental and natural or managed grasslands (Wang et al. 2010; Bhattachan et 

al. 2012; Wu et al. 2013; Nie et al. 2016; Zhang et al. 2020b), but the observed 

responses of BGB:AGB ratio to a particular climatic variable (e.g., temperature or 

precipitation) in previous studies vary greatly. For example, BGB:AGB ratio 

showed increased (Wu et al. 2013; Quan et al. 2020), decreased (Bhattachan et al. 

2012; Nie et al. 2016) and no changes (Wang et al. 2010; Yang et al. 2010) with 

increasing temperature. Moreover, precipitation had positive (Nie et al. 2016), 

negative (Mokany et al. 2006; Wu et al. 2013), and no effects (Yang et al. 2010; 

Zhang et al. 2020b) on BGB:AGB ratio.  

The effects of frequent and intense climate extreme events on grassland BGB:AGB 

ratio also warrant exploration since no consensus has been achieved on how 

BGB:AGB ratio responds to different intensities and directions of climate extremes. 

Previous studies have reported all possible interactions between BGB:AGB ratio 

and climate extremes. For example, the extreme dry events increased (Quan et al. 

2020) and decreased (Poorter et al. 2012) BGB:AGB ratio in some grassland sites 

in temperate grasslands. While other studies in European and Mongolian grasslands 

reported positive (Wang et al. 2019) and negative (Holub et al. 2015) correlations 

between BGB:AGB ratio and extreme wet events.  

The inconsistencies of the response of BGB:AGB ratio to climatic variability and 

climate extremes in previous studies can be attributed to (i) the consideration of 

either growing-season or annual climatic variables, (ii) the dissimilarity in plant 

functional types (i.e., C3 or C4 plants), (iii) differences in temporal scale (e.g., short 

or longer study), and (iv) nature of the study (e.g., laboratory or managed 

grasslands). These existing knowledge gaps can be addressed by considering 

BGB:AGB ratio and climate data from C3- and C4-dominated grasslands. The 

scientific novelty in this research chapter is reflected in the consideration of both 

plant functional types in four ecoregions (cold steppe, savanna, humid savanna, and 

humid temperate) and the application of growing-season and annual climatic 

variability and climate extremes.  

Exploring the effects of climate extremes and climatic variability on the BGB:AGB 

ratio of C3- and C4-dominated grasslands across ecoregions is helpful to advance 
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our understanding of the response of grassland biomass partitioning to the changing 

climate. In attempting to understand how climate extremes and climatic variability 

affect the BGB:AGB ratio, and which plant type suffers from and which responds 

well to climatic variability and perturbations across four ecoregions, the following 

three objectives have been established: 

i) To assess the spatial variation in the single-harvest and annual BGB:AGB 

ratio and biomass productivity in the four ecoregions and C3 and C4 plants; 

ii) To evaluate the correlation of the single-harvest and annual BGB:AGB ratio 

and biomass productivity with the growing-season and annual climatic 

variables; and 

iii) To examine the effects of growing-season and annual climate extremes on 

the single-harvest and annual BGB:AGB ratio and biomass productivity of 

C3 and C4 plants. 

7.2. Materials and methods 

7.2.1. Description of the study area 

The research works presented in this chapter comprise seven study sites across four 

ecoregions (Bailey 1989). The seven sites in this study are located in China, Russia, 

Kazakhstan, Thailand, Kenya and Mexico, which belong to humid savanna, humid 

temperate, savanna, and cold steppe ecoregions (Fig. 3.1). The grasslands in humid 

savanna and savanna are dominated by C4 plants, and grasslands in humid 

temperate and cold steppe are dominated by C3 plants (see Table 3.1 in Chapter 3; 

Scurlock et al. 2015). Vegetation in humid temperate and cold steppe is 

characterized by a very cold winter and warm summer and is dominated by deep-

rooted grasses. The deep rooting profile helps this vegetation to withstand climatic 

disturbances (Nunez 2019). Grasslands in humid savanna and savanna are able to 

grow in long arid climates and are distributed widely in tropics and sub-tropics 

(Veldhuis et al. 2016). The profile of ecoregions is given in Section 3.1.1 in Chapter 

3, and the characteristics of the study sites are given in Table 3.1 in Chapter 3.    
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7.2.2. Data sources  

Grassland’s AGB and BGB and all climatological data except the monthly average 

temperature of the 7 study sites were extracted from the global net primary 

productivity (NPP) database at the Oak Ridge National Laboratory Distributed 

Active Archive Center (ORNL DAAC) (Scurlock et al. 2015). The monthly average 

temperature and missing values of other climate variables in the NPP database were 

obtained from the Climatic Research Unit (CRU v.4.03) database (Harris and Jones 

2020). Growing-season climate variables include growing-season temperature 

(GST), growing-season precipitation (GSP), growing-season maximum 

temperature (GSTmax), growing-season minimum temperature (GSTmin), and 

cumulative growing-season precipitation (GSPcum). Annual climate variables 

include mean annual temperature (MAT), annual precipitation (AP), mean annual 

maximum temperature (MATmax), and mean annual minimum temperature 

(MATmin). The detailed definitions of these variables are given in Table 3.3 in 

Chapter 3. 

7.2.3. Data analysis  

First, using one-way ANOVA, the significance of the differences in the mean 

single-harvest and annual biomass among the plant types and ecoregions was tested 

(Kaufmann and Schering 2014). If the difference in the mean values of BGB:AGB 

ratio among the four ecoregions was significant, a two-sample t-test was used for 

pairwise comparisons of the mean BGB:AGB ratio between ecoregions. Second, I 

conducted a Pearson’s correlation analysis in order to examine the relationship 

between BGB:AGB ratio and respective climate variables. Finally, using multiple 

pairwise tests, I explored the effects of annual and growing-season climate extremes 

on the annual and single-harvest BGB:AGB ratio in respective ecoregions. One-

way ANOVA test explained the significance of the differences in mean BGB:AGB 

ratio among climate extremes and normal climates in respective sites. The 2-sample 

t-test exhibited whether the BGB:AGB ratio of a particular climate event was 

significantly higher or lower than the BGB:AGB ratio of another climate event. 

Likewise, the annual and single-harvest AGB and BGB were analyzed separately 

in order to examine the underlying reasons of the differential response of 
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BGB:AGB ratio to the respective climate variables and extremes. All statistical 

analysis was done in the statistical package R version 4.0.3 (R Core Team 2020).  

7.3. Results 

7.3.1. Variations in BGB:AGB ratio across ecoregions and plant types 

The single-harvest BGB:AGB ratio exhibited large variations among the four 

ecoregions and two plant types (Fig. 7.1a & c). Significant differences in single-

harvest BGB:AGB ratio among the ecoregions were observed (Fig. 7.1a, ANOVA 

p < 0.001), with the highest single-harvest BGB:AGB ratio in cold steppe (86) and 

the lowest in savanna (0.93). The highest single harvest BGB:AGB ratio in cold 

steppe was attributed to the lowest AGB (73 gm-2 harvest-1) and the highest BGB 

(1097 gm-2 harvest-1) among the ecoregions. The single-harvest AGB (BGB) in 

humid temperate, humid savanna, and savanna were 206 (703), 200 (477), and 144 

(112) gm-2 harvest-1, respectively (Fig. A12a & b). The lowest single-harvest 

BGB:AGB ratio in savanna was caused by the lower single-harvest AGB and BGB 

than those of other ecoregions (Fig. A12a & b). Correspondingly, the BGB:AGB 

ratio of C3-dominated grasslands was higher (61) compared to C4-dominated 

grasslands (4.6) (Fig. 7.1c). Higher single-harvest BGB:AGB ratio of C3-dominated 

grasslands resulted from the lower single-harvest AGB but higher BGB of this plant 

type (Fig. A12c & d).  

Similarly, the annual BGB:AGB ratio varied markedly across ecoregions and plant 

types (Fig. 7.1b & d, all ANOVA p < 0.001). The annual BGB:AGB ratio decreased 

in the order of cold steppe > humid temperate > humid savanna > savanna (Fig. 

7.1b). Annual BGB:AGB ratio between ecoregions differed significantly (all p < 

0.001), except between humid temperate and humid savanna ecoregions (Fig. 7.1b, 

p > 0.05). The highest annual BGB:AGB ratio in cold steppe (16) was associated 

with the lowest annual AGB (514 gm-2 y-1) and highest annual BGB (7681 gm-2 y-

1) compared to other ecoregions (Fig. A13a & b). Like the single-harvest 

BGB:AGB ratio, C3-dominated grasslands exhibited higher annual BGB:AGB ratio 

(12.2) than that of C4-dominated grasslands (2.3) (Fig. 7.1d).   
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Fig. 7.1 Boxplots of single-harvest and annual BGB:AGB ratio across four 

ecoregions (a & b) and two plant types (c & d). One-way ANOVA was used to test 

the significance of the differences of biomass partitioning among the ecoregions 

and plant types. Asterisks (***) on horizontal solid lines denote the significance of 

the differences (p < 0.001) between two ecoregions, and the ‘ns’ indicates the 

differences of biomass partitioning between the ecoregions were insignificant. 

Whiskers indicate the 95% confidence intervals. Solid lines in boxplots indicate 

medians and dashed lines denote the mean values of all ecoregions and plant types. 

The p-values on the boxplots represent the significance of the differences of 

biomass partitioning among the plant types and ecoregions.  
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7.3.2. Response of BGB:AGB ratio to climatic variability  

Pearson's correlation analysis showed that the single-harvest BGB:AGB ratio of C3-

dominated grasslands was significantly negatively correlated with GST, GSTmax 

and GSTmin (Figs. 7.2a, A14a & A15a, all p < 0.01). These temperature variables 

had significant positive effects on single-harvest AGB at all sites and on single-

harvest BGB at 2 sites (shr & otr) in C3-dominated grasslands (Figs. 7.2b & c, A14b 

& c, and A15b & c, all p < 0.05). On the contrary, the annual BGB:AGB ratio of 

C3-dominated grasslands did not show any significant relationships with MAT, 

MATmax, and MATmax (Figs. A15a, A17a & A18a, all p > 0.05). These insignificant 

relationships between the annual BGB:AGB ratio of C3-dominated grasslands and 

annual temperatures were because neither annual AGB (Figs. A16c, A17c & A18c) 

nor annual BGB (Figs. A16e, A17e & A18e) exhibited a significant response to 

these temperature variables (all p > 0.05), except significant increase of annual 

BGB at a site in cold steppe (TMG site: Figs. A16e, A17e & A18e, all p < 0.05).  

Unlike the C3-dominated grasslands, the single-harvest BGB:AGB ratio of C4-

dominated grasslands was significantly positively correlated with GSTmax (Fig. 

A14a, p < 0.05). The increase in the single-harvest BGB:AGB ratio of C4 plant with 

GSTmax was due to the decrease in single-harvest AGB (Fig. A14b, all p < 0.05) but 

the insensitive response of BGB (Fig. A14c, all p > 0.05). No significant effects of 

GST and GSTmin on single-harvest BGB:AGB ratio of C4-dominated grasslands 

were observed (Figs. 7.2a & A15a, all p > 0.05), except significant positive effects 

of GST on the BGB:AGB ratio of this plant type at a site in humid savanna 

ecoregion (Fig. 7.2a, p < 0.001). Like C3-dominated grasslands, no detectable 

relationships were observed between annual temperature variables and the annual 

BGB:AGB ratio of C4-dominated grasslands (Figs. A16b, A17b & A18b). The only 

significant positive effects of MATmax on the annual BGB:AGB ratio of this plant 

type were detected at a site in the humid savanna ecoregion (Fig. A17b, p < 0.05).  
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Fig. 7.2 Response of single-harvest BGB:AGB ratio (a), AGB (b), and BGB (c) of 

C3- and C4-dominated grasslands to the growing-season temperature (GST) across 

ecoregions. Points represent single-harvest biomass partitioning, ABG and BGB 

values in respective plant type, site and ecoregion. The line indicates the regression 

trend of the linear method in non-parametric regression analysis. The r value shows 

the Pearson’s correlation of single-harvest BGB:AGB ratio, AGB, and BGB with 

the respective GST. Band shows the changes in single-harvest BGB:AGB ratio, 

AGB, and BGB with a 95% confidence interval at each site in the respective 

ecoregion. 

As shown in Fig. 7.3, irrespective of sites, the responses of the single-harvest 

BGB:AGB ratio of C3-dominated grasslands to GSP and the annual BGB:AGB 

ratio of C4-dominated grasslands to GSPcum were different. For instance, the single-

harvest BGB:AGB ratio of C3 plant at a site in cold steppe and C4 plant at a site in 

humid savanna declined with rising GSP (Fig. 7.3a, both p < 0.01), while the single-

harvest BGB:AGB ratio of both categories of plants at other sites across ecoregions 

did not show a significant response to the GSP (Fig. 7.3a, all p > 0.05). Likewise, 
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for C3-dominated grasslands in cold steppe ecoregion, the annual BGB:AGB ratio 

at a site increased while at another site decreased with rising GSPcum (Fig. 7.3b, 

both p < 0.05). In savanna and humid savanna ecoregions, the GSPcum had 

significant negative effects on the annual BGB:AGB ratio of C4-dominated 

grasslands (Fig. 7.3b, p < 0.05). The decreasing trends of annual BGB:AGB ratio 

of C4-dominated grasslands were caused by the significantly positive response of 

annual AGB but the insignificant response of annual BGB to increasing GSPcum 

(Fig. A19c & d). Neither C3- nor C4-dominated grasslands in humid temperate, 

humid savanna and savanna ecoregions exhibited significant interactions between 

the annual BGB:AGB ratio and AP (Fig. A20a, all p > 0.05), which was due to 

insignificant relationships of AP with the annual AGB and BGB of these plant types 

(Fig. A20b & c, all p > 0.05).  

 

Fig. 7.3 The same as Fig. 7.2, but for the association of single-harvest BGB:AGB 

ratio of C3- and C4-dominated grasslands with the growing-season precipitation 

(GSP) (a), and the association of annual BGB:AGB ratio of C3- and C4-dominated 

grasslands with the cumulative growing-season precipitation (GSPcum) (b).  
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7.3.3. Climate extremes effect on BGB:AGB ratio  

Irrespective of plant types and ecoregions, the effects of growing-season climate 

events (i.e., extreme wet, normal, and extreme dry) on the single-harvest BGB:AGB 

ratio, AGB, and BGB were different. The most pronounced differences of single-

harvest biomass were observed in C3-dominated grasslands in cold steppe (Fig. 

7.4), and C4-dominated grasslands in savanna and humid savanna ecoregions (Fig. 

7.5). For example, the single harvest BGB:AGB of C4-dominated grasslands 

significantly varied among the climate events (Fig. 7.5a, d, & g, all ANOVA p < 

0.01). Compared to the growing-season normal climates, extreme dry events 

resulted in significantly higher single-harvest BGB:AGB ratio of C4-dominated 

grasslands (Fig. 7.5a, d, & g, all p < 0.05). Meanwhile, for C4-dominated grasslands, 

extreme dry climates reduced the single-harvest AGB and increased the single-

harvest BGB (Fig. 7.5). Notably, C4-dominated grasslands also exhibited 

significantly higher single-harvest BGB:AGB ratio during the growing-season 

extreme dry climates compared to the BGB:AGB ratio base-mean (Fig. 7.5a, d, & 

g, all p < 0.05). For C3-dominated grasslands, no significant differences were 

observed in the variations of single-harvest BGB:AGB ratio among the growing-

season climate events (Figs. 7.4 & A21, all ANOVA p > 0.05), although extreme 

dry events exhibited higher single-harvest BGB:AGB ratio in cold steppe (Fig. 7.4a 

& d) and at a site in humid temperate ecoregions (Fig. A21d). Neither extreme dry 

nor extreme wet events had significant effects on the single-harvest AGB and BGB 

of C3-dominated grasslands (Figs. 7.4 & A21), except for a significant reduction of 

AGB in extreme dry climates at a site in cold steppe (Fig. 7.4e, p < 0.05).  

Annual BGB:AGB ratio, AGB and BGB of C3-dominated grasslands did not show 

any consistent patterns with annual climate events (Figs. A22a, d, g & j), except for 

significant differences of annual AGB at a site in cold steppe ecoregion (Fig. A22e, 

ANOVA p = 0.004). At this site, annual AGB in wet events was significantly higher 

than that of normal and dry events (Fig. A22e, both p < 0.05). The effects of annual 

climate events on the annual BGB:AGB ratio of C4-dominated grasslands were 

insignificant (Fig. A23). Compared to normal climates, the annual AGB of C4-

dominated grasslands in savanna ecoregion significantly decreased in dry climates 

(Fig. A23h, p = 0.019). Annual dry or wet climates had no significant effects on 
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annual AGB and BGB of C4-dominated grasslands at other sites of these ecoregions 

(Fig. A23).  

 

Fig. 7.4 Effects of growing-season climate events (i.e., extreme wet, normal, and 

extreme dry) on single-harvest BGB:AGB ratio, AGB, and BGB of C3-dominated 

grasslands at 2 sites (SHR: a-c, and TMG: d-f) in cold steppe ecoregion. The 

significant difference in the single-harvest BGB:AGB ratio, AGB, and BGB 

between climate events was examined by the t test. The values on horizontal solid 

lines denote the significance of the difference between climate events (e.g., extreme 

wet and extreme dry). Asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001) on top of 

the box represent significant differences of biomass compared to their base-mean, 

and the symbol ‘ns’ indicates non-significant effect. Horizontal dash lines indicate 

the biomass base-mean (i.e., mean of extreme and normal climates). The boxes 

indicate the first and third quartiles, and whiskers denote the 95% confidence 

intervals. The circles and solid lines in the box represent the mean and median, 

respectively.  
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Fig. 7.5 The same as Fig. 7.4, but for the effects of growing-season climate events 

on the single-harvest BGB:AGB ratio, AGB, and BGB of C4-dominated grasslands 

in humid savanna (KLN site: a-c, and MNT site: d-f), and savanna (NRB site: g-i) 

ecoregions.  

7.4. Discussion  

Under increasing temperature and altered precipitation intensity and timing, global 

climate change is projected to affect grassland AGB and BGB productivity (Quan 

et al. 2020), which may affect BGB:AGB ratio (Qi et al. 2019). Exploring the 
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critical factors regulating grassland biomass partitioning across ecoregions are the 

key challenges in ecological research. I analyzed BGB:AGB ratio of C3- and C4-

dominated grasslands in seven sites in order to assess the variations of BGB:AGB 

ratio across ecoregions and examine how the BGB:AGB ratio responds to climate 

extremes and climatic variability.  

7.4.1. Variations of BGB:AGB ratio  

Results showed that the annual and single-harvest BGB:AGB ratio varied 

significantly across the four ecoregions (Fig. 7.1). Similar results were also reported 

for six grassland types in northern China (Yang et al. 2010), for four grassland 

ecoregions in the Northern Tibetan Plateau (Niu et al. 2019) and for four grassland 

types on the Qinghai-Tibetan Plateau (Dai et al. 2019b). For both the single-harvest 

and annual biomass, the highest BGB:AGB ratio of C3-dominated grasslands in 

cold steppe was attributed to significantly lower AGB but higher BGB than other 

ecoregions. This is because C3 plants in cold steppe are slow-growing and low-

productive in their shoots, while the low respiration rate of roots accumulates higher 

BGB (Luo et al. 2013). Like my study findings, similar evidence is also observed 

in the northern Qinghai Tibet Plateau (Dai et al. 2019a), where BGB in colder alpine 

and meadow steppe was reported to be higher than AGB, implying a higher 

BGB:AGB ratio. The lowest BGB:AGB ratio in savanna was the consequence of 

the production of an almost equal amount of biomass above- and below-ground. 

The differences of BGB:AGB ratio across ecoregions and plant types could be 

explained by the differences in climate. For example, C3-dominated grasslands are 

limited by precipitation and low temperatures, while C4-dominated grasslands are 

regulated by higher temperatures. In general, C3 plants allocate more 

photosynthates to roots than shoots (Sun et al. 2016) and thus exhibited a higher 

BGB:AGB ratio. Another possible interpretation is that in limited precipitation, 

using the deep rooting profile and three directional expansion of roots (e.g., 

horizontal, lateral and at an angle to the surface), C3-dominated grasslands may 

uptake the required water for maintaining their growth and development (Vermeire 

et al. 2009). Furthermore, the higher BGB:AGB ratio of C3-dominated grasslands 

could be partially attributed to the comparatively slow decomposition of roots 

because of cold climate conditions (Gill and Jackson 2000), while the lower 

BGB:AGB ratio of C4-dominated grasslands may be associated with higher 
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mineralization and decomposition of root (Reich and Oleksyn 2004), and higher 

evapotranspiration (Reich and Oleksyn 2004).  

7.4.2. Response of BGB:AGB ratio to climatic variability 

In order to adapt to local climate, grasslands in different regions respond differently 

to climatic variability by adjusting the distribution of photosynthate to roots and 

shoots, and thus the biomass partitioning alters with the changes in temperature and 

precipitation (Qi et al. 2019). The responses of BGB:AGB ratio to temperature and 

precipitation across ecoregions were mixed. These differential responses of 

BGB:AGB ratio to climatic variables can be explained by the plant functional types. 

The decreased BGB:AGB ratio of C3-dominated grasslands in humid temperate and 

cold steppe ecoregions with rising temperatures suggests that the C3 plants invest 

more resources aboveground for capturing more sunlight to optimize shoot growth 

than belowground for extracting water and nutrient in a warm climate (Angelo and 

Pau 2015). In my study, the positive relationships of single-harvest AGB and BGB 

to the GST, GSTmax and GSTmin in C3-dominated grasslands were consistent with 

those demonstrated in C3-dominated grasslands in temperate and cold steppe 

ecoregions (Hossain and Beierkuhnlein 2018; Chen et al. 2017; Guo et al. 2018). 

Although temperature promoted both AGB and BGB of C3-dominated grasslands, 

the allocation of AGB was much higher than that of BGB, and thus the BGB:AGB 

ratio of C3 plants decreased with elevated temperatures. Unlike C3-dominated 

grasslands, the increased BGB:AGB ratio of C4 plants in humid savanna and 

savanna ecoregions with elevated temperature indicates that BGB in these 

ecoregions would be benefited from the increasing temperature (Craine et al. 2012) 

at the cost of AGB (Li et al. 2020). The decreased single-harvest AGB and 

enhanced single-harvest BGB of C4-dominated grasslands with increasing GST and 

GSTmax suggest that the reduced AGB may be attributed to heat stress caused by 

GST and GSTmax (Mowll et al. 2015), and the increased BGB may be caused by the 

plant’s allocation of more resources for the production of fine roots in order to 

reduce temperature-induced stress (Hasibeder et al. 2015).  

The negative relationships of BGB:AGB ratio with GSP and GSPcum observed in 

C4-dominated grasslands might be caused by more photosynthate allocated to AGB 

or faster decomposition of BGB with increasing precipitation (Mokany et al. 2006). 
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This evidence supports my study findings of positive relationships of AGB and of 

negative or no relationships of BGB with precipitation in C4-dominated grasslands. 

The increased AGB of C4-dominated grasslands with increasing GSP and GSPcum 

suggests that growing-season precipitation can explain AGB changes better than 

annual precipitation (Xia et al. 2010), as C4 plants require water at different growing 

stages (Robinson et al. 2013). The relationships of annual precipitation with the 

annual AGB of C4 plants were insignificant because late precipitation in plant 

growth stages delays plant senescence and thus has no effects on annual AGB (Liu 

et al. 2016).  

7.4.3. Effects of climate extremes on BGB:AGB ratio  

The differential effects of climate extremes on biomass partitioning were not only 

caused by the differences in sites, ecoregions and plant types but also ascribed by 

the direction (e.g., dry or wet) and timescale of climate extremes (e.g., growing-

season or annual climate events). In this study, the growing-season climate 

extremes explained the variable responses of the single-harvest BGB:AGB ratio 

across ecoregions and plant types (Figs. 7.4 & 7.5). The observed positive effects 

of growing-season extreme dry climates on single-harvest BGB:AGB of C3-

dominated grasslands in cold steppe ecoregion might be caused by an increase in 

evapotranspiration, weakening of photosynthesis and reduction in soil moisture 

under extreme dry conditions (Knapp et al. 2008; De Boeck et al. 2011). 

Conversely, although the growing-season extreme wet climates reduced the single-

harvest BGB:AGB ratio of C3 plants in cold steppe ecoregion, both the single-

harvest AGB and BGB of these grasslands tended to rise during the extreme wet 

conditions. These results suggest that extreme wet events would have positive 

effects on grassland carbon stocks in C3-dominated grasslands, which is in 

accordance with previous studies in alpine and temperate grasslands (Guo et al. 

2012). 

The grasslands in warmer ecoregions have adaptive strategies to address 

environmental stresses (Volder et al. 2010). However, excessive stress impairs the 

ability of grassland biomass partitioning, which I observed in my study for C4-

dominated grasslands. The observed higher single-harvest BGB:AGB ratio of C4-

dominated grasslands during extreme dry events highlights that C4 plants either 
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reduce AGB or enhance BGB to cope with extreme dry conditions. The decreased 

single-harvest AGB of C4 plants during the growing-season extreme dry climates 

can be explained by the weakening plant photosynthesis due to a decrease of soil 

water and increase of evapotranspiration during extreme dry events (De Boeck et 

al. 2010) and are in accordance with Kahmen et al. (2005), which reported that 

drought decreased AGB in semi-arid grasslands. Likewise, the enhanced single-

harvest BGB of C4 plants during the growing-season extreme dry climates support 

the notion that plants allocate more photosynthate to belowground to extract more 

water and maintain BGB productivity (Dai et al. 2020) by stimulating fine roots 

Luo et al. 2013). Compared with extreme wet or normal climates, a significantly 

higher single-harvest BGB:AGB ratio during the growing-season extreme dry 

climates suggests that droughts would enhance BGB of C4 plants, which may 

potentially make a contribution to the global soil carbon stocks in savanna and 

humid savanna grasslands with the expense of AGB and lowering aboveground 

functioning (Dai et al. 2020). 

7.5. Conclusions   

Variations of biomass partitioning in C3- and C4-dominated grasslands and their 

response to climatic variability and climate extremes were evaluated by the 

grassland biomass data from 7 study sites in humid temperate, cold steppe, savanna 

and humid savanna ecoregions. The single-harvest and annual BGB:AGB ratio 

varied significantly across ecoregions, with the lowest values of BGB:AGB ratio in 

savanna and the highest in cold steppe. The C3-dominated grasslands exhibited 

higher BGB:AGB ratio than the C4-dominated grasslands. Biomass of these 

grasslands responded significantly to variations in growing-season and annual 

climate variables and climate extremes, but the responses were different for the two 

plant types in four ecoregions. Specifically, the increased single-harvest BGB:AGB 

ratio of C4 plants and reduced BGB:AGB ratio of C3 plants with increasing GST 

and GSTmax suggest that C4 plants lose and C3 plants gain AGB with increased 

growing-season warming. In C4-dominated grasslands, precipitation had larger 

effects than the temperature on the annual biomass partitioning, where decreased 

annual BGB:AGB ratio of C4 plants mostly resulted from the positive associations 

between annual AGB and GSPcum. The single-harvest BGB:AGB ratio of C4-

dominated grasslands varied significantly among the growing-season climate 
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extremes. Compared to normal climates, extreme dry climates increased the 

BGB:AGB ratio of C4 plants. This result can be explained by the increase in BGB 

and decrease in AGB in C4-dominated grasslands in extreme dry events. The large 

reduction of AGB is likely to reduce ecosystem functioning and stability in C4-

dominated grasslands. But, for C3-dominated grasslands in cold steppe, the higher 

single-harvest BGB:AGB ratio during growing-season extreme dry climate resulted 

from the drought-induced loss of both AGB and BGB, suggesting the grasslands in 

this ecoregion are potentially under threat of increasing climate extremes, 

particularly under extreme droughts. This research chapter helps us to better 

understand the plant’s response to climate extremes and their adaptive strategies in 

biomass partitioning. These results have important implications for sustainable 

grassland management in relation to current climatic variability and for predicting 

the response of biomass partitioning to frequent climate extremes across C3- and 

C4-dominated grasslands in different ecoregions. 
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Chapter 8 

Conclusions 

Grassland ecosystem is one of the most extensive ecosystems in the world, which 

covers over 30% of the earth’s terrestrial surface (Thebault et al. 2014). This 

ecosystem is home to over 10 thousand grass species, stocks over 10% of the 

biosphere carbon (Nosberger et al. 2000), and provides numerous ecosystem goods 

and services (i.e., provisioning, cultural, regulating and supporting) (MEA 2005). 

However, over the recent decades, this ecosystem has been threatened by 

degradation and habitat loss caused by land-use changes, overgrazing, poor 

agricultural practices, invasive species, and continued global warming. Like the loss 

of 16% and 50 % coverage of tropical and temperate grasslands, respectively 

(IPBES 2019), grasslands in most of the global ecoregions (e.g., cold steppe and 

savanna) have also been drastically declined. Under the changing environment, the 

rise of climatic variability (e.g., precipitation and temperature; Li et al. 2018), 

intensification of climate extremes (e.g., droughts or periods of heavy rainfall; Li et 

al. 2015) and loss of biodiversity (e.g., species richness) affect grassland ecosystem 

functioning (i.e., AGB and BGB productivity; Isbell et al. 2015; Hossain et al. 

2021). The disruption of the functioning of grassland biodiversity has profound 

impacts on the stability of this ecosystem, which will accelerate biodiversity loss, 

triggers global climate change and impact human well-being by affecting this 

ecosystem’s goods and services. In the future warming climate, climatic variability 

is predicted to be stronger, the events of climate extremes are expected to be more 

frequent and intense, and loss of biodiversity is very likely to continue, posing huge 

challenges to the sustainability of ecosystems (IPCC 2021; Vicente-Serrano et al. 

2013; IPBES 2019). Given this, examinations of the responses of ecosystem 

functioning to climatic variability and climate extremes are urgently needed to 

understand the potential impacts of future rapid weather fluctuations and more 

extreme climate on ecosystems, which has long been a fundamental topic in 

ecological studies (Tilman and Downing 1994; Isblell et al. 2015; Craven et al. 

2018; Wang et al., 2021).  

Grassland biomass productivity (i.e., AGB and BGB) and its biomass partitioning 

(i.e., BGB:AGB ratio), the important indicators to monitor vegetation health, are 
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used to evaluate the functioning and stability of this ecosystem (Wang et al., 2021; 

Hossain and Li, 2020; Hossain et al., 2022), and play an important role in the global 

carbon budget (Sun et al., 2016). In order to examine how grassland productivity 

respond to climatic variability and climate extremes and how biodiversity affect 

productivity and ecosystem stability under climate extremes, grassland AGB and 

BGB data of five ecoregions of global grassland NPP database and grassland AGB 

data of a long-running biodiversity experiment in Germany were selected to address 

the following objectives: (i) to assess the relationships of single-harvest and annual 

biomass productivity and biomass partitioning with growing-season and annual 

climatic factors, respectively; (ii) to explore the spatial variation in annual and 

single-harvest biomass productivity and biomass partitioning across ecoregions and 

plant types; (iii) to examine the effects of growing-season and annual climate 

extremes on single-harvest and annual biomass productivity and biomass 

partitioning across ecoregions and plant types; and (iv) to examine the patterns of 

species richness-productivity relationships under climate extremes, and the role of 

species richness in maintaining ecosystem stability (e.g., resistance and resilience).  

8.1. Research novelty  

The scientific novelty of this thesis relies on the consideration of (i) both growing-

season and annual climatic factors, (ii) chronic press events addressing both 

growing-season and annual climate extremes of different intensities and directions 

(e.g., moderate dry, moderate wet, extreme dry and extreme wet) instead of sudden 

pulse events (e.g., manipulation of climatic factors), (iii) two plant functional types 

(i.e., C3 and C4-dominated grasslands), and (iv) a wide range of grassland 

ecoregions reflecting cold steppe, humid temperate, humid savanna, savanna, and 

temperate dry steppe ecoregions and a central European grassland (i.e., Bayreuth 

Biodiversity Experiment). The scientific uniqueness of the Bayreuth Biodiversity 

Experiment is that it allowed the chances of species to invade the neighboring plots 

instead of control experiment (e.g., removing unwanted species), avoided the 

application of fertilizers and water, and maintained consistent harvest frequency 

(twice a year) and management practices (i.e., mown twice a year after harvests). 
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8.2. Summary of key findings  

Plain language summary: Grassland biomass productivity was strongly influenced 

by the growing season climatic variability (e.g., temperature and precipitation) 

across sites, ecoregions, and plant types. Biomass partitioning was higher during 

dry climatic conditions and lower during wet climatic conditions in C3-dominated 

cold steppe grasslands and C4-dominated savanna and humid savanna grasslands. 

Biodiversity (species richness) was higher in dry climatic conditions and lower in 

normal climatic conditions in seasonal and accumulated annual harvests. Higher 

species richness enhanced an ecosystem's ability to absorb climate-induced shocks 

and thus increased its resistance against dry and wet climatic conditions. 

Biodiversity did not affect the ecosystem's recovery toward wet climatic conditions. 

Brief summary of ecosystem functioning: The response of ecosystem functioning 

(i.e., AGB and BGB) to climatic variability and climate extremes revealed that 

across all study sites, ecoregions, and plant types, growing-season climatic 

variables were found to be more important in determining single-harvest biomass 

than annual climatic variables. Single-harvest AGB increased with GSP and GST 

in cold steppe, humid temperate, and humid savanna ecoregions. GST, GSTmax, 

GSTmin had substantial favorable effects on single-harvest BGB of C3 plants in 

humid temperate and cold steppe ecoregions and C4 plants in temperate dry steppe 

and savanna ecoregions. The single-harvest biomass partitioning of C4-dominated 

grasslands increased while that of C3-dominated grasslands dropped with 

increasing GST and GSTmax. The biomass partitioning of C3-dominated cold steppe 

grasslands and C4-dominated savanna and humid savanna grasslands was higher 

(lower) during growing season dry (wet) climatic conditions than that in normal 

climatic conditions. Higher single-harvest biomass partitioning of C4-dominated 

grasslands in savanna and humid savanna were caused by a decrease (increase) of 

AGB (BGB). Droughts in the cold steppe ecoregion threaten C3-dominated 

grasslands, reducing single-harvest AGB and BGB. 

Brief summary of ecosystem stability: When ecosystem stability in response to 

climate extremes is concerned, this thesis revealed that the direction and timescale 

of climate extremes also impacted ecosystem stability. For instance, the level of 

species richness was higher in moderate and extreme dry conditions and lower in 
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normal climatic conditions regardless of seasonal harvests or accumulated annual 

harvests. For dry conditions, the relationships between species richness and AGB 

were concave-up in June harvests and unimodal in September harvests; for wet 

conditions, the relationships were negative linear in June harvests and positive 

linear in September harvests. While species richness increased ecosystem resistance 

to climate extremes of different intensities and directions, it decreased resilience 

towards all dry climatic conditions.  

A detailed summary of the results of this thesis has been discussed below, showing 

the linkage of key findings in a framework (Fig. 8.1).  

 

Fig. 8.1. Framework of the linkage of the key findings of the ecosystem functioning 

and stability in response to climatic variability and climate extremes.  

 

First, analyzing AGB data of 31 sites belonging to five ecoregions, this thesis aimed 

to assess how climatic variability and harvest frequency affect aboveground 

ecosystem functioning (AGB production) in respective ecoregions (Chapter 4). 

Temporal changes in annual AGB in five ecoregions showed different patterns, of 

which annual AGB significantly increased in humid temperate and savanna 

ecoregions, and the other three ecoregions did not show significant increasing or 

decreasing pattern. Precipitation variables (i.e., GSP, GSPcum, AP, and Pfreq) showed 

a strong influence on AGB in all ecoregions, while the effects of temperature 

variables (e.g., GST, GSTmean, and MAT) on AGB were not as strong as of 
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precipitation variables, which highlights that precipitation is the key determinant of 

AGB in all ecoregions. In order to produce more AGB from the grassland 

ecosystems, we need to know how many harvests generate maximum biomass, that 

I assessed by investigating the effects of harvest frequency on AGB in respective 

ecoregions and found that higher harvest frequencies (i.e., very intensive and 

intensive) produced higher AGB than lower harvest frequencies. Notably, harvest 

frequency increased AGB in all ecoregions as long as GSPcum and AP increased, 

which highlights that enhanced AGB can be expected under higher harvests given 

the increasing precipitation. Although it was evident from the 5 ecoregions that the 

climatic factors are the determining factors of higher AGB productivity, the role of 

species richness in AGB productivity and ecosystem stability cannot be ruled out, 

which I investigated in Chapter 5.  

Second, using a 24-year experimental dataset of grassland in Germany, I 

investigated the biodiversity-productivity relationship under different climatic 

conditions and biodiversity-stability (resistance and resilience) relationship under 

climate extremes (Chapter 5). Although higher (lower) AGB was associated with 

wet (dry) climatic conditions for both harvests and accumulated annual harvests, 

surprisingly, species richness was higher in dry climatic conditions and lower in 

wet conditions. These findings provided a new insight that wet climatic conditions 

may enhance AGB but can decrease species richness. Although dry climatic 

conditions lower AGB, it is necessary to maintain higher species richness in an 

ecosystem, because higher species richness shows complementary effects during 

dry events without harming one another, which is very important for sustaining a 

stable ecosystem. When the patterns of species richness-AGB relationships were 

considered, a concave-up (negative linear) pattern was observed for the growing-

season dry (wet) climatic conditions in June harvests, while a unimodal (positive or 

negative linear) pattern was recorded for the growing-season dry (wet) conditions 

in September harvests. These findings highlight that the growing-season climatic 

conditions are the key determinant in explaining species richness-AGB 

relationships, as I found that most of the patterns of species richness-AGB 

relationships were insignificant for the annual climatic conditions. Two important 

facets of ecological stability are ecosystem resistance to climatic extremes and 

resilience towards climate extremes, which I examined for this 24 years of 
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experiment. The findings of increasing resistance to both dry and wet climate 

extremes with increasing species richness provided the evidence of the role of 

species richness for sustainable management of grassland ecosystems in the face of 

increasing intensity and frequency of climate extremes. As the recurrent droughts 

can alter the interactions among dominant and subordinate species, the resilience of 

dominant species may decline towards dry climate extremes. In my species 

richness-resilience analysis, the decreased resilience towards dry climate extremes 

with increasing species richness highlights that a productive ecosystem may have 

either drought memory effects or shifting in dominance pattern among species 

composition or functional groups. This evidence highlights the importance of the 

examination of BGB response to climatic variability and climate extremes. As 

Bayreuth Biodiversity Experiment has no BGB dataset, I considered the global NPP 

dataset of five ecoregions to investigate the BGB response to climatic variability 

and climate extremes, which is explained in Chapter 6. 

Third, the belowground biological process is the key to opening the black box of 

terrestrial ecosystems’ carbon storage. As nearly 80% of grassland biomass is 

stored belowground, a small change in belowground ecosystem functioning (BGB 

production) would have profound impacts on global carbon stocks. Using the BGB 

dataset of 5 ecoregions, I investigated the response of total BGB (dead and live) in 

C3– and C4–dominated grasslands to climatic variability and climate extremes. 

Among the ecoregions, the highest BGB was observed in cold steppe and the lowest 

in savanna. I found that BGB was higher in C3 plants and was lower in C4 plants, 

which highlights that the C3-dominated grasslands allocate more resources to 

belowground than the C4-dominated grasslands. Unlike the significant positive 

effects of GSP on single-harvest AGB, no significant correlation was observed 

between GSP and BGB. Although all growing-season temperature variables (i.e., 

GST, GSTmax, GSTmin) had significant positive effects on respective harvest BGB 

of C3 plants in cold steppe and humid temperate, BGB of C4 plants in these two 

ecoregions decreased with increasing growing-season temperatures. Similarly, a 

significant gain of BGB of C4 plants in savanna and temperate dry steppe and a 

significant loss of BGB of C4 plants in humid savanna were associated with 

increasing GST, GSTmax, and GSTmin. These findings highlight that BGB response 

to growing-season temperature variables are not only associated with plant types, 
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but also attributed by ecoregions. Although GSP had no effects on BGB, GSPcum 

significantly increased BGB of both plant types in all ecoregions, which indicates 

that both plant types benefited from the lag-effects of wet climatic conditions in 

their BGB production. When the effects of climate extremes on BGB were 

considered, I found that single-harvest BGB of C3 plants in cold steppe and humid 

temperate ecoregions and C4 plants in savanna ecoregion showed significant 

differences among growing-season climate extreme intensities. However, no 

detectable pattern was observed for the effects of annual climate extremes on the 

annual BGB of both plants types in all ecoregions. This evidence suggests that the 

insignificant or no noticeable effects of climate extreme on BGB maybe because 

AGB of both plants types in these ecoregions responds (either benefited or affected) 

first to climate extremes, which warrant further investigation of biomass 

partitioning (i.e., BGB:AGB ratio). Although long-term observation of BGB and 

AGB data in a particular species or plant type or a community is limited, using the 

global NPP dataset, which contains only 7 sites, I studied the biomass partitioning 

of C3- and C4-dominated grasslands in four ecoregions, which has been explained 

in Chapter 7.  

Finally, the dynamics of biomass partitioning (another important indicator of 

ecosystem functioning) of C3-dominated grasslands in cold steppe and humid 

temperate and C4-dominated grasslands in savanna and humid savanna ecoregions 

were studied to assess how climatic variability and climate extremes impact 

biomass partitioning of these two plant types. Higher BGB:AGB ratio was observed 

in C3-dominated grasslands than that in C4-dominated grasslands. Among 

ecoregions, cold steppe exhibited the highest BGB:AGB ratio, while savanna 

showed the lowest BGB:AGB ratio. The increased single-harvest BGB:AGB ratio 

of C4-dominated grasslands with increasing GST and GSTmax indicates that C4 

plants will lose AGB with growing-season warming. Compared with normal 

climatic conditions, the higher single-harvest BGB:AGB ratio of C4 plants in 

growing-season extreme dry events highlights that a large reduction of AGB is 

likely to reduce the functioning and stability of the C4-dominated grasslands in 

savanna and humid savanna ecoregions. It can also be concluded that C3 plants will 

gain AGB with increasing growing-season temperatures, as BGB:AGB ratio of C3-

dominated grasslands in cold steppe and humid temperate showed decreasing trends 
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with increasing GST and GSTmax. However, extreme climatic conditions had a 

significant reduction of both AGB and BGB of this plant type in cold steppe 

ecoregion, which suggests that the C3-dominated grasslands in this ecoregion are 

potentially under threat from the increasing extreme dry climates. These results 

provide important scientific evidence that despite the observed differential response 

(positive or negative or insignificant) of AGB and BGB with climatic variability 

and climate extremes, plant biodiversity response to climatic conditions needs to 

consider the BGB:AGB ratio, as the gain of AGB (BGB) can be the results of the 

loss of BGB (AGB) or simultaneous reduction of both AGB and BGB.  

Explanations of probable mechanisms of the new findings: In terms of the effects 

of climatic conditions on species richness, I found that two harvests and annual 

species richness varied significantly between growing-season and annual climatic 

conditions for both climatic classifications, with all dry conditions exhibiting 

greater species richness than normal climatic conditions. However, it is expected 

that dry conditions lower species richness since soil moisture deficiency is related 

with decreased species recruitment and seedling establishment, but with increased 

species mortality. The possible mechanisms of this new finding could be explained 

by the fact that earlier studies employed experimental warming on a limited 

temporal scale with a narrow gradient in species richness (1 - 10), whereas my study 

demonstrated evidence of a long-run observation with a large gradient in species 

richness (1 - 30). In the long run, species may be able to evolve adaptive 

mechanisms in response to environmental stress and physiological failure, as well 

as sustain species recruitment through the establishment of species synchronization. 

Another possible mechanism could be that the species in my study are grouped into 

three functional groups, whereas previous studies were concentrated exclusively on 

grasses, grasses and legumes, or grasses and forbs combinations. Due to the 

complementary roles of distinct functional groups within a species rich-community, 

greater plant functional groups can help maintain ecological stability by 

maintaining a greater species richness during climate extremes. 

Although climate extremes are anticipated to have a detrimental effect on grassland 

BGB in arid ecoregions, I found that growing-season climate extremes showed 

greater single-harvest BGB of C4 plants in the savanna ecoregion. One possible 

mechanism for this disparity is that C4 plants are more tolerant of growing-season 
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climate extremes and devote more resources to fine root development in response 

to growing-season stress. 

Grasslands in warmer ecoregions have adapted to environmental pressures through 

a variety of strategies. However, I found that excessive stress hinders the ability of 

grassland biomass partitioning of C4-dominated grasslands. The increased 

BGB:AGB ratio observed in C4-dominated grasslands during extreme dry events 

indicates that C4 plants either lower AGB or increase BGB to deal with extreme dry 

conditions. The mechanism of decreased AGB of C4 plants in extreme dry climates 

can be explained by a weakening of plant photosynthesis caused by a decrease in 

soil water and an increase in evapotranspiration during extreme dry events. 

Similarly, the mechanism of increased BGB of C4 plants in extreme dry climates 

supports the notion that plants allocate more photosynthesizing energy to the 

belowground in order to collect more water and maintain BGB productivity via fine 

root stimulation. The mechanism of significantly higher BGB:AGB ratio during 

extreme dry climates than wet and normal conditions can be attributed to enhanced 

BGB of C4 plants with a substantial reduction of AGB. 

8.3. Research significance and contribution to knowledge 

Unravel grassland biodiversity response to climate: Understanding the response of 

grassland productivity to climatic variability and climate extremes at large 

spatiotemporal scale is required for maintaining sustainable management of 

grassland ecosystems, obtaining the stable delivery of goods and services of 

grasslands, halting the loss of terrestrial biodiversity, and protecting the nature. In 

this thesis, the long-term evidence of differential response of grassland productivity 

across ecoregions to growing-season and annual climatic variability and climate 

extremes concluded that growing-season climate is the key driver of biomass 

productivity irrespective of ecoregions and plant functional types. More 

specifically, growing-season precipitation and temperature variables and growing-

season climate extremes were crucial in explaining the variable response of biomass 

across sites, ecoregions, and plant functional types. Although a particular growing-

season climatic variability was found a strong driver in regulating biomass 

productivity, land managers and conservationists need to consider the effects of 

growing-season climate extremes on ecosystem functioning.  
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Advance the understanding of grassland biomass response to climate extremes: In 

long-run, vegetation experiences more climate events and thus a particular species 

or functional group or functional type can adapt with abrupt climatic conditions 

through complementary effects or resource partitioning. This thesis provides 

empirical evidence that the differential response of AGB productivity to climate 

extremes was not only attributed to plant diversity and functional types but also 

depended on the temporal stability of an ecosystem. These findings will be helpful 

to pastoralists in selecting plant functional types and species richness for the 

production of pasture.  

Provide new insights into the biodiversity-stability relationship: Early attempts in 

understanding the biodiversity-stability relationship were debated due to numerous 

reasons (e.g., differences in species composition, species richness and functional 

groups, duration and scale of the study, and methodological differences in the 

experimental setting). Long-run experimental observation addressing the diverse 

species composition, species richness and three common functional groups in 

Chapter 5 in this thesis provides new insights into the importance of higher species 

richness in explaining ecosystem functioning and stability, which is of practical 

implications in hay meadow production across central European grasslands.   

Evidence of adaptive mechanisms of species-rich communities under climatic 

perturbations: Despite the observed lower AGB productivity caused by different 

intensities of dry climatic conditions compared with normal and wet climatic 

conditions in the Bayreuth Biodiversity Experiment (Chapter 5), it is important to 

note that species richness was found higher in dry events than that in other climatic 

conditions. This finding suggests that in the long-run, higher species richness 

consisting of three functional groups has higher complementary effects with one 

another during drought events. One extreme drought may eliminate some species 

from the community, but over time these species can adapt the survival 

mechanisms. The findings based on short term observation of climate extremes’ 

effects on biodiversity may contradict with long-run study evidence. Thus, the study 

findings in Chapter 5 provide indication of the importance of higher species 

richness in combating climate-induced stresses.  
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Contribute to literature in biomass partitioning dynamics under climate extremes: 

The observed differential effects of climate extremes on AGB and BGB 

productivity in C3- and C4-dominated grasslands affected the biomass partitioning 

of these plants across ecoregions. The study of climate change impact on grassland 

plant biodiversity requires extensive observations addressing both AGB and BGB 

of a particular species or functional type or community over a longer period of time, 

as the gain (loss) of productivity in aboveground may be caused by loss (gain) of 

productivity in belowground. The findings reported in chapter 7 in this thesis 

contribute to existing knowledge that climate extremes significantly affect biomass 

partitioning by lowering both AGB and BGB of C3-dominated grasslands in cold 

steppe and humid temperate ecoregions and lowering AGB but enhancing BGB of 

C4-dominated grassland in savanna and humid savanna ecoregions. These findings 

is of practical implications for the pastoralists and nature conservationists in 

decision taking in sustainable management of grasslands and ecosystem restoration. 

Provide directions for climate change modelling: In case of Bayreuth Biodiversity 

Experiment, although higher species richness enhanced ecosystem stability under 

different climate extremes, all species and functional groups did not respond 

equally in different intensities and directions of climate extremes. For instance, 

some species responded positively to dry (wet) events but negatively to wet (dry) 

events, and some other species responded either positively or negatively to both 

climatic directions. Even the differential response of species richness to biomass 

productivity between two harvests (i.e., June and September). The findings of this 

long-run experiment emphasis the importance of future studies on the modelling of 

species-level response under global warming scenarios. Predicting the response of 

grasslands species is inevitable to understand which particular species or level of 

species richness will be responding better under different climate change scenarios. 

Apart from land-use change, over grazing and species invasion, the sustainable 

management of grassland ecosystems under increasing frequency and intensity of 

climate change lies on the appropriate selection of species, gradient of species 

richness and functional groups.  

Contribution to the sustainable grassland management: A comprehensive study of 

grassland ecosystems addressing the key determinants of its functioning and 

stability is critical to sustainable management of the ecosystems and to stable 
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delivery of ecosystem goods and services. A wide range of controlling factors 

(growing-season and annual climatic variability and extremes, large gradient of 

species richness, high species composition, two plant functional types and three 

plant functional groups, large spatio-temporal scales, consistent management 

practices) considered in this thesis provide new insights in sustainable management 

of grassland ecosystems (Fig. 8.2). Based on the findings of this thesis, I proposed 

nine guiding principles (Fig. 8.2), which can be seen as sustainable management of 

grassland ecosystems in different geographical regions. These guiding principles 

include:  

i) Long-term plan: Long-term planning is a prerequisite for maintaining sustainable 

delivery of grassland ecosystems goods and services. In short-run, the productivity 

of an ecosystem may be declined during an extreme climatic condition, while in the 

long-run, species can develop resource use strategies in a changing climate and 

maintain its productivity.   

ii) Species selection: Productive and dominant species may provide higher 

productivity during normal climatic conditions, but a short fluctuation of climatic 

conditions may severely decline the productivity of the dominant species. Thus a 

combination of productive and subordinate species is seen as an important feature 

of sustainable management of an ecosystem. This is because both dominant and 

subordinate species have complementarity effects with one another and can 

maintain productivity during climatic variability.  

iii) Functional groups: Diverse plant functional groups play different roles in an 

ecosystem. For example, some species (e.g., Trifolium pretense, and Vicia cracca) 

belonging to functional group legume respond better to dry climatic conditions, 

while the productivity of these species is affected during normal and wet climatic 

conditions due to strong competition with other species belonging to functional 

group grasses (e.g., Holcus lanatus, Festuca rubra, and Anthoxanthum odoratum) 

and functional group herbs (e.g., Plantago lanceolata, and Ranunculus acris). 

Considering the increasing frequency and intensity of climate extremes in the 

future, several functional groups need to be taken into consideration for ensuring 

better ecosystem functioning and stability.  
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iv) Species composition: Land managers need to consider the wide range of species 

composition from the native species pool. A wide range of species composition 

provides a better opportunity to establish a stable ecosystem. 

v) Gradient of species richness: Species-rich communities (e.g., > 20 species 

belonging to several functional groups) have been found more stable than species-

poor communities (e.g., 1-8 species belonging to either one or two functional 

groups) during climatic perturbations. Thus greater species richness can be 

considered an important feature of grassland ecosystems stability.  

vi) Management practices: Depending on soil physico-chemical properties, 

different management practices (e.g.,fertilization and weeding) have been taken 

into consideration across different grasslands in the world. In long-run grassland 

ecosystems, fertilization and weeding may not require, as in Bayreuth Biodiversity 

Experiment and at sites across five ecoregions, no fertilization and weeding 

practices were applied.  

vii) Harvest frequency: Based on growing season of sites, a higher AGB harvest 

frequency may be adopted given the increasing precipitation. However, excessive 

harvest frequency may jeopardize the stability of an ecosystem in the long-run, as 

BGB in colder regions has been found affected by extreme dry climatic conditions. 

Therefore, the conventional harvest frequency (e.g., 2 harvests in the Bayreuth 

experiment represents the traditional management practices of hay meadow 

production in central European grasslands) is ideal unless other management 

practices are initiated (e.g., application of fertilization, watering, no mowing and 

cultivation of only highly productive species).  

viii) Mowing: Mowing of land after harvest is essential to maintain the herbaceous 

nature of the grasslands. Because without periodic mowing, grasslands will turn 

into shrublands. Mowing helps maintain the diversity of the plant species, as 

without mowing, subordinate species will disappear due to competitive exclusion 

(i.e., only dominant species and highly productive species dominate the 

community).  

ix) Climatic variability and extremes: Growing-season climatic variability and 

extremes need to be taken into consideration, as growing-season climates have been 
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found the key determinants in regulating ecosystem functioning across ecoregions 

and Bayreuth Biodiversity Experiment. Additional management practices (e.g., 

watering) can be adopted after a drought event, as drought has memory effects 

which can reduce the productivity in subsequent harvests. Thus, the application of 

water during a growing season after an extreme dry event will help maintain 

adequate soil moisture, which can buffer the drought memory effects on ecosystem 

functioning.  

 

Fig. 8.2. Key determinants (top panel) of lowering of ecosystem functioning and 

stability and proposed guiding principles (bottom panel) of sustainable 

management of grassland ecosystems in response to increasing climatic variability 

and climate extremes. 

8.4. Study limitations 

Number of site: This thesis comprises AGB data of 31 sites and total BGB (dead 

and live) of 15 sites from five ecoregions (i.e., cold steppe, humid temperate, humid 

savanna, savanna, and temperate dry steppe) and biomass partitioning data of 7 sites 

from these ecoregions, except temperate dry steppe ecoregion. Although 

considering the number of sites in each ecoregion, the study of AGB can represent 
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respective ecoregion (i.e., 6 sites in cold steppe, 6 sites in humid temperate, 7 sites 

in humid temperate, 4 sites in savanna, and 8 sites in temperate dry steppe), the 

number of sites in some ecoregions for total BGB (e.g., 2 sites in cold steppe and 2 

sites in temperate dry steppe), and biomass partitioning (e.g., 1 site in savanna) may 

not sufficiently represent the respective ecoregion. This is because compared with 

multi-site ecoregion, the response of biomass to climatic factors of single or double 

site (s) ecoregion may overrate or underrate the findings. Thus, it would be better 

to consider multiple sites in each ecoregion to better represent the respective 

ecoregion.  

Temporal coverage: Temporal scale of the ecoregions varied widely, ranging from 

3 years at a site in humid temperate ecoregion to 10 years in most sites in savanna 

and cold steppe ecoregions. Long-term AGB and BGB observations across 

multiples sites in different ecoregions are important to advance our study 

understanding, as in the long-run experiment, plants will experience more climate 

events and may have adaptive response mechanisms in their biomass productivity. 

For short-term observations (e.g., 1-2 years), it is less likely to get annual extreme 

events and thus one cannot assess the impact of annual climate extremes on 

grassland productivity. For instance, for short temporal scales, I found the number 

of climate extremes conditions for growing-season climate conditions but none for 

annual climate conditions in humid temperate. Thus, consideration of a longer 

temporal study is of importance to assess the impact of annual climate extremes on 

annual biomass productivity.  

Harvest frequency: Harvest frequency differed among the sites and ecoregions due 

to the length of the plant’s growing-season. For example, in cold steppe and humid 

temperate ecoregions, harvest frequency ranges between 6 and 8 times a year, while 

in savanna and humid savanna ecoregions, biomass was harvested every month in 

a year. Climatic conditions of a harvest may have time-lag effects on the next 

harvests, and thus a harvest biomass may be affected by or benefit from climatic 

conditions of the previous harvest.  

Impact of harvest: In higher biomass harvest sites, the frequent harvest of biomass 

may have a substantial influence on soil carbon allocation. This is because the net 

balance of soil carbon is dependent on high rates of detrital inputs and respiratory 
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losses. These two combindly accounts for a substantial annual turnover in the soil 

carbon pool. The excessive harvest frequency of biomass can have a significant 

impact on ecosystem functioning by affecting the rates of terrestrial organic inflows 

and respiratory releases in soils. Therefore, although AGB productivity across 

ecoregions increased with increasing harvest frequency given the increasing 

precipitation, intensive harvests may significantly affect the BGB productivity, 

which may bias the findings of the relationships of BGB and climatic variables. 

However, for Bayreuth Biodiversity Experiment, the harvest of AGB was followed 

traditional management practices (i.e., biomass cut twice a year) in hay meadow 

production in central European grasslands, thus considered as standard harvest 

frequency.  

Biomass damage: In August 2001, some plots in Bayreuth Biodiversity Experiment 

were partly damaged by sheep. Thus, AGB in these plots in September harvests in 

2001 was partly lower than that in unaffected plots.  

8.5. Future research directions  

Based on the findings and limitations in this thesis, I have identified some 

knowledge gaps which can be considered as future research openings in the field of 

grassland plant ecology and climate research. 

Consideration of other climate extremes: Despite the important scientific evidence 

of the impact of different intensities (e.g., moderate or extreme) of dry and wet 

climatic conditions on grassland biomass productivity reported in this thesis, future 

research needs to consider other kinds of climatic extremes (e.g., heat waves, hail 

storms and late frost), as the intensity and frequency of these kinds of extreme 

events are highly likely to increase in the future. Thus, the examination of the 

combined effects of different climate extremes (i.e., extreme dry × heatwave, or 

extreme dry × hail storms) on grassland productivity will advance our 

understanding of the ecosystem functioning and stability under multiple climate 

extreme events at a given time.   

Examination of functional groups and species-specific response to climatic 

conditions: Although in this thesis, I showed how two plant functional types (i.e., 

C3 and C4 plants) across ecoregions respond to the growing-season and annual 
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climatic variability and climate extremes (Chapters 4, 6, and 7), it is also vital to 

examine how plant functional groups (e.g., grass, herb and legume) in an ecoregion 

respond to climatic conditions of different stages of plant growth (early, mid, or late 

growing-season). In this thesis, it is not identified what level of and which 

functional groups existed in each plant type, as the global NPP dataset used in this 

thesis did not differentiate the biomass data based on functional groups rather the 

data were grouped based on community biomass (i.e., plot-wise biomass) in the 

respective harvest. Investigation of functional groups’ response to climatic 

conditions is of importance because functional groups have complementarity 

effects among each other during climate-induced stresses. Despite strong evidence 

from a long-running grassland biodiversity experiment (Chapter 5) of the 

importance of species richness in maintaining functioning and stability, it is 

important to examine species-specific productivity response to climate extremes in 

order to understand which particular species shows higher resistance (i.e., absorb 

different intensities of perturbations and maintain productivity) and which species 

shows higher resilience (i.e., recover faster in its productivity towards an event), 

which will be an important scientific evidence for the land managers, plant 

ecologists and conservationist for biodiversity conservation and ecosystem 

management. 

Investigation of functional traits dynamics to climate extremes: Although this thesis 

showed the effects of climatic variability and climate extremes on biomass 

partitioning C3- and C4-dominated grasslands of four ecoregions (Chapter 7), it 

would be critical to investigate plant functional trait dynamics under climate 

change. This is because plant functional traits (e.g., specific leaf area and specific 

root length), the key features of how a species responds to its environment, have 

been considered a powerful approach to answering ecological questions related to 

how community properties maintain ecosystem stability by partitioning its 

productivity between above- and below-ground under fluctuations of weather 

conditions, and what are the underlying mechanisms of species-specific trait 

variation under climate-induced stresses. Consideration of both root and shoot traits 

of plant in a particular species composition (identify of species) or functional type 

(i.e., C3 or C4 plants) of grassland vegetation is critical to advance our 

understanding of plant trait dynamics in response to climatic variability. This is 
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because plant species generally tend to have conservative trait syndromes (e.g., 

larger root diameter and lower leaf thickness) under resource scarce environments 

and acquisitive trait syndromes (e.g., higher specific root length and higher specific 

leaf area) under resource abundant conditions. 

Examination of niche differentiation dynamics in species-rich communities: In this 

thesis, although a detailed examination of how different levels of species richness 

(ranges from 1 to 30) in diverse species composition (over 100 species in the 

experiment) respond to climatic perturbations (Chapter 5) was made, future efforts 

addressing how different species and functional groups in a particular plot coexist 

(niche differentiation) in resource scarce conditions can be seen as a research 

frontier for finding productive species composition, richness and functional 

diversity under climatic fluctuations. This is because niche differentiation among 

co-occurring species is an important ecological facet used to explain how species 

coexist despite the resource competition among different species in a community 

of different species richness and functional groups. Although higher species 

richness representing three functional groups maintains ecosystem functioning and 

stability through establishing resource partitioning mechanisms, the driving factors 

of niche differentiation dynamics of how a particular species shapes its niche in a 

diverse assemblage of species composition and functional groups and wider species 

richness can be seen as future research gaps and warrant exploration.  
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 Appendices  

 

Fig. A1. Pairwise comparisions of the single-harvest (a) and annual (b) 

belowground biomass (BGB) between ecoregions. Abbreviations: cold steppe (CS), 

humid savanna (HS), humid temperate (HT), savanna (S), and temperate dry steppe 

(TDS).  

 

Fig. A2. Pairwise comparisions of the single-harvest belowground biomass (BGB) 

between climate extreme intensities for C3 plants in the cold steppe (a), humid 

temeprate (b) and savanna (c), and C4 plants in humid savanna (d), humid temperate 

(e), and savanna (f) ecoregions. Abbreviations: extreme wet (EW), moderate wet 

(MoW), normal (Nor), moderate dry (MoD), and extreme dry (ED).  
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Fig. A3. Effects of growing-season climate extreme direction on single-harvest 

BGB of C3 plants in cold steppe (a), humid temperate (b) and savanna (c) 

ecoregions. Significance level of single-harvest belowground biomass (BGB) 

among climate extreme directions was examined by ANOVA p using pairwise 

comparisons. The values on horizontal solid lines indicate the significance of the 

difference between two directions (e.g., wet and dry). Horizontal dash lines indicate 

the BGB base-mean of all directions. The symbol ‘ns’ on top of the box represents 

the difference between the mean BGB of the respective direction and the base-mean 

is insignificant. Solid lines and circles in the boxes indicate the median and mean, 

respectively. The boxes indicate the first and third quartiles. Y-axis is logarithmic.  

 

 

Fig. A4. The same as Fig. A3, but for the C4 plants in humid savanna (a), humid 

temperate (b) and savanna (c) ecoregions. 
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Fig. A5. The same as Fig. A3, but for the effects of growing-season climate extreme 

direction on single-harvest belowground biomass (BGB) of C3 plants at site level 

in cold steppe (a, b), humid temperate (c, d) and savanna (e) ecoregions. Site’s full 

name and country in the respective ecoregion are given in Table 3.1. 

 

 

Fig. A6. The same as Fig. A3, but for the effects of growing-season climate extreme 

direction on single harvest belowground biomass (BGB) of C4 plants at site level in 

humid savanna (a-e), humid temperate (f) and savanna (g & h) ecoregions. Site’s 

full name and country in the respective ecoregion are given in Table 3.1. 
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Fig. A7. Response of annual belowground biomass (BGB) of C3 and C4 plants to 

mean maximum annual temperature (a), mean minimum annual temperature (b) in 

12 sites under 4 ecoregions. Points represent the annual BGB values of plant types 

in respective sites and ecoregions. As 3 sites (1 in cold steppe and 2 in temperate 

dry steppe ecoregions) had only one year data, we excluded these sites from the 

linear mixed-effects analysis. Points represent annual BGB values of plant types in 

respective sites and ecoregions. Lines represent mixed-model fits between the 

annual BGB and climate variables for each site. Site’s full name and country in the 

respective ecoregion are given in Table 3.1.  
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Fig. A8. Differences among the Pearson’s correlation coefficients of the 

relationships between the climate variables and the single-harvest and annual BGB 

in cold steppe (a), humid savanna (b), humid temperate (c), savanna (d), and 

temperate dry steppe (e) ecoregions. Abbreviations: growing-season maximum 

temperature (GSmaxT), growing-season minimum temperature (GSminT), growing-

season temperature (GST), growing-season mean temperature (aGST), mean annual 

temperature (MAT), mean maximum annual temperature (maxAT), mean minimum 

annual temperature (minAT), growing-season precipitation (GSP), cumulative 

growing-season precipitation (GSPcum), and annual precipitation (AP). 
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Fig. A9. Effects of annual climate extreme intensity on annual belowground 

biomass (BGB) of C3 plants in cold steppe (a) and humid temperate (b) ecoregions. 

Significance level of the annual BGB among climate extreme intensities was 

examined by ANOVA p using pairwise comparisons. The values on horizontal solid 

lines indicate the significance of the difference between climate extreme intensities 

(e.g., extreme dry and moderate dry). Horizontal dash lines indicate the BGB base-

mean (i.e., mean of all intensities). The symbol ‘ns’ on top of the box represent the 

difference between the mean BGB of respective intensity and the base-mean is 

insignificant. Solid lines and circles in the boxes indicate the median and mean, 

respectively. The boxes indicate the first and third quartiles. Y-axis is logarithmic. 

  

 

Fig. A10. The same as Fig. A9, but for the effects of annual climate extreme 

intensity on annual belowground biomass (BGB) of C4 plants in humid savanna (a) 

and savanna (b) ecoregions.  
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Fig. A11. The same as Fig. A9, but for the effects of annual climate extreme 

direction on annual belowground biomass (BGB) of C3 plants in humid temperate 

(a & b) and cold steppe (c), and C4 plants in humid savanna (d-g) and savanna (h & 

i) ecoregions. Site’s full name and country in the respective ecoregion are given in 

Table 3.1. 
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Fig. A12. Boxplots of single-harvest aboveground biomass (AGB) and 

belowground biomass (BGB) across ecoregions (a & b) and dominant plant types 

(c & d). The significance of the differences of biomass among the ecoregions and 

plant types was examined by one-way ANOVA. Asterisks (***) on horizontal solid 

lines indicate the significance of the differences (p < 0.001) between two 

ecoregions, and the ‘ns’ indicates the differences of biomass between the 

ecoregions were insignificant. Whiskers indicate the 95% confidence intervals. 

Solid lines in boxplots represent medians and dashed lines represent the mean 

values of all ecoregions and plant types. The p value on the boxplots represent the 

significance of the differences of biomass among the ecoregions and plant types. 
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Fig. A13. The same as Fig. A12, but for the annual aboveground biomass (AGB) 

and belowground biomass (BGB) across ecoregions (a & b) and dominant plant 

types (c & d).  
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Fig. A14. Response of single-harvest BGB:AGB ratio (a), AGB (b), and BGB (c) 

of C3- and C4-dominated grasslands to the growing-season maximum temperature 

(GSTmax) across ecoregions. Points represent the single-harvest biomass 

partitioning, AGB and BGB values in respective plant type, site and ecoregion. Line 

indicates regression trend of linear method in non-parametric regression analysis. 

The r value shows the Pearson’s correlation of single-harvest BGB:AGB ratio, 

AGB, and BGB with the respective GSTmax. Band shows the changes in single-

harvest BGB:AGB ratio, AGB, and BGB with 95% confidence interval at each site 

in respective ecoregion.  
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Fig. A15. The same as Fig. A14, but for the response of single-harvest BGB:AGB 

ratio (a), AGB (b), and BGB (c) to the growing-season minimum temperature 

(GSTmin).  
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Fig. A16. The same as Fig. A14, but for the response of annual BGB:AGB ratio (a 

& b), AGB (c & d), and BGB (e & f) of C3- and C4-dominated grasslands to the 

mean annual temperature (MAT).    
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Fig. A17. The same as Fig. A14, but for the response of annual BGB:AGB ratio (a 

& b), AGB (c & d), and BGB (e & f) of C3- and C4-dominated grasslands to the 

mean annual maximum temperature (MATmax).   

 

Fig. A18. The same as Fig. A14, but for the response of annual BGB:AGB ratio (a 

& b), AGB (c & d), and BGB (e & f) of C3- and C4-dominated grasslands to the 

mean annual minimum temperature (MATmin).   
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Fig. A19. The same as Fig. A14, but for the response of single-harvest AGB (a) and 

BGB (b) to the growing-season precipitation (GSP), and annual AGB (c) and BGB 

(d) to the cumulative growing-season precipitation (GSPcum).   

 

Fig. A20. The same as Fig. A14, but for the response of annual BGB:AGB ratio 

(a), AGB (b), and BGB (c) to the annual precipitation (AP).  
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Fig. A21. Effects of growing-season climate events on the single-harvest 

BGB:AGB ratio, AGB, and BGB of C3-dominated grasslands at two sites (KRS: a-

c, and OTR: d-f) in humid temperate ecoregion. Significance difference of single-

harvest BGB:AGB ratio, AGB, and BGB between climate events was examined by 

the t test. The values on horizontal solid lines indicate the significance of the 

difference between climate events (e.g., extreme wet and extreme dry). Asterisks 

(*) on top of box represent significant differences of biomass compared to their 

base-mean, and the symbol ‘ns’ indicates non-significant effect. Horizontal dash 

lines indicate the biomass base-mean (i.e., mean of extreme and normal climates). 

The boxes indicate the first and third quartiles and whiskers the 95% confidence 

intervals. Solid lines and circles in the box indicate the median and mean, 

respectively.  
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Fig. A22. The same as Fig. A21, but for the effects of annual climate events on 

annual BGB:AGB ratio, AGB, and BGB of C3-dominated grasslands at 2 sites 

(SHR: a-c, and TMG: d-f) in cold steppe and at 2 sites (KRS: g-i, and OTR: j-l) in 

humid temperate ecoregions.  
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Fig. A23. The same as Fig. A21, but for the effects of annual climate events on 

annual BGB:AGB ratio, AGB, and BGB of C4-dominated grasslands at 2 sites 

(KLN: a-c, and MNT: d-f) in humid savanna and at 1 site (NRB: g-i) in savanna 

ecoregions. 
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Table A1. Pairwise comparisons of AGB between the climatic conditions 

categorized according to a 5-class climatic conditions classification for the June 

harvests (a), September harvests (b), and accumulated annual harvests (c). The 

AGB differences between each pair are given and the corresponding p values of the 

comparisons were obtained using post-hoc Tukey’s HSD test.  

Climatic extreme intensity (a) June 

harvests 

(b) 

September 

harvests 

(c) 

Accumulated 

annual harvests 

p-value 

Moderate wet-extreme wet 0.006 ** <0.001 *** NS 

Normal-extreme wet <0.001 *** <0.001 *** <0.001 *** 

Moderate dry- extreme wet <0.001 *** <0.001 *** 0.001 ** 

Extreme dry- extreme wet <0.001 *** <0.001 *** <0.001 *** 

Normal-moderate wet 0.002 ** 0.005 ** NS 

Moderate dry-moderate wet <0.001 *** <0.001 *** NS 

Extreme dry- moderate wet <0.001 *** <0.001 *** <0.001 *** 

Moderate dry-normal <0.001 *** 0.002 ** NS 

Extreme dry-normal <0.001 *** <0.001 *** <0.001 *** 

Extreme dry-moderate dry NS <0.001 *** <0.001 *** 

*p < 0.05; **p < 0.01; ***p < 0.001; NS indicates p > 0.05 

Table A2. The same as Table A1, but for the 7-class climatic conditions 

classification.  

Climatic extreme intensity (a) June 

harvests 

(b) September 

harvests 

(c) Annual 

p-value 

Moderate wet-extreme wet NS <0.001  *** NS 

Slight wet-extreme wet <0.01  ** <0.001  *** <0.001  *** 

Normal-extreme wet <0.001  *** <0.001  *** NS 

Mild dry-extreme wet <0.001  *** <0.001  *** NS 

Moderate dry-extreme wet <0.001  *** <0.001  *** <0.001  *** 

Extreme dry-extreme wet <0.001  *** <0.001  *** <0.001  *** 

Slight wet-moderate wet <0.001  *** <0.05 * <0.001  *** 
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Climatic extreme intensity (a) June 

harvests 

(b) September 

harvests 

(c) Annual 

p-value 

Normal-moderate wet <0.001  *** NS NS 

Mild dry-moderate wet <0.001  *** <0.05 * NS 

Moderate dry-moderate wet <0.001  *** <0.001  *** <0.001  *** 

Extreme dry-moderate wet <0.001  *** <0.001  *** <0.001  *** 

Normal-slight wet <0.05  * <0.001  *** <0.001  *** 

Mild dry- slight wet <0.01  ** NS <0.001  *** 

Moderate dry-slight wet <0.001 *** <0.001  *** <0.01 ** 

Extreme dry-slight wet <0.05 * <0.001  *** <0.05 * 

Mild dry-normal NS <0.001  *** NS  

Moderate dry-normal <0.001 *** <0.001  *** <0.001  *** 

Extreme dry-normal NS <0.001  *** <0.001  *** 

Moderate dry-mild dry <0.001 *** <0.001  *** <0.001  *** 

Extreme dry-mild dry NS <0.001  *** <0.001  *** 

Extreme dry-moderate dry <0.05 * <0.05 * > NS 

*p < 0.05; **p < 0.01; ***p < 0.001; NS indicates p > 0.05 

Table A3. Pairwise comparisons of species richness between the climatic 

conditions categorized according to a 5-class climatic conditions classification for 

the June harvests (a), September harvests (b), and accumulated annual harvests (c). 

The species richness differences between each pair were given and the 

corresponding p values of the comparisons were obtained using post-hoc Tukey’s 

HSD test.  

Climatic extreme intensity (a) June 

harvests 

(b) September 

harvests 

(c) Annual 

p-value 

Moderate wet-extreme wet < 0.001 *** < 0.001 *** < 0.001 *** 

Normal-extreme wet < 0.001 *** < 0.001 *** < 0.001 *** 

Moderate dry- extreme wet NS < 0.001 *** < 0.001 *** 

Extreme dry- extreme wet NS < 0.001 *** < 0.001 *** 

Normal-moderate wet NS < 0.001 *** < 0.01 ** 
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Climatic extreme intensity (a) June 

harvests 

(b) September 

harvests 

(c) Annual 

p-value 

Moderate dry-moderate wet < 0.001 *** < 0.001 *** < 0.001 *** 

Extreme dry- moderate wet < 0.001 *** NS < 0.001 *** 

Moderate dry-normal < 0.001 *** < 0.001 *** < 0.001 *** 

Extreme dry-normal < 0.001 *** < 0.001 *** < 0.001 *** 

Extreme dry-moderate dry NS < 0.001 *** < 0.001 *** 

*p < 0.05; **p < 0.01; ***p < 0.001; NS indicates p > 0.05 

 

Table A4. The same as Table A3, but for the 7-class climatic conditions 

classification.  

Climatic extreme intensity (a) June 

harvests 

(b) September 

harvests 

(c) Annual 

p-value 

Moderate wet-extreme wet < 0.001 *** < 0.001 *** < 0.001 *** 

Slight wet-extreme wet < 0.001 *** < 0.001 *** < 0.001 *** 

Normal-extreme wet < 0.001 *** < 0.001 *** < 0.001 *** 

Mild dry-extreme wet NS < 0.001 *** < 0.001 *** 

Moderate dry-extreme wet NS < 0.001 *** < 0.001 *** 

Extreme dry-extreme wet NS < 0.001 *** < 0.001 *** 

Slight wet-moderate wet < 0.01 ** NS < 0.001 *** 

Normal-moderate wet NS < 0.001 *** < 0.001 *** 

Mild dry-moderate wet < 0.001 *** < 0.001 *** NS 

Moderate dry-moderate wet < 0.001 *** < 0.001 *** < 0.001 *** 

Extreme dry-moderate wet < 0.001 *** NS NS 

Normal-slight wet NS < 0.001 *** NS 

Mild dry- slight wet < 0.001 *** < 0.001 *** < 0.001 *** 

Moderate dry-slight wet < 0.01 ** < 0.001 *** < 0.001 *** 

Extreme dry-slight wet < 0.01 ** NS < 0.001 *** 

Mild dry-normal < 0.001 *** < 0.001 *** < 0.001 *** 
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Climatic extreme intensity (a) June 

harvests 

(b) September 

harvests 

(c) Annual 

p-value 

Moderate dry-normal < 0.001 *** < 0.001 *** < 0.001 *** 

Extreme dry-normal < 0.001 *** < 0.001 *** < 0.001 *** 

Moderate dry-mild dry < 0.001 *** < 0.01 ** < 0.001 *** 

Extreme dry-mild dry < 0.001 *** < 0.001 *** NS 

Extreme dry-moderate dry NS < 0.001 *** < 0.001 *** 

*p < 0.05; **p < 0.01; ***p < 0.001; NS indicates p > 0.05 

Table A5. Adjusted p values of Tukey’s HSD post hoc test for pairwise 

comparisons of the single-harvest and annual BGB in five ecoregions. 

Pairwise comparisons  p- value 

Single-harvest BGB Annual BGB 

Humid savanna vs. cold steppe < 0.001 *** 0.255 

Humid temperate vs. cold steppe < 0.001 *** 0.233 

Savanna vs. cold steppe < 0.001 *** < 0.001 *** 

Temperate dry steppe vs. cold steppe < 0.001 *** 0.992 

Humid temperate vs. humid savanna 0.328 0.995 

Savanna vs. humid savanna < 0.001 *** < 0.01 ** 

Temperate dry steppe vs. humid savanna < 0.001 *** 0.903 

Savanna vs. humid temperate < 0.001 *** 0.055 

Temperate dry steppe vs. humid temperate < 0.001 *** 0.844 

Temperate dry steppe vs. savanna < 0.001 *** 0.093 
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Table A6. The p values of the Pearson’s coefficients between the single-harvest 

BGB of C3 plants and bioclimatic variables. The symbol ‘ns’ represents the 

Pearson’s correlation between the variables is insignificant. Abbreviations: single-

harvest belowground biomass (BGB), ecoregion (ER), growing-season maximum 

temperature (GSmaxT), growing-season minimum temperature (GSminT), growing-

season temperature (GST), growing-season precipitation (GSP). 

  ER Site GSmaxT GSminT GST GSP CEintensity 

BGB < 0.001 < 0.01 < 0.05 < 0.05 < 0.05 ns ns 

 ER < 0.001 < 0.05 < 0.01 < 0.05 ns ns 

  Site < 0.05 < 0.05 < 0.05 ns ns 

   GSmaxT < 0.001 < 0.001 ns < 0.05 

    GSminT < 0.001 ns < 0.05 

     GST ns < 0.05 

      GSP < 0.05 

 

Table A7. The p values of the Pearson’s coefficients between the single-harvest 

BGB of C4 plants and bioclimatic variables. The symbol ‘ns’ represents the 

Pearson’s correlation between the variables is insignificant. Abbreviations are 

given in Table A6.   

 ER Site GSmaxT GSminT GST GSP CEintensity 

BGB < 0.01 < 0.05 ns < 0.05 < 0.05 < 0.05 < 0.01 

 ER < 0.01 < 0.05 < 0.05 < 0.05 < 0.05 ns 

  Site < 0.01 < 0.01 < 0.01 < 0.01 ns 

   GSmaxT < 0.001 < 0.001 < 0.001 < 0.01 

    GSminT < 0.001 < 0.001 < 0.01 

     GST < 0.001 < 0.01 

      GSP < 0.01 
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Table A8. Fixed effects test for the linear mixed-effects models of single-harvest 

BGB of C4 plants response to the growing-season precipitation, ecoregion, and their 

interactions. 

Fixed effects t-value p-value 

Growing-season precipitation -2.977 0.003 ** 

Ecoregion  1.058 0.352 

Growing-season precipitation × Ecoregion 2.218 0.027 * 

*p < 0.05; **p < 0.01; ***p < 0.001 

Table A9. Combined effects of growing-season climate variables on single-harvest 

BGB of C3 and C4 plants across ecoregions. The symbol ‘ns’ represents the 

combined effects the variables on respective single-harvest BGB of C3 and C4 

plants is insignificant. Abbreviations are given in Fig. A8. 

Interactions of 

fixed effects 

Cold 

steppe 

Humid 

savann

a 

Humid temperate Savanna Temperate 

dry steppe 

C3 C4 C3 C4 C3 C4 C3 C4 

GST × GSmaxT 0.014 * ns < 0.001 

*** 

< 0.001 *** ns ns ns 0.002 

** 

GST × GSminT 0.018 * ns ns < 0.001 *** ns 0.00

7 ** 

ns ns 

GST × dry event 0.009 ** ns 0.014 * < 0.001 *** ns ns ns ns 

GSmaxT × dry 

event 

0.008 ** ns 0.039 * < 0.001 *** ns ns ns ns 

GSminT × dry 

event 

0.004 ** ns ns < 0.001 *** ns 0.00

4 ** 

ns ns 

GST × GSmaxT × 

dry event 

0.013 * ns ns < 0.001 *** ns ns ns ns 

GST × GSminT ×  

dry event 

ns ns ns < 0.001 *** ns ns ns ns 

GST × GSP  ns ns ns 0.004 ** ns ns ns ns 

GSP × dry event ns ns ns ns 0.00

2 ** 

ns ns ns 

GSP × GSmaxT 0.034 * ns 0.039 * 0.012 * ns ns ns ns 

GSP × GSminT ns ns ns 0.004 ** 0.00

9 ** 

ns ns ns 

GSmaxT × GSminT ns 0.011 * ns ns ns ns ns ns 

*p < 0.05; **p < 0.01; ***p < 0.001; ns = p > 0.05 
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Table A10. Adjusted p values of Tukey’s HSD pairwise comparisons of growing-

season climate extreme intensities  for the single-harvest BGB of C3 plants in cold 

steppe (a), humid temperate (b) and savanna (c), and C4 plants in humid savanna 

(d), humid temperate (e) and savanna (f) ecoregions. The symbol ‘NA’ represents 

no pair is obtained for the selected variables in respective ecoregions. 

Pairwise comparisons of 

Tukey’s HSD test  

p- value for C3 plants p- value for C4 plants 

Cold 

steppe 

Humid 

temperat

e 

Savann

a 

Humid 

savann

a 

Humid 

temperat

e 

Savan

na 

Moderate wet–extreme 

wet 

<0.05* 0.474 NA 0.997 NA 0.506 

Normal–extreme wet 0.989 0.108 0.382 0.486 NA 0.335 

Moderate dry–extreme 

wet 

0.965 0.947 NA 0.979 NA <0.05* 

Extreme dry–extreme wet 0.966 0.810 0.418 0.987 NA 0.838 

Normal–moderate wet <0.05* < 0.05* NA 0.690 0.949 1.000 

Moderate dry–moderate 

wet 

0.141 0.225 NA 0.905 0.991 0.501 

Extreme dry–moderate 

wet 

0.076 0.870 NA 0.998 0.981 0.125 

Moderate dry–normal 0.996 0.381 NA 0.215 0.992 0.332 

Extreme dry–normal 0.876 <0.0 ** 0.786 0.974 0.617 0.064 

Extreme dry–moderate 

dry 

0.832 0.342 NA 0.883 0.851 <0.01*

* 

*p < 0.05; **p < 0.01; ***p < 0.001 

 

Table A11. The p values of the Pearson’s coefficients between the annual BGB of 

C3 plants and the bioclimatic variables. The symbol ‘ns’ represents the Pearson’s 

correlation between the variables is insignificant. Abbreviations are given in Fig. 

A5.  

 ER Site GSPcum AP aGST MAT maxAT minAT CEint. 

BGB <0.001 < 0.01 < 0.01 < 0.001 < 0.01 <0.001 < 0.001 < 0.001 ns 

 ER < 0.001 < 0.001 < 0.001 < 0.01 <0.001 < 0.001 < 0.001 ns 

  Site < 0.01 < 0.001 < 0.05 < 0.01 < 0.01 < 0.001 <0.001 

   GSPcum < 0.01 < 0.05 < 0.05 < 0.05 < 0.01 ns 

    AP < 0.01 <0.001 < 0.001 < 0.001 ns 

     aGST <0.001 < 0.001 < 0.01 ns 

      MAT < 0.001 < 0.001 ns 

       maxAT < 0.001 ns 

        minAT ns 
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Table A12. The p values of the Pearson’s coefficients between the annual BGB of 

C4 plants and the bioclimatic variables. The symbol ‘ns’ represents the Pearson’s 

correlation between the variables is insignificant. Abbreviations are given in Fig. 

A5.  

 ER Site GSPcum AP aGST MAT maxAT minAT CEint. 

BGB ns ns < 0.05 ns ns ns ns ns ns 

 ER <0.001 < 0.001 < 0.001 < 0.001 < 0.01 < 0.01 < 0.01 ns 

  Site < 0.001 < 0.001 < 0.01 < 0.001 < 0.001 < 0.001 ns 

   GSPcum < 0.001 < 0.01 < 0.01 < 0.001 < 0.001 ns 

    AP < 0.001 < 0.001 < 0.001 < 0.001 ns 

     aGST < 0.001 < 0.001 < 0.001 ns 

      MAT < 0.001 < 0.001 ns 

       maxAT < 0.001 ns 

        minAT ns 

 

Table A13. Fixed effects test for the linear mixed-effects models of annual BGB 

response to the growing-season mean temperature, plant type, ecoregion, and their 

interactions.   

Fixed effects t-value p-value 

Growing-season mean temperature -2.639 0.011 * 

Plant type -0.957 0.344 

Ecoregion  -2.502 0.015 * 

Growing-season mean temperature × Plant type 1.027  0.309 

Growing-season mean temperature × Ecoregion 1.808 0.076 

Plant type × Ecoregion 0.238  0.813 

Growing-season mean temperature × Plant type × Ecoregion -0.307  0.760 

*p < 0.05; **p < 0.01; ***p < 0.001 
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Table A14. Fixed effects test for the linear mixed-effects models of annual BGB 

response to the mean maximum annual temperate, plant type, ecoregion, and their 

interactions.   

Fixed effects t-value p-value 

Mean maximum annual temperate 2.700 0.009 **  

Plant type 3.986  < 0.001 *** 

Ecoregion  2.149  0.036 *   

Mean maximum annual temperate × Plant type -3.483  0.001 **  

Mean maximum annual temperate × Ecoregion -2.799  0.007 **  

Plant type × Ecoregion -3.404  0.001 **  

Mean max. annual temperate × Plant type × Ecoregion 3.751  < 0.001 *** 

*p < 0.05; **p < 0.01; ***p < 0.001 

 

Table A15. Fixed effects test for the linear mixed-effects models of annual BGB 

response to the mean minimum annual temperate, plant type, ecoregion, and their 

interactions.   

Fixed effects t-value p-value 

Mean minimum annual temperate 2.162   0.035 *   

Plant type -0.551   0.590    

Ecoregion  -2.826   0.007 **  

Mean minimum annual temperate × Plant type -2.580   0.012 *   

Mean minimum annual temperate × Ecoregion -2.412   0.019 *   

Plant type × Ecoregion 0.104   0.918     

Mean min. annual temperate × Plant type × Ecoregion 2.772   0.008 **  

*p < 0.05; **p < 0.01; ***p < 0.001 
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Table A16. Fixed effects test for the linear mixed-effects models of annual BGB 

response to annual precipitation, plant type, ecoregion, and their interactions.   

Fixed effects t-value p-value 

Annual precipitation 1.817 0.075 

Plant type 1.853 0.071 

Ecoregion  0.159  0.874   

Annual precipitation × Plant type -2.062    0.044 * 

Annual precipitation × Ecoregion -1.335    0.187   

Plant type × Ecoregion -1.285    0.205   

Annual precipitation × Plant type × Ecoregion 1.518    0.135  

*p < 0.05; **p < 0.01; ***p < 0.001 

Table A17. Combined effects of annual climate variables on annual BGB of C3 and 

C4 plants. The symbol ‘ns’ represents the combined effects the variables on 

respective annual BGB of C3 and C4 plants is insignificant. Abbreviations are given 

in Fig. A6.  

Interactions of fixed 

effects 

C3 plants in 

humid 

temperate 

C4 plants in 

humid 

savanna 

C4 plants in 

savanna 

MAT × maxAT ns ns ns 

MAT × minAT ns ns < 0.001 *** 

MAT × dry event ns ns ns 

maxAT × dry event ns 0.043 * ns 

minAT × dry event ns ns < 0.001 *** 

MAT × maxAT × dry 

event 

ns ns 0.049 * 

MAT × minAT × dry 

event 

ns ns < 0.001 *** 

MAT × AP < 0.001 *** ns < 0.001 *** 

AP × dry event ns ns 0.005 ** 

GSPcum × dry event ns ns ns 

GSPcum × aGST ns ns ns 

GSPcum × MAT 0.002 ** ns ns 
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Table A18. Linear mixed-effects models formula for single-harvest and annual 

below-ground biomass (BGB). Abbreviations: growing-season temperature (GST), 

growing-season maximum temperature (GSmaxT), growing-season minimum 

temperature (GSminT), growing-season precipitation (GSP), mean growing-season 

temperature (GSTmean), mean annual temperature (MAT), mean annual maximum 

temperature (MATmax), mean annual minimum temperature (MATmin), cumulative 

growing-season precipitation (GSPcum), annual precipitation (AP).  

Model run for Formula 

Single-harvest 

BGB 

BGB ~ GST * plant type + GST * ecoregion + GST * ecoregion 

* plant type + (1|site) + (1|ecoregion).  

BGB ~ GSTmax * plant type + GSTmax * ecoregion + GSTmax * 

ecoregion * plant type + (1|site) + (1|ecoregion). 

BGB ~ GSTmin * plant type + GSTmin * ecoregion + GSTmin * 

ecoregion * plant type + (1|site) + (1|ecoregion). 

BGB ~ GSP * ecoregion + (1|site) + (1|ecoregion). 

Annual BGB 

BGB ~ GSTmean * plant type + GSTmean * ecoregion + GSTmean 

* ecoregion * plant type + (1|site) + (1|ecoregion). 

BGB ~ MAT * plant type + MAT * ecoregion + MAT * 

ecoregion * plant type + (1|site) + (1|ecoregion). 

BGB ~ MATmax * plant type + MATmax * ecoregion + MATmax 

* ecoregion * plant type + (1|site) + (1|ecoregion). 

BGB ~ MATmin * plant type + MATmin * ecoregion + MATmin 

* ecoregion * plant type + (1|site) + (1|ecoregion). 

BGB ~ GSPcum * plant type + GSPcum * ecoregion + GSPcum * 

ecoregion * plant type + (1|site) + (1|ecoregion). 

BGB ~ AP * plant type + AP * ecoregion + AP * ecoregion * 

plant type + (1|site) + (1|ecoregion).  
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Table A19. Degree of freedom (DF) of the growing-season climate variables of the 

linear mixed effects model. Abbreviations are given in Fig. A8. 

GST GSTmax GSTmin 

Variable DF Variable DF Variable DF 

GST 422.08 GSTmax 423.61 GSTmin 422.14 

PT 10.09 PT 10.12 PT 8.13 

ER 10.97 ER  12.89 ER  9.06 

GST ×   PT 431.06 GSTmax × PT 427.32 GSTmin × PT 429.27 

GST ×   ER 422.65 GSTmax × ER 423.96 GSTmin × ER 423.13 

PT × ER 16.91 PT × ER 19.15 PT × ER 13.33 

GST ×   PT 

× ER 

428.26 GSTmax × PT × 

ER 

425.55 GSTmin × PT 

× ER 

426.86 

Table A20. Degree of freedom (DF) of the annual climate variables of the linear 

mixed effects model. Abbreviations are given in Fig. A6. 

MAT MATmax MATmin GSPcum AP 

Variable DF Variable DF 
Variabl

e 
DF Variable DF Variable DF 

MAT 17.52 MATmax 14.52 MATmin 44.86 GSPcum 50.65 AP 51.86 

PT 7.88 PT 6.90 PT 14.35 PT 49.18 PT 46.18 

ER 14.57 ER 14.93 ER 36.58 ER 46.87 ER 51.23 

MAT × 

PT 

16.89 MATmax × 

PT 

12.82 MATmin 

× PT 

50.77 GSPcum × 

PT 

50.67 AP × PT 51.72 

MAT × 

ER 

18.04 MATmax × 

ER 

15.12 MATmin 

× ER 

51.62 GSPcum × 

ER 

51.28 AP × ER 51.84 

PT × 

ER 

7.36 PT × ER 7.37 PT × ER 17.31 PT × ER 41.69 PT × ER 47.19 

MAT × 

PT × 

ER 

14.29 MATmax × 

PT × ER 

10.77 MATmin 

× PT × 

ER 

34.85 GSPcum × 

PT × ER 

51.35 AP × PT 

× ER 

51.99 
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