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A B S T R A C T   

The functional diversity of local plant communities is considered to be an important driver of ecosystem resis-
tance and resilience. Various landscape characteristics can influence local functional diversity, but their relative 
importance is poorly understood. We used a spatially explicit grassland model (TRANSPOP) to simulate 
competition between 19 functional plant strategies as defined by Grime’s C-S-R framework, each with different 
affinities for levels of Nutrient availability (N) and Disturbance (D). First, we explore the effects of N and D levels 
on strategy preference. Subsequently, we studied functional diversity in patchy landscapes with various levels of 
heterogeneity, patch size, connectivity and environmental dynamics (with patches differing in N and D). We 
evaluated the relative importance of these factors in determining the functional diversity of permanent grass-
lands of the temperate climatic zone. 

Simulated N and D optima for occurrence of strategies matched those of Grime. Perpendicular N and D gra-
dients were twice as diverse as correlated configurations. The results show that heterogeneity in N and D was the 
most important factor determining strategy diversity, followed by environmental dynamics, connectivity and 
patch size. Grasslands with large heterogeneity and patch size have a high functional diversity, whereas high 
values for dynamics and connectivity had, in general, a negative impact on functional diversity. The frequent 
occurrence of significant interactions among characteristics suggests that the optimal spatial design of landscapes 
with respect to functional diversity is context dependent. 

Contrary to expectations, connectivity generally had a negative effect on the diversity of plant strategies. This 
was attributed to the fact that connectivity intensifies competition between strategies. High connectivity and 
environmental dynamics, low patch size and low heterogeneity intensifies interspecies competition and causes 
rapid species loss, which strongly reduces resistance and resilience. This shows that high species diversity in itself 
does not protect against diversity loss, but that factors contributing to the maintenance of high diversity reduce 
the risk of species extinction and enable resistance and resilience.   

1. Introduction 

1.1. Functional diversity, resistance and resilience 

The functional diversity of local grassland communities, the number 
of functionally disparate species within a community, is considered to be 
an important driver of ecosystem resistance and resilience, i.e. the 
ability of an ecosystem to deal with environmental change or to return to 
its former state after disturbances (Fischer et al., 2006; Holling, 1973; 
Isbell et al., 2015; Schweiger et al., 2019). Ecosystems with a high di-
versity of functional groups are better able to respond to disturbances 
and temporary environmental change because there is a greater prob-
ability of there being species tolerant of a certain disturbance or envi-
ronmental change in the local species pool (Craven et al., 2018; Folke 

et al., 2004; Loreau et al., 2001). Another factor that determines resis-
tance and resilience at a larger spatial scale is the availability of such 
species in the regional species pool, a form of ecological memory 
(Bengtsson et al., 2003; Sterk et al., 2016). Species that have become less 
abundant or locally extinct can be recruited from elsewhere through 
dispersal or from the seedbank (Peterson, 2002; Wisnoski et al., 2019), 
enabling them to re-enter the ecosystem. Dispersal ability and seed 
longevity (dormancy) are therefore considered to be crucial traits of 
plant species enabling them to cope with disturbance and environmental 
change. There are various landscape characteristics that can influence 
the functional diversity of local plant communities, but their relative 
importance is still poorly understood (Leibold et al., 2017), which in 
turn might hamper conservation efforts (Chase et al., 2020). 
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1.2. Extinction and colonisation 

The local diversity of grassland communities is governed by two 
processes: colonisation by new species and the extinction of established 
species. Colonisation by new species is enhanced by high connectivity 
between habitat patches (Damschen et al., 2019; Ozinga et al., 2009), 
while extinction is governed by local environmental change, interspe-
cies competition (Schippers et al., 2015a) and disturbances (Muller 
et al., 2014). Plants with dormant seeds, however, may recover from 
disturbances by reestablishment from the seedbank (Scott and Morgan, 
2012; Shea et al., 2010). Interspecies competition is governed to a large 
extent by local nutrient availability (Roeling et al., 2018; Schippers 
et al., 1999). At low nutrient availability, plants with an efficient 
nutrient economy outcompete fast growing species, whereas at high 
nutrient availability, fast growing species outperform species with an 
efficient nutrient economy through resource pre-emption (Hetzer et al., 
2021; Poorter et al., 1990; Schippers and Kropff, 2001). The diversity 
and species composition of local plant communities are thus determined 
both by processes that operate on a local scale (e.g. environmental 
filtering and biotic interactions) and by processes that operate on a 
higher spatial scale (e.g. connectivity and processes related to habitat 
heterogeneity) (Leibold et al., 2017, 2004). Traditionally, these two 
scales have been studied separately, but the emergence of meta-
community models enables us to combine both scales because these 
models keep track of local and spatial processes simultaneously (Chase 
et al., 2020). However, although such scale-explicit approaches offer 
great potential for generalisations, often they do not incorporate infor-
mation on functional diversity. 

1.3. Grime’s vegetation theory 

Grime (Campbell and Grime, 1992; Grime, 1979, 2001) developed 
the C-S-R framework of three fundamental strategies of plant species in 
response to nutrient availability and disturbance (see also (Moulin et al., 
2021)): competitors (C) dominate at low disturbance and high nutrients, 
stress tolerators (S) are abundant at low disturbance and low nutrients, 
while ruderals (R) survive at high disturbance and high nutrients. 
Grime’s C-S-R framework assumes a three-way trade-off between 
competition for resources (C), endurance of resource limitation (S) and 
recovery after disturbance (R). From this he derived seven strategies (C, 
S, R, CS, CR, SR, CSR), in which CS, CR, SR and CSR strategies have 
intermediate characteristics of C, S and R. Subsequently he defined 12 
crossover strategies to produce a total of 19 strategies adapted to specific 
disturbance and nutrient regimes. Grime (2001) predicted that a greater 
resilience in R and C strategies on the basis of their faster rates of 
resource capture and growth. On the other hand a greater resistance is 
expected for the S strategy due to their longevity and better tolerance of 
harsh conditions (e.g. low nutrient availability). Moreover he predicted 
that both resistance and resilience will be higher in communities with a 
higher functional diversity. This is consistent with experimental results 
in grasslands in the UK (Grime et al., 2000 and the results from a global 
metanalysis of the results from we use data from 39 grassland biodi-
versity experiments (Craven et al., 2018). 

1.4. Spatial vegetation modelling & diversity 

Lattice-based models are frequently used to describe vegetation dy-
namics. These models include tree-based and plant-based gap modelling 
in which seed and seedlings compete for a gap in a mature vegetation 
cover (Coffin and Lauenroth, 1990; Elzein et al., 2020; Kellomäki and 
Väisänen, 1991; Morin et al., 2020; Peters, 2002; Reynolds et al., 2001). 
When these models are applied to multiple species, they may generate 
insight into the factors affecting species dominance and diversity. For 
instance, Schippers et al. (2001) used a lattice-based gap model 
(TRANSPOP) to simulate competition and coexistence between peren-
nials and annuals with dormant and non-dormant seeds at various 

disturbance levels. They found a stable coexistence between strategies 
with dormant and non-dormant seeds at intermediate levels of 
disturbance. 

1.5. Approach 

Various landscape characteristics can influence local functional di-
versity, but their relative importance is poorly understood. We studied 
the effects of connectivity, spatial heterogeneity, patch size and envi-
ronmental dynamics on the functional diversity of permanent grasslands 
of the temperate climatic zone. We used the spatially explicit meta-
community model TRANSPOP (Schippers, 2001) that enables us to study 
long-term species sorting in response to disturbance (D) as a starting 
point. We extended this model with routines allowing inter-plant 
competition affected by nutrients (N). This enabled us to study species 
response to both nutrients and disturbance. We parameterised 19 her-
baceous grassland species according to the C-S-R framework of Grime. 
First we tested strategy preferences for N and disturbance D in homo-
geneous landscapes and gradients of N and D. Subsequently, we studied 
functional diversity in patchy landscapes with various levels of hetero-
geneity, patch size, connectivity and environmental dynamics. We 
define a patch as a group of adjacent cells having the same N and D level. 
We used the model to evaluate the relative importance of these factors in 
determining the functional diversity in grasslands using the Shannon 
diversity index. More specifically, we tested the following hypotheses. 

1.6. Hypotheses  

(1) We expect that spatial heterogeneity, in terms of nutrients and 
disturbance, enhances diversity through species sorting across 
environmental gradients (Fournier et al., 2017; Gastauer et al., 
2021). As environmental diversity increases, we expect more 
species will survive in these grasslands (Bergholz et al., 2017; 
Deák et al., 2021; Guo et al., 2018).  

(2) We expect that high connectivity across the landscape (enabling 
high dispersal distances) enhances species diversity in grasslands 
by shifting the balance between colonisation and local extinction 
towards colonisation (Wang and Altermatt, 2019). This enhanced 
colonisation stimulates plant species establishment in local 
communities, increasing diversity (Ozinga et al., 2009).  

(3) We expect that high environmental dynamics, involving changes 
in the nutrient availability and disturbance regime of grassland 
patches over time, will cause rapid species loss, because these 
changes disrupt the species sorting process (Fournier et al., 2017; 
Leibold and Loeuille, 2015). Therefore, we expect to find the 
highest functional diversity where the environmental dynamics is 
lowest.  

(4) The distribution of patches in a grassland is also determined by its 
patch size which determines the grain size of the configurations. 
Patch size, can be considered an important driver determining 
diversity and resilience (Schippers et al., 2015b). With increasing 
patch size we expect larger and therefore more robust local 
populations (Verboom et al., 2010). As patch sizes become 
smaller interpatch distances become shorter, which induces bet-
ter colonisation (Debinski et al., 2001; Wang and Altermatt, 
2019), in turn enhancing species persistence. Therefore, we 
hypothesise that diversity is highest at intermediate patch sizes 
because of the combination of good survival and high 
recolonisation. 

(5) We expect that the effects of heterogeneity, patch size, connec-
tivity and environmental dynamics are not independent of each 
other (i.e. there are significant interactions between these fac-
tors). This would imply that these effects are context dependent. 
Complex interaction effects might be an emergent property of 
metacommunities because local community dynamics and spatial 
processes influence each other (Leibold et al., 2004). 
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2. Model description 

2.1. Spatial structure 

The population dynamics of grassland species in the temperate cli-
matic zone were simulated using TRANSPOP, a spatially explicit popu-
lation model (Schippers at al. 2001). In this model, space is represented 
by a lattice in which individual cells represent sites where plants can 
establish, die and reproduce. The cell size is such that it can accom-
modate a single adult of a species or strategy, but each cell has a seed-
bank that can contain seeds of all the grassland species. This means that 
the cell size must be related to the plant size in the vegetation. We 
assumed an area of 10 × 10 cm for an average adult plant. Adult plants 
produce seeds that are dispersed over all or part of the lattice. We used a 
lattice of 300 × 300 cells with periodic boundaries to mimic a contin-
uous grassland. 

2.2. Demographic structure 

For herbaceous vegetation, the temperate climatic zone is charac-
terised by strong seasonal changes which determine the transitions be-
tween states (Balzarolo et al., 2019). Our model contains the following 
state variables: the number of seeds of each species in each cell (Z), and 
the adult type (A) present in each cell (The abbreviations in brackets 
refer to Fig. 1 scheme). At the end of each growing season, adult plants 
produce seeds (Faz) which subsequently disperse (Dp). Seeds arriving in a 
cell are added to the species specific seedbank of that cell. In autumn or 
early spring, a fraction of the seeds germinate (Pzj) and become seedlings 
(J). These seedlings compete with each other, based on seedling quantity 
and competitive strength, to become an adult (Pja). Seedlings can only 
become an adult in vegetation gaps where the old adult does not survive 
(Paa) by natural mortality or external disturbance (Dt) (sensu Grime, 
1979). Disturbances were applied at random and quantified as the 
fraction of cells where the adult plant is removed every year. Also 
neighbouring adults compete with each other, depending on their af-
finity for nutrients (Pv). This gives the model a simple dynamic structure 
governed by four plant traits: the seed production per adult Faz and the 
three transition probabilities: (1) the probability that an adult will sur-
vive Paa, (2) the probability that a seed will survive Pzz and (3) the 
probability that a seed will germinate and become a seedling Pzj (Fig. 1). 
As the number of adults, seedlings or seeds present at any time in any 

cell might be small, all calculations involving numbers and probabilities 
are done in a demographically stochastic way, resulting in discrete 
numbers of individuals present in each stage (Durrett and Levin, 1994). 
In the model one cell can contain only one adult, so a mechanism must 
be defined to describe the process of adult recruitment Pja. This is usually 
modelled as a lottery process (Fagerström, 1988; Lavorel and Chesson, 
1995) in which the probability that a seed of a species will become adult 
is determined by the proportion of germinating seeds. 

To simulate the adult recruitment in a cell, first, for each species the 
number of seedlings (J) is calculated from the number of seeds (Z) and 
the germination probability Pzj (Fig. 1): 

J = Z⋅Pzj (1) 

This stochastic calculation results in integer numbers of seedlings 
between 0 and Z. The probability Pja that a certain species i will become 
an adult is proportional to the number of seedlings of this species and its 
competitive strength Ki: 

Pjai =
Ji⋅Ki

∑
x=1,nJx⋅Kx

(2)  

where Ji is the number of seedlings of species i in a cell and n is the total 
number of species in the model (in our case n=19). Note that the 
competitive strength is a function of the nutrient level (see Table 1). 

To account for vegetative competition, we also introduce direct 
competition between adults (Fig. 1). Adult species compete for light, 
nutrients and water and should have an overlap in their root zone and 
leaf area (Schippers and Joenje, 2002) therefore we let only the closest 
four neighbouring species interact. Each year we compare the compet-
itive strength between an adult in a (central) cell Kc and the competitive 
strength of the adults of the four surrounding cells K1–4. The probability 
that the adult in the central cell will be taken over by species i of the 
surrounding adults is: 

Pvi =
Ki

4⋅Kc +
∑

j=1,4Kj
(3)  

assuming that the plant in the central cell is four times as powerful as its 
competitive strength, because it is already established. If surrounding 
species are equally competitive, the probability that the central cell is 
replaced is 0.5. So a strategy in the central cell with the same compet-
itive power (K) as the surrounding cell has a 50% probability to be 
replaced by one of the surrounding cells and in 50% of the cases the 
central cell is not replaced (Eq. (3)). 

2.3. Strategy parameterisation 

The 19 plant strategies used in the model were permutations of 
Grime’s C, S and R strategies (Table 1) and each strategy is represented 
by one ‘species’. The demographic parameters are from Schippers et al. 
(2001). The competitors (C) and stress tolerators (S) received de-
mographic parameters from perennials without a seedbank and the ru-
derals (R) received parameters from annuals with a seedbank. Important 
trade-offs between strategies are that ruderals produce more seeds with 
a long lifespan, which enables them to establish a seedbank, whereas 
stress tolerators and competitors produce fewer seeds, but these 
germinate on the first occasion. However, R adults are short-lived, 
whereas S and C adults are long-lived. The competitive power of the 
adults is derived from Grime’s C-S-R classification. The C and R strate-
gies have a competitive strength (K) of 1 at high nutrient levels and 0 at 
low nutrient levels whereas S has a competitive strength of 0 at high 
nutrients and 1 at low nutrient levels. We assumed that intermediate 
strategies have intermediate parameters for their demography and 
competitive strength. For example, strategy CS has the same de-
mographic parameters as the C and S strategists, but their maximum 
competitive strength is reached at the mean nutrient values of C and S, 
which is 0.5. Strategy CR has the mean demographic parameters of the C 

Fig. 1. Model scheme with state variables, transitions and processes over time 
in a cell: A = adult type, Z = number of seeds, J = number of seedlings, Paa =

adult survival probability, Dt = disturbance, Pv = probability that an adult is 
replaced by vegetative competition, Pzj = germination probability, Pja = adult 
recruitment, Faz = seed production, Dp = dispersal, Pzz = seed survival proba-
bility, Colours: Green = adult pathway, Purple = seed pathway, Orange = adult 
recruitment pathway, Blue = seed production pathway. 
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and R strategies, but their maximum competitive strength is reached at 
the same nutrient level as C and R (Table 1). 

2.4. Connectivity 

We assumed homogeneous dispersal within a certain distance, 
expressed as the number of cells. At a connectivity of 1, the mother 
plants dispersed their seeds to a block of 3 × 3 cells; at a connectivity of 
100, the mother plants dispersed their seeds to a block of 201×201 cells 
around the central mother cell. Since dispersal is very variable within a 
strategy (Grime, 2001), we made connectivity a site property, the 
accessibility of the patch being determined by the frequency and effec-
tiveness of dispersal vectors, assuming equal dispersal in all strategies. 

3. Simulations and results 

The model was initialised with the 19 strategies randomly distrib-
uted over an area of 300×300 cells, in which each cell had a probability 
of 1/19 of being occupied by one adult of each of the 19 strategies. To 
obtain near equilibrium values, we evaluated the effects of heteroge-
neity, patch size, connectivity and environmental dynamics on the 
functional diversity after 500 years. 

3.1. Simulations in homogeneous grasslands 

To compare the simulations with Grime’s strategy preferences, we 
performed a series of simulations in a homogeneous grassland of 
300×300 cells with periodic boundaries (column x = 1 is connected to 
column x = 300, row y = 1 is connected to row y = 300). We performed 
2100 simulations at 20 nutrient levels between 0.05 and 1.0 and 21 
disturbance levels between 0 and 1.0 at five connectivity levels: 1, 3, 10, 
30 and 100 (all strategies had equal connectivity). We started all sim-
ulations with the 19 strategies equally randomly distributed. To obtain 
the simulated strategy preference in terms of nutrients and disturbance 
we calculated the weighted average of nutrients and disturbance of each 
strategy in the final coverage. We performed linear regression between 
the Nutrients (N) and Disturbance (D) preferences of Grime and the 
simulated preferences. 

The simulations show that connectivity had no effect on the 
competitive outcome. The results show that 18 of the 19 strategies were 
able to dominate at various N and D values in the simulations (Fig. 2). 

Only the R strategy did not survive the full 500 years. It survived for 
about 100 years at high nutrient and disturbance levels, but was then 
outcompeted by the R/CR strategy. Linear regression shows that the N 
and D preference in the model was significantly related to the preference 
for D (Coef.=1.003, R2=0.888, P<1.0E-7) and N (Coef.=1.025, 
R2=0.998, P<1.0E-17) coordinates as used in Grime’s C-S-R classifica-
tion (Grime, 1979). The species diversity of the homogeneous simula-
tions after 500 years varied between 1–4 strategies and was on average 
1.4 strategy per simulation. 

3.2. Simulations in gradients 

We study competition and functional diversity in spatially explicit 
gradients of Nutrients (N) and Disturbance (D) with an orthogonal 
configuration: N gradient perpendicular to the D gradient. Because 
gradients are not always fully independent, e.g. large disturbances 

Table 1 
Parameterisation of Grime (1979) strategies used in the model: C (competitor), S (stress tolerator) and R (ruderal) population dynamical parameters according to 
Schippers at al. (2001), competive power (K) according to expected dominance in relation to Nutrients (N) level. Note that combined strategies are parameterised as an 
average of pure strategy parameters. Scores are used to characterize a vegetation in terms of C, S and R components.  

Number Grime 
strategies 

Adult 
survival 

Seed 
survival 

Seed 
germination  

Seed 
production 
at low N 

Seed 
production 
at high N 

maximum 
Kat N level 

C 
score 

S 
score 

R 
score 

1 C 0.800 0.000 0.900 0 1000 1 1.00 0.00 0.00 
2 S 0.800 0.000 0.900 0 1000 0 0.00 1.00 0.00 
3 R 0.000 0.800 0.100 0 3000 1 0.00 0.00 1.00 
4 CS 0.800 0.000 0.900 0 1000 0.50 0.50 0.50 0.00 
5 CR 0.400 0.400 0.500 0 2000 1.00 0.50 0.00 0.50 
6 SR 0.400 0.400 0.500 0 2000 0.50 0.00 0.50 0.50 
7 CSR 0.533 0.267 0.633 0 1667 0.67 0.33 0.33 0.33 
8 C/CR 0.600 0.200 0.700 0 1500 1.00 0.75 0.00 0.25 
9 C/CSR 0.667 0.133 0.767 0 1333 0.83 0.67 0.17 0.17 
10 C/CS 0.800 0.000 0.900 0 1000 0.75 0.75 0.25 0.00 
11 CR/CSR 0.467 0.333 0.567 0 1833 0.83 0.42 0.17 0.42 
12 R/CR 0.200 0.600 0.300 0 2500 1.00 0.25 0.00 0.75 
13 R/CSR 0.267 0.533 0.367 0 2333 0.83 0.17 0.17 0.67 
14 R/SR 0.200 0.600 0.300 0 2500 0.75 0.00 0.25 0.75 
15 S/CSR 0.667 0.133 0.767 0 1333 0.33 0.17 0.67 0.17 
16 S/CS 0.800 0.000 0.900 0 1000 0.25 0.25 0.75 0.00 
17 S/SR 0.600 0.200 0.700 0 1500 0.25 0.00 0.75 0.25 
18 CS/CSR 0.667 0.133 0.767 0 1333 0.58 0.42 0.42 0.17 
19 SR/CSR 0.467 0.333 0.567 0 1833 0.58 0.17 0.42 0.42  

Fig. 2. Simulated strategy dominance of C-S-R strategies (Grime, 1979) in 
homogeneous grasslands at various levels of nutrients and disturbance. The 
colour of each grid represents the most abundant strategy present in a simu-
lation after 500 years. 
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induce litter and the decomposition of litter generate plant-available 
nutrients (Schippers, 2002), we also study the effects of a N gradient 
positively correlated with the D gradient and a N gradient negatively 
correlated with the D gradient. Both gradients run linearly from 0 to 1 in 
300 equal steps. As in the preceding simulations, we also varied the 
connectivity (1, 3, 10, 30 and 100 cells). We applied linear regression to 
evaluate the effects of connectivity and gradient orientation on strategy 
diversity. 

The results show that the lattice with perpendicular gradients had a 
significantly higher diversity of strategies than the lattices with the 
correlated gradients (P<2E-6). At low connectivity (e.g. 3) the N and D 
preferences of the various strategies resemble those of the homogeneous 
cases (compare Figs. 2 and 3a), from which we conclude that strategies 
are able to ‘find’ and stay in their optimal N and D environments. 
Connectivity had a strong negative effect on diversity in the tested 
gradients (Fig. 3, P<1E-4), probably because seeds from elsewhere 
invade suboptimal areas and may outcompete strategies in their optimal 
areas because of the high seed rain (Fig. 3). 

3.3. Simulations in patchy grasslands 

To investigate the role of spatial heterogeneity, environmental dy-
namics, patch size and connectivity on the functional diversity we 
introduce patches being a squared group of adjacent cells with the same 
values for nutrients (N) and disturbance (D). So in a single configuration 
the whole area is covered with patches of the same size. In different 
configurations these patches may have different sizes, longevity (envi-
ronmental dynamics), connectivity and spatial variation in N and D 
values (heterogeneity). Spatial heterogeneity was applied as a patch of 
equally parameterised cells for N and D with a certain dimension (patch 
size), expressed as allowed random deviation from N = 0.5 and D = 0.5. 
For example, when the patch size was 10, the lattice of 300×300 cells 
was subdivided into 30×30 blocks (patches) of 10×10 cells and each 
patch received randomly drawn values for nutrient availability and 
disturbance fraction per year. At high heterogeneity (e.g. 0.5) these 
values were randomly drawn from the range 0 to 1; at low heterogeneity 
(e.g. 0.125) these values were drawn from the range 0.375 to 0.625. 

Fig. 3. Simulated effects of connectivity and gradient configuration of nutrient availability (N) and disturbance (D) on strategy survival (Strat.) and distribution of 
Grime’s C-S-R strategies. Each graph is a spatially explicit end point of a simulation after 500 years that started with equally presence of all (19) strategies. Each dot 
represents a plant of a certain strategy. Gradients were applied with respect to Nutrient availability and Disturbance: first column, (A-C), D and N gradient 
perpendicular with high N and D in the lower right corner, second column, (D-F), N and D are correlated with high N and D values at the right side of the graph, third 
column, (G-I), N and D are inverse correlated, N is low, and D is high at the right side of the graphs. 
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Environmental dynamics in this framework was applied as the frequency 
of recalculation of N and D in a patch. If environmental dynamics is 1, 
the model recalculates all grassland patches (with new N and D values) 
with the same heterogeneity and size every year without changing the 
strategy and seed presence. If environmental dynamics is 0.1, the model 
recalculates new grassland patches in terms of N and D every 10 years, 
which means that the community has 10 years to adapt to the new 
configuration. We ran the model for various heterogeneity levels (0, 
0.125, 0.25, 0.375, 0.5), patch size (1, 3, 10, 30 cells, being 1 × 1, 3 × 3, 
10 × 10, 30 × 30 cells), environmental dynamics (0, 0.01, 0.033, 0.1, 
0.33, 1.0 year− 1) and connectivity (1, 3, 10, 30, 100 cells) combinations, 
yielding 500 simulations in total. To filter out the strategies that belong 
to a certain condition we use standardized values of the Shannon index 
of the functional diversity of the adult plants after 500 years to perform a 
linear regression. The Shannon index was chosen because it keeps track 
of strategy presence and abundance. 

The results show that heterogeneity in terms of N and D was the most 
important factor determining strategy diversity, followed by environ-
mental dynamics, connectivity and patch size (Table 2, Fig. 4). Grass-
lands with high heterogeneity and patch size had a high functional 
diversity (Fig. 4), while high values for dynamics and connectivity had, 
in general, a negative impact on the functional diversity. All interactions 
were significant, meaning that diversity responses change when pre-
dictor values changed. For example, at higher patch sizes (10, 30) and 
intermediate dynamics (0.1, 0.033) some connectivity even helped to 
increase diversity (Fig. 4. G, H, K, L) despite the generally negative effect 
of connectivity on diversity. Fig. 5 illustrates the effect of connectivity 
and grassland diversity on the final distribution of strategies. It shows 
how at low connectivity the strategies clustered in compact mono-
cultures at roughly the patch size, whereas at higher connectivity the 
grassland heterogeneity block pattern was lost and accidental clusters of 
similar N and D determined local strategy dominance. 

4. Discussion 

4.1. Approach 

We took a novel approach by using herbaceous plant strategies 
(based on Grime’s C-S-R framework) in a metacommunity model 
allowing us to study local and spatial processes simultaneously (Leibold 
et al., 2004). The parameterised model was able to predict the strategy 
preferences for disturbance and nutrients published by Grime, 1979 
(Grime, 1979) very well (Fig. 2, 3A), which shows the validity of our 
approach. Simulations in landscapes with N and D gradients showed that 
strategy survival is sorted along the N and D gradients, producing high 
vegetation diversity when N and D gradients are perpendicular to each 
other. This patchy survival pattern is enforced by relatively low rates of 
dispersal, which were apparently still sufficient to enable different 
strategies to sort for optimal N and D levels (Fig. 3A, B, C). We focus on 
the effects of various factors on strategy diversity after a long time 
period (500 years) to obtain near equilibrium values. The advantage of 
such an approach is that we allow the sorting process to select strategies 

that survive over a long time but we miss the dynamics. A comparison of 
temporal patterns might reveal addition insights, for example on the 
succession and transient dynamics of strategies, but this was beyond the 
scope of this paper. 

4.2. Main results 

Simulations in patchy landscapes show that environmental hetero-
geneity in terms of N and D was the most important factor determining 
strategy survival, followed by environmental dynamics, connectivity 
and patch size (Table 2, Fig. 5). High grassland heterogeneity and patch 
size led to high functional diversity (Fig. 5), while high values for 
environmental dynamics and connectivity had, in general, a negative 
impact on the functional diversity of surviving strategies. All first order 
interactions between the predictor values were significant, indicating a 
change in response at different predictor levels. 

4.3. Hypotheses 

From our first hypothesis, we expect that spatial heterogeneity en-
hances functional diversity, that as a grassland becomes more diverse in 
terms of nutrients (N) and disturbance (D), the number of functional 
strategies that will be able to survive will increase. This is confirmed by 
our results. At high spatial heterogeneity the species sorting process 
governs strategy survival (Leibold et al., 2017): strategies survive in the 
patches where the environmental properties best fit their preferences for 
N and D. 

Local heterogeneity is regarded to be an important factor deter-
mining diversity in grasslands (Hovick et al., 2015; Krauss et al., 2004; 
Scott and Baer, 2019). That heterogeneity is the most important factor 
determining functional diversity can be understood from the fact that 
spatial heterogeneity determines spatially explicit habitat variation in 
terms of nutrients and disturbance, a first requirement for the facilita-
tion of strategies. For example, the diversity in the homogeneous 
simulation had on average 1.4 strategy per simulation (range 1 to 4) 
whereas the diversity of high heterogeneity can be 18 (Fig. 5). Other 
factors can only be of importance if they affect high diversity cases at 
high heterogeneity levels because they cannot generate diversity solely. 

From our second hypothesis, we expect that high connectivity across 
the landscape (enabling high dispersal distances) enhances functional 
diversity in grasslands by shifting the balance between colonisation and 
local extinction in favour of the former. Our results, however, show the 
opposite: higher connectivity generally reduces diversity. This can be 
explained by the fact that increased connectivity increases not only the 
colonisation rate, but also the degree of competitive interactions be-
tween residence and colonising strategies, leading to a higher rate of 
competitive exclusion. At high connectivity, inducing a large seed rain, 
colonising strategies may replace residential strategies even when the 
latter are superior competitors locally. Therefore, colonising strategies 
can overcome local competitive exclusion in communities where they 
are poor competitors through immigration from communities where 
they are good competitors. This is called ‘the mass effect paradigm’ 
(Leibold et al., 2004). At lower connectivity, however, competition is 
more local, residential strategies are better at monopolising the re-
sources in residential patches and the species sorting process pre-
dominates. The occurrence of strategies in each patch is not only 
determined by habitat suitability, but also by the accessibility of the 
patch within the landscape. For highly fragmented landscapes it has 
been shown that the degree to which strategies occur in suitable habitat 
patches was increased by a greater capacity for long-distance dispersal, 
greater adult longevity and the capacity to build a persistent seedbank 
(Ozinga et al., 2005; Van Der Veken et al., 2007). This indicates that the 
predictability of strategy composition from environmental conditions 
(due to species sorting) is reduced by both dispersal limitation and mass 
effects (Heino et al., 2015). For dispersal to be effective, a given strategy 
should still be present in other patches across the landscape, which act 

Table 2 
Standardised regression coefficients predicting Shannon plant strategy diversity  

Predictor Coefficient Pvalue 

Nutrient and disturbance heterogeniety (HET) 0.232 5.93E-43 
Patch dynamics (DYN) − 0.167 1.06E-24 
Connectivity (CON) − 0.138 8.63E-18 
Patch size (PS) 0.124 9.55E-15 
HET*DYN − 0.113 1.21E-18 
HET*CON − 0.104 5.83E-16 
DYN*CON 0.104 5.87E-16 
PS*DYN − 0.094 1.86E-13 
HET*PS 0.089 2.61E-12 
PS*CON − 0.060 2.25E-06  
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like an external memory (Ogle et al., 2015). This is also dependent on 
other landscape characteristics, such as the availability of similar 
patches within the landscape. In addition, the effective dispersal of seeds 
depends on the availability and efficiency of dispersal vectors such as 
wind, water and animals. This aspect is not included in the model, but a 
reduced availability of dispersal vectors has been shown to be an 
important driver of species losses (Ozinga et al., 2009). When dispersal 
is limited, in highly fragmented landscapes we expect connectivity to 
have a positive effect on diversity. At intermediate connectivity, stra-
tegies that match the local environmental conditions survive and we 
expect the highest diversity resulting from the species sorting process 
when there is high spatial heterogeneity. But in landscapes with a high 
connectivity, where seed loads from elsewhere might be high, we expect 
a negative effect from connectivity on local diversity due to mass effects. 

From our third hypothesis we expect that high environmental dy-
namics, the potential of a patch to change in terms of nutrient avail-
ability and disturbance, will cause rapid species loss because sorting 
strategies that select their matching patch have to start all over again 
after a change in conditions. This will shift the dynamic balance between 
rates of colonisation and local extinction, leading to a higher risk of 
regional extinction. This is consistent with metapopulation theory 
(Hanski, 1998). Our results confirm this: diversity was highest at lowest 
environmental dynamics. Environmental dynamics strongly disrupts the 
species sorting process, leading to low diversity values. Strategies 
should, after a reattribution event, try to find their optimal habitat again 
to secure long-term survival. This might be risky and lead to species 
extinction. We would expect ruderal strategies to be able to cope with 
the environmental dynamics because of their larger dispersal potential 
(more seeds) and their longer survival in the seedbank. In our simula-
tions, at high environmental dynamics, the stress tolerating ruderal (SR) 

is the dominant strategy, with moderately ruderal properties and 
maximum competitive strength at intermediate nutrient levels. Appar-
ently, this intermediate strategy is superior here because its properties 
are adapted to the average N and D of dynamic grasslands, allowing it to 
outcompete other strategies. 

According to our fourth hypothesis we expect grasslands with in-
termediate patch size to have the highest diversity because they combine 
high colonisation with a relatively low extinction rate. Our simulations 
show, however, higher diversity levels in coarse-grained landscapes, 
especially at low connectivity levels (Fig. 4, Table 2). When connectivity 
levels in the simulations were high (100), diversity was low. The good 
performance of a coarser grained landscape in combination with low 
connectivity can be explained by the fact that limited connectivity in 
combination with high patch sizes is responsible for seed dispersal 
within a patch already dominated by a single strategy. This consolidates 
strategy persistence in patches, but reduces interspecific competition 
that leads to strategy loss. 

From our fifth hypotheses we expect that the effects of heterogeneity, 
patch size, connectivity and environmental dynamics are not indepen-
dent of each other (i.e. there are significant interactions between these 
factors). This would imply that these effects are context dependant. 
Complex interactions might be an emergent property of meta-
communities because local community dynamics and spatial processes 
affect each other (Leibold et al., 2004). 

Patch heterogeneity showed strong negative interactions with both 
environmental dynamics and connectivity. This was caused by the fact 
that high spatial heterogeneity causes high strategy diversity, allowing a 
stronger negative response by environmental dynamics and connectiv-
ity. In contrast, patch size showed a positive interaction with hetero-
geneity, indicating a stronger positive response of patch size at higher 

Fig. 4. Simulated effects of connectivity (x-axis), patch size (graph column), environmental dynamics (graph row) and heterogeneity (different lines) on the Shannon 
plant strategy diversity (y-axis). 
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heterogeneity levels. 
Interaction between connectivity and environmental dynamics was 

also strong at intermediate environmental dynamics levels and at larger 
patch sizes. Simulations even show that some connectivity causes higher 
diversity, indicating that connectivity at a certain level helps strategies 
to find suitable patches in changing grassland (Fig. 4. G, H, K, L). At 
higher connectivity levels, however, diversity is reduced by increased 
interspecific competition induced by species rich seedbanks. Here mass- 
produced offspring of accidental dominating strategies outperform other 
strategies in their optimal habitat (Bergholz et al., 2017; Schippers et al., 
2015a). Therefore, we expect higher diversity at intermediate connec-
tivity because dispersal is high enough to enable species to find suitable 
patches, but is low enough to prevent dominance across the landscape 
by a few species due to mass effects. Here the balanced presence of 
multiple species in the seedbank allows species to sort for their optimal 
habitat (Heino et al., 2015; Wirth et al., 2021). 

Patch size negatively interacted with dynamics and connectivity, 
which indicates that at decreasing dynamics and connectivity species 
richness was more strongly affected by higher patch sizes. The large 
number of significant interactions suggests that the optimal spatial 
design of landscapes with respect to functional diversity is context 
dependent. For nature policy this implies that effectiveness of measures 
to increase diversity is affected by codetermining factors. 

5. Conclusions 

We found that strategy survival is affected by the orientation of the 
two gradients. The perpendicular orientation creates more diversity in 
Nutrients (N) and Disturbance (D) combinations, which provides more 

room for the survival of strategies than the two configurations in which 
the gradients are correlated (run in the same direction). We expect that 
gradients at acute angles but significantly larger than zero will produce 
similar diversity in N and D and will therefore generate the same 
strategy diversity as the perpendicular orientation. Clearly, there are 
also other environmental gradients to consider, such as moisture, 
elevation, salinity and light (Jiang et al., 2012; Kadmon, 1995; Schmidt 
et al., 1996), that can also contribute to environmental and species di-
versity. This means that from the species conservation context, we 
should protect or create landscapes with multiple gradients because they 
are an important source of biodiversity. 

The results of the patchy simulations show that grassland heteroge-
neity in terms of N and D was the most important factor determining 
strategy survival and diversity, followed by environmental dynamics, 
connectivity and patch size. We therefore expect that high grassland 
heterogeneity and patch size will lead to high functional diversity in the 
field. In contrast, high values for environmental dynamics and connec-
tivity will, in general, negatively affect the functional diversity in the 
field. Because all predictor interactions were significant, we expect that 
diversity responds differently at different predictor levels. For nature 
policy this implies that effectiveness of measures to increase diversity is 
affected by codetermining factors. 

The functional diversity of local grassland communities is considered 
to be an important ecosystem property determining its resistance and 
resilience (Fischer et al., 2006; Holling, 1973; Isbell et al., 2015). Eco-
systems with a high diversity in functional groups are better able to 
respond to temporary change because there is a higher probability that 
there are species present in the local species pool that can cope with a 
certain disturbance or environmental change (Folke et al., 2004). In 

Fig. 5. Effects of connectivity and heterogeneity on the species spatial distribution and diversity of Grime’s C-S-R strategies (Strat.) in patchy landscapes with a patch 
size of 10×10 cells and without any environmental dynamics. 
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diverse communities, sudden but temporary changes in nutrient avail-
ability and disturbance regime will select for species that can cope with 
these new environmental conditions at the cost of less appropriate 
strategies. If this competitive exclusion is slow, indicated by a large di-
versity at the end of the simulations, diversity will not decline quickly 
and the previous species composition can be restored because most 
species are still present in remnant populations. If competitive exclusion 
is fast, rapid species loss occurs and the vegetation cannot return to the 
previous state. High connectivity and environmental dynamics, low 
patch size and low heterogeneity intensifies interspecies competition 
and causes rapid species loss, which strongly reduces resistance and 
resilience. This shows that high species diversity in itself does not pro-
tect against diversity loss, but that factors contributing to the mainte-
nance of high diversity reduce the risk of species extinction and foster 
resistance and resilience. 
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