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Abstract

Environmental gradients are pervasive across ecosystems and play a fundamental role in structuring species distributions
and community dynamics. While ecological theory mainly focuses on species with distinct preferences for specific niches
along the gradient, many natural communities follow an alternative pattern of shared preferences. In such systems, all spe-
cies prefer the same optimal conditions but differ in their tolerance to harsher environments, according to a growth-tolerance
trade-off. Here, we develop a trait-based metacommunity model, based on integrodifference equations, to investigate the
development of community structure along a one-dimensional stress gradient with shared preferences. We demonstrate how
species interactions, driven by competition, dispersal, and a growth-tolerance trade-off, lead to the emergence of patterns
such as unimodal diversity distributions and trait lumping. Our model provides a conceptual framework for exploring the
processes that shape metacommunities across spatial gradients characterized by shared preferences, offering new insights

into this underrepresented class of ecological systems.
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Introduction

Life in nature unfolds along gradients, shaping ecological
communities across diverse landscapes. One of the most
prominent and well-documented patterns in ecology is the
spatial zonation of species along environmental gradients.
This turnover of species is observed across a wide range
of taxa and environmental factors, including temperature,
elevation, latitude, light, water depth, salinity, and nutri-
ent availability (Whittaker 1967a, b; Wellborn et al. 1996;
Korner 2007; Telesh et al. 2013). Environmental gradients
provide a powerful lens to study species dynamics and are
widely used to predict shifts in species distributions in
response to environmental change. However, the relationship
between spatial gradients and temporal changes is complex,
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as species abundances are shaped not only by abiotic factors
but also by biotic interactions such as dispersal, competition,
and facilitation. Predictions based solely on spatial observa-
tions may therefore be misleading without a deeper under-
standing of the underlying ecological mechanisms. This
highlights the need to unravel the mechanisms that drive
species performance and interactions along environmental
gradients.

The classic model of competition along environmental
gradients centers on the concept of distinct preferences
(Rosenzweig 1991; Anderson et al. 2022). In this model,
each species occupies an optimal niche segment along
the gradient, distinct from the others, where it has its
highest performance—known as its fundamental niche
(Hutchinson 1957; Colwell & Fuentes 1975). As environ-
mental conditions deviate from this optimal point, spe-
cies performance declines (Fig. 1a). The concept of dis-
tinct preferences was formalized in the seminal models
by MacArthur and Levins (1967) and MacArthur et al.
(1972), profoundly shaping ecological thinking about
competition along environmental gradients. These mod-
els show that competition and niche overlap reduce the
realized niche (the actual space a species occupies), but
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Fig. 1 Conceptual framework of the gradient model and growth-toler-
ance trade-oft. (Top) Illustration of species-specific growth rates r;(x)
along two types of spatial gradients. a Distinct preferences: species
achieve optimal growth at different abiotic conditions x. b Shared
preferences along a stress gradient: both species obtain highest
growth at the benign end (x = 0) where stress is minimal (stress level
indicated by the red arrow). Coexistence is driven by a growth-toler-
ance trade-off. The growth-specialist (red) exhibits a high relative
growth rate but lower tolerance, dominating the low-stress region (left
side of the gradient). In contrast, the tolerant species (blue) has lower
growth but higher tolerance, allowing it to persist under higher stress
(right side of the gradient). (Middle) Model overview. The population
density N;,,; of species i at time step ¢ + 1 is computed by combining
population growth with spatial dispersal. ¢ Growth follows a Ricker

species tend to concentrate around their region of peak
performance, resulting in spatial segregation with partly
overlapping but distinct unimodal distributions (Whit-
taker 1967a, b).

While this model applies to many gradients and
remains the foundation for most ecological studies,
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function F [Ni] = r;(y)N; exp [— Z/. al-ij] with growth rate r,(y) and
competition coefficients a;.. d Dispersal is modelled as a Laplace dis-
tribution k(x — y) of width 6. (Bottom) Growth-tolerance trade-off. e
Growth rates r;(x) vary along the gradient x as a Gaussian function
with standard deviation 7; (species tolerance) and maximal growth R;
at location X;. To model a stress gradient, we set %; =0, causing
growth rates to be maximized at the benign end of the gradient. f Tol-
erance 7; and maximum growth rate R; are derived from a trade-off
curve, shown for a community of six species (circles). g Resulting
growth profiles r;(x). Growth-specialists (e.g., Sp. 6, red) display
sharp growth peaks but perform poorly under stress, whereas more
tolerant species (e.g., Sp. 1, purple) show lower peak growth but
maintain moderate growth across higher stress levels. Dashed lines
mark transitions between the dominant species across the gradient

many communities follow an alternative form of niche
organization characterized by shared preferences (Rosen-
zweig 1991; Wisheu 1998; McGill et al. 2006). In this
scenario, all species share a common preference for the
same optimal region along the gradient, but they differ
in their tolerance to less favorable conditions. The ability
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to dominate the most productive sites comes at the cost
of being less capable to survive in marginal or harsh
environments, resulting in a growth-tolerance trade-off,
where intolerant, growth-specialized species dominate
the preferred ranges of the gradient, while more tolerant,
subordinate species persist in suboptimal conditions. In
these systems, the fundamental niches of dominant spe-
cies are nested within the broader niches of more toler-
ant species—the inclusive fundamental niche (Colwell &
Fuentes 1975)—leading to a competitive hierarchy that
governs species distribution along the gradient (Fig. 1b).

Numerous case studies have demonstrated the wide-
spread occurrence of growth-tolerance trade-offs, par-
ticularly along stress gradients where survival becomes
increasingly difficult as conditions grow harsher (McGill
et al. 2006). Stress gradients are found globally, driven
by factors such as elevation in mountains, light avail-
ability in aquatic environments, and salinity or physical
stress in salt marshes (Pennings & Bertness 2001). For
instance, studies on the range limits of North American
trees show that many boreal species achieve their opti-
mal growth in temperate climates beyond their southern
range, while their realized boundaries are constrained by
a trade-off between allocating resources to either maxi-
mal height growth or freezing tolerance (Loehle 1998).
Similar patterns have been observed across different
taxonomic groups, including plants along salinity gradi-
ents (Snow & Vince 1984; Crain et al. 2004), herbaceous
plants along hydrological gradients (Tittes et al. 2019),
insects along salinity gradients (Arribas et al. 2019), and
mosses along nutrient gradients (Jaszczuk et al. 2023)—
in each case showing that species only observed at the
hostile end of the gradient were performing far better at
the benign end in the absence of competitors.

Despite the widespread evidence of shared prefer-
ences, most theoretical investigations have focused on
the distinct preference model. Although it has long been
speculated that shared preferences could yield regular
zonation patterns (Colwell & Fuentes 1975; Rosen-
zweig 1991), these ideas have rarely been explored in
mathematical models. Notable exceptions include the
tolerance-fecundity model proposed by Muller-Landau
(2010) and subsequent studies by D’Andrea et al. (2013)
and D’Andrea and O’Dwyer (2021), which examine the
trade-off between seed survivability and seed number
at different stress levels. One key aim of this paper is
to develop a framework for investigating community
processes along environmental gradients where species
share similar preferences. By doing so, we aim not only
to improve our understanding of community processes
acting in such systems but also to explain two emergent
patterns: (i) unimodal diversity distributions and (ii)
clustering of species traits, known as trait lumping.

Unimodal diversity gradients

In classic continuum theory (Gauch & Whittaker 1972),
species distributions are expected to follow a linear, evenly
spaced pattern, akin to a regular chain (Whittaker 1967a, b).
In contrast, Grime (1973) proposed that biodiversity will be
highest at intermediate levels of productivity. This pattern
frequently arises along stress gradients, where species rich-
ness peaks at intermediate levels of stress. Grime’s theory
suggests that highly productive environments foster com-
petitive exclusion, reducing local diversity. At intermediate
stress, the performance of dominant species declines, allow-
ing less competitive species to survive and coexist, while at
extreme levels of stress, many species struggle to survive,
causing a drop in diversity. This results in a characteristic
unimodal or hump-shaped diversity pattern along the stress
gradient. As was demonstrated in a meta-analysis on spe-
cies diversity patterns (Mittelbach et al. 2001), hump-shaped
diversity patterns were observed in most empirical studies,
and they occur across various ecosystems, including the
marine intertidal zone (Sousa 1979; Zwerschke et al. 2013),
elevation gradients (Grytnes & Vetaas 2002; Guo et al. 2013;
Mumladze et al. 2023), and natural salt marshes (Suchrow &
Jensen 2010; Kim & Ohr 2020; Bauer et al. 2021). Despite
this prevalence of hump-shaped diversity patterns, not much
is known about its underlying mechanisms.

Trait lumping

A long-standing theory in ecology posits that the intensity of
interspecific competition increases as species become more
similar, suggesting that coexisting species should display
significant trait differences (Leibold 1998; Anten & Hirose
1999; Schamp et al. 2008; Letten et al. 2017). However,
alternative theories propose that competition in environmen-
tal gradients may cause species to self-organize into clus-
ters with similar trait values, a phenomenon known as “trait
lumping” (Scheffer & van Nes 2006). This contradicts the
intuitive assumption that gradual variation in environmen-
tal conditions should correspond to gradual shift in species
traits. Trait lumping has been identified as a generic feature
of competitive dynamics (D’Andrea et al. 2019), and pattern
formation theory explains how these clusters emerge (Pig-
olotti et al. 2007; Delfau et al. 2016). Numerous studies have
demonstrated that trait lumping is a robust phenomenon,
occurring under fluctuating conditions (Sakavara et al. 2017)
and in spatially extended systems (Doebeli and Dieckmann
2003; Leimar et al. 2008; Norberg et al. 2012; Mohammed
et al. 2022). Nevertheless, it remains unclear whether trait
lumping occurs along stress gradients and how it interacts
with hump-shaped diversity patterns.

In this paper, we develop a conceptual model framework
to study community patterns and diversity distributions along
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a stress gradient with shared preferences. Our model adopts
the metacommunity paradigm, describing a system of mul-
tiple communities that are connected by dispersal (Wilson
1992; Leibold et al. 2004, 2017). Following a recently pro-
posed trait-based metacommunity framework that links local
coexistence theory with spatial processes (Thompson et al.
2020), we define community dynamics by three fundamental
processes: (i) density-independent species growth rates based
on local abiotic conditions, (ii) density-dependent intra- and
interspecific competition, and (iii) dispersal which influences
population sizes based on the distance between communities.
We model this on a one-dimensional spatially continuous gra-
dient using integrodifference equations (Lutscher 2019) and
introduce a trade-off between maximal growth rate and toler-
ance, reflecting shared preferences. This approach allows us to
examine the mechanisms that determine biodiversity patterns
and the relationship between fundamental and realized niches
along stress gradients. By focusing on systems with shared
preferences, we aim to clarify the role of growth-tolerance
trade-offs in structuring these communities, shedding light on
the temporal development of community structure and the for-
mation of phenomena such as hump-shaped diversity patterns,
trait lumping, and extinction cascades. This investigation will
provide a deeper understanding into the processes governing
biodiversity in systems characterized by shared preferences
and offer new insights into this underrepresented class of eco-
logical systems.

Materials and methods
Model description

Our model builds on the metacommunity framework recently
introduced by Thompson et al. (2020) to simulate the popula-
tion dynamics of S interacting species that grow, compete, and
disperse along a stress gradient x (Fig. 1). The model oper-
ates in discrete time steps within a continuous spatial domain
from 0 < x < 1and tracks the population densities ; (x) of a
community of species i at position x and time ¢. This is done
using an integrodifference equation (Lutscher 2019), which
combines local growth and dispersal dynamics:

1
N1 () = /OF[r(y)aNi,[()’)] k(x = y)dy )]

Population growth F' (Fig. 1¢) is modelled as a Ricker func-
tion (Ricker 1954):

Flr0).N)| = ri»)N;expl— Y. ayN;] 2)

It consists of a density-independent spatial growth rate,
r,(y), (see below) and density-dependent species interactions

determined by the competition coefficients ;, accounting
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for both interspecific (i # j) and intraspecific (i = j) effects.
For simplicity, we assume neutral competition, setting o;; = 1
for all species.

After the local population growth is determined, the
model incorporates the dispersal of propagules across space.
Dispersal is represented by a dispersal kernel, k(x —y),
which describes the probability of an individual moving
from position y to position x. Here, we use a symmetric
Laplace kernel with standard deviation o (Fig. 1d):

ko —y) = ——exp( =1/ Z1x -yl 3)
v\ TV

The abiotic niche of a species is captured through its
growth rate r;(x), which depends on the species’ position
along the gradient x. This rate is modelled as a Gaussian
response curve:

=%
ri(x) = Rexp| — T )

where R; is the species’ maximum growth rate and 7; repre-
sents its tolerance, indicating how rapidly growth is reduced
by the mismatch between x and the position of optimal
growth X, (Fig. 1e). The shape of this response curve governs
the range of abiotic conditions for which positive growth is
possible, that is, where r;(x) > 1.

While most gradient-based models assume different opti-
mal growth positions for each species (Fig. 1a), we simulate
a stress gradient with optimal growth position X; = 0 for all
species, where growth peaks at the benign end and declines
as stress increases towards the hostile end, x = 1 (Fig. 1b).
To prevent species from becoming super competitors with
both high maximum growth rates R; and high tolerance T;,
we impose a trade-off between these parameters. Species
with high tolerance 7 can sustain better growth under stress-
ful conditions, which comes at the cost of lower maximal
growth rate R;. Each species is assigned a unique combina-
tion of R; and T; based on its trait value 8;, which defines
its position on the trade-off curve (Wickman et al. 2017)
(Fig. 11):

R
R = max 1

T T texpl- (5 +6))] )
T = Tmax

T 1+ exp[—-p +6,] ©)

and T

The parameters R, .ax define the upper limits

of a species’ potential growth rate and tolerance at the
extreme ends of the trade-off curve. To ensure that each
species maintains a maximal growth rate of R; > 1, we
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added a constant of 1 to the equation for R;. This adjust-
ment prevents the inclusion of species which would not
be able to survive anywhere along the gradient, even
in the absence of stress. The parameter § controls the
curvature of the trade-off curve. For our simulations,
we used a slightly convex trade-off curve with f = —0.7
(Fig. 1f).

Trait values for species within the community are dis-
tributed with equidistant spacing across the interval
0, € [0,0,,.,]. This creates a distinct spatial growth curve
ry(x) for each species (Figs. 1g and 7). The trait interval
[0, 0,,,] is calibrated so that the species with the highest
tolerance achieves a growth rate slightly greater than one at
the most hostile end of the gradient, r;(1) > 1. This design
ensures that at every point along the gradient, at least one
species exhibits positive growth, effectively covering the
entire gradient and preventing uninhabitable zones due to
extreme stress levels. The resulting growth rate curves,
illustrated in Fig. 1g, demonstrate how, due to the trade-
off, each species dominates a specific region of the gradient
(separated by vertical dashed lines in the figure). Within
these regions, each species attains the highest growth rate
compared to others, making it the best-adapted species in
that specific zone of the gradient.

To quantify biodiversity in the simulated communities,
we use the effective species richness based on the Shannon
index Sg, [p| = exp(— X, piIn(p;)) with the relative species
densities p; = N;/ X; N; (Jost 2006). Computing this index
locally at each position along the gradient yields the local
diversity Dy(x) = Sg; [p(x)], which is a spatial function of
x. For numerical implementation, we divide the gradient
into bins, each consisting of four cells, and compute the
diversity in each bin. Additionally, we compute the average
local diversity D,, = / Ssh [p(x)] dx and the global diversity,
defined as the Shannon index of the spatially averaged rela-
tive density Dy, = Sgy |/ p(x)dx| (Mohammed et al. 2022).

Numerical implementation and parameter values

The model is implemented and simulated in MATLAB. To
enhance computational efficiency, the convolutions in the
integrodifference Eq. (1) are computed using fast Fourier
transforms, as described by Powell (2001). The spatial com-
ponent incorporates closed boundary conditions, which are
implemented using a technique outlined by Andersen (1991)
and adapted for MATLAB by Lutscher (2019). For repro-
ducibility and further research, the source code to repro-
duce the results and the figures is publicly available at the
research repository Zenodo: https://doi.org/10.5281/zenodo.
14163043.

We used a spatial resolution of L=1024 cells. To save
computation time, this value was lowered to L=512 in

the simulation with the larger community of 500 species,
while it was increased to L=4096 in the dispersal simula-
tion, as this was essential to provide accurate results at
low dispersal.

Species are considered extinct when their total density
across the entire gradient, f (])Ni(x)dx, falls below a critical
threshold. Once this extinction threshold is crossed, the den-
sity NV;(x) for that species is set to 0, after which the species
is permanently removed from the system and cannot recover
from the extinction event.

As a simplification, all species are assigned the same
dispersal range of 6=0.02. This value proved to be an
optimal balance, enabling species to effectively distribute
themselves along the gradient, while minimizing the loss of
propagules beyond the simulated domain (we later examine
the effects of varying dispersal strengths in more detail). At
the start of each multi-species simulation, species densities
are uniformly initialized at 0.01 across all positions on the
gradient, ensuring that no species has an advantage at the
start and that initially, every species is present everywhere
on the gradient. This choice of initial conditions, however,
had no influence on the long-term outcome, as we did not
observe any evidence of multi-stability in the simulations.
The maximal duration of the simulations was set to 10°. A
complete list of all used model parameters is provided in
Table 1.

Results

We begin by analyzing the build-up of spatial density pro-
files in small communities. For a single species starting from
a small initial density (Fig. 2a—e), the population initially
grows locally before expanding as a travelling wave across
the domain. After about 100 time steps, intraspecific compe-
tition limits further growth, resulting in a stationary density
profile where population density gradually declines towards
the stressful end of the gradient, eventually dropping to zero
once r;(x) < 1 (note that due to source-sink effects caused
by dispersal, the actual species range is slightly extending
beyond this point). Additionally, a sharp decline in density
occurs at the benign end (x = 0), extending over a distance
roughly equal to the width ¢ of the dispersal kernel. This
decline is caused by boundary effects as many propagules
disperse over this boundary, reducing the population near
the edge.

In multi-species communities, spatial organization fol-
lows the relative positions of species on the trade-off curve.
Species with the highest intrinsic growth rates dominate
the benign end of the gradient, while more tolerant species
dominate at the stressful end. This is shown in Fig. 2f—j for
the case of two species: a fast-growing species (red) and

@ Springer


https://doi.org/10.5281/zenodo.14163043
https://doi.org/10.5281/zenodo.14163043

13 Page 6 of 20

Theoretical Ecology (2025) 18:13

Table 1 Variables and parameters used in the model

Symbol Description Value

B Shape of trade-off curve (concave/convex) -0.7

Trax Max. value of tolerance, T 5

Roax Max. value of maximum growth rate, R 5

o Competition coefficients (used for all species interactions) 1

L Spatial resolution of gradient x 1024*‘;5121’;4096C
S Number of generated species 12;22:25% C;500b
0, ax Maximum position on trade-off axis 3

X Position of optimal growth 0

Ny Extinction threshold (sum across whole space) 0.01

N o(x) Initial density 0.01

o Dispersal width ().02313;0.005 —0.05°

#Simulations related to Figs. 2 and 3 with 1, 2, or 25 species

°Simulation related to Fig. 4 with 500 species

“Simulations related to Fig. 5 with different dispersal rates and 25 species

a b c d e
)2 )2 )2 )2 )2
t=0 t=1 t=5 t=10 t=100
Z 1 1 1 1 /\ 1
0 N 0 N 0 0 0
f) g) h) i) )]
2 2 2 2 2
t=0 t=10 t=40 t=50 t=100
Z 1 1
o — I 0

k) )

0.04 \

z 0.02 0.05

Fig.2 Development of spatial profiles over the first 100 time steps.
The figure presents the simulated spatial profiles N (x) at five
selected time points for three different community setups: a—e A sin-
gle population with traits 7; = 0.4 and R; = 5.5 is initially introduced
with a small localized density, N;, = 0.2, in the center of the gradi-
ent around x = 0.5. The progression of the population distribution
is shown as it spreads across the spatial gradient. f—j A two-species
community (similar to Fig. 1b), consisting of a growth-specialist
(T; = 0.8, R; = 3.9, red line), initially located around x = 0.75, and a
stress-tolerant species (7; = 1.7, R; = 2.7, blue line), initially located
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around x = 0.25. The time series shows how these species inter-
act and adjust their spatial distributions over the gradient during the
simulation. k-0 A community of 25 species, with trait values equally
spaced on the trade-off curve (see Methods and Fig. 7). The species
are initially distributed homogeneously along the gradient at low den-
sities (N; o = 0.01). The panels show the progression of the spatial
profiles, highlighting the spatial segregation and species distribution
across the gradient at the early stages of the simulation. Note that the
initial density of all species is depicted in & as a dashed black line
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a more tolerant, slower-growing species (blue). Initially,
each species starts from a small, localized population, with
the tolerant species near the benign end and the growth-
specialist near the stressful end of the gradient. Over time,
both species grow in density and expand their ranges. How-
ever, the growth-specialist eventually invades and dominates
the benign end, outcompeting the tolerant species, which is
then confined to the stressful end of the gradient. This leads
the tolerant species to form a unimodal density profile with
a maximum near x =~ 0.75( blue curve in Fig. 2j), despite
its intrinsic growth rate being located around x = 0. This
example demonstrates that even with just two species, the
system can undergo complex transitions, such as reversing
the positions of spatial dominance during the approach to
equilibrium.

This environmental sorting occurs rapidly even in larger
communities. Figure 2k—o shows the short-term dynamics
in a community of 25 species with trait values evenly dis-
tributed along the trade-off curve (see also Fig. 7) and start-
ing from identical homogenous initial conditions of small
density. Initially, all species grow in density, with higher
growth rates at the benign end of the gradient, reflecting the

Fig.3 Community patterns and diversity over extended simulation
times for a 25-species community. a—¢ Species density profiles N;(x)
along the stress gradient x after a 10%, b 10, and ¢ 10 time steps.
Note the different vertical scale in ¢. The total population density N,
is shown by the dashed black line in each panel. The panels (a—c) are
ordered from the latest time point to the earliest (top to bottom) to
align with the temporal diversity patterns shown on the right. d Local

shapes of their growth functions. However, as overall density
increases, competition intensifies, causing each species to
dominate in the region where it has a higher intrinsic growth
rate than all others. As a consequence, species’ density
profiles become unimodal, localized in small regions, and
sorted in space according to their positions on the trade-off
curve. The highest density maxima occur at the benign end
of the gradient, which suppresses growth in adjacent regions
(x = 0.25), creating a characteristic density minimum in this
area (Fig. 20).

Beyond this initial sorting in space, the community
undergoes further reorganization over longer time scales,
leading to noticeable changes in the community structure
(Figs. 3 and 8). Thereby, the density curves of many spe-
cies shift towards the middle of the gradient. Addition-
ally, several species near the ends of the gradient become
extinct, further accelerating this shift. Despite these
changes and the segregation of individual species, the total
population density profile, N (x) = Y};N;(x), (dashed line
in Fig. 3a—c) remains nearly constant over time, maintain-
ing a smooth, almost linearly declining function across the
entire gradient. After 10* time steps the growth-specialist,

species richness D; (indicated by color coding) across the stress gra-
dient x and simulation time # (note the logarithmic axis). The figure
has been smoothed using the interpolated shading function, provided
by MATLAB. The peak in species richness undergoes two noticeable
shifts towards the center of the gradient, where it stabilizes and per-
sists for a prolonged period during the simulation. Parameter values
are equivalent to the simulation used in the bottom row of Fig. 2
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the species with the highest growth rate R; (purple line
in Fig. 3b) dominates the benign end, reaching a peak
density of about 1.6. Further into the gradient (x = 0.1),
the growth-specialist declines in density and other species
emerge with moderate maximal densities ranging from
0.3 to 0.6. In the middle of the gradient (0.4 < x < 0.6)
multiple species coexist at low abundances, with signifi-
cant overlap in their density curves. The most stressful
end (x > 0.8) is dominated again by a single species, the
stress-tolerant specialist. At this stage, the community has
reached a characteristic state with the highest local diver-
sity at intermediate stress levels (Fig. 8).

As the simulation continues over longer time scales,
the community enters a period of long transients, with
only marginal changes in species composition at each time
step. Consequently, it takes about 10° time steps to reach
a steady state (Fig. 3a). At this steady state, only 9 out of
the initial 25 species survive, resulting in reduced overall
diversity, although a hump-shaped diversity pattern still
persists (Fig. 81). A closer look at the diversity pattern
reveals some intriguing model behavior (Figs. 3d and 9).

(2]
~—

Extinctions

103 10* 10°

Fig.4 Formation of trait lumping and diversity profile for a com-
munity with 500 species, showing the temporal development of spe-
cies presence and extinction over 10° time steps (left) and commu-
nity structure at the end of the simulation (right). a Species survival
based on their trade-off position 6 is depicted over simulation time ¢
(note the logarithmic axis). Blue areas represent species that are still
present, whereas white areas indicate species that have gone extinct.
b Clustering of species that survived until the end of the simulation
(t = 10°), shown by their trade-off position 6 and the spatial loca-

@ Springer

108

While, initially (# < 1000) the diversity peak is situated
near the benign end of the gradient (x = 0.2), over time,
it shifts towards the center of the gradient, including two
notable jumps around ¢ & 1000 and # ~ 6000, after which
the peak stabilizes at the center of the gradient for the
remainder of the simulation. Such rapid changes suggest
the occurrence of trait lumping, where species with simi-
lar traits cluster in particular regions along the gradient
(Scheffer & Nes 2006). When such clusters collapse due
to extinction, they can trigger abrupt shifts in the diversity
pattern (discussed further below).

Figure 4 offers deeper insights into the mechanisms
driving these shifts in diversity pattern, focusing on a
larger community of 500 species, with the same evenly
distributed trait values as before. The left column of the
figure illustrates the temporal development of species
presence and extinction over 10° time steps. As with the
25-species community, global diversity gradually declines
over time as species densities fall below the extinction
threshold, leading to their removal from the community.
However, these extinctions are not random but clustered

o)y
2 NES
> \23 ”
1
N 19
8
. Q
0 02 04 06 08 1
X max
d)
400 15
1300
1
o —
12000 Z
0.5
1100
0 0

tion of maximal density, x,,,.. The number beside each cluster indi-
cates how many species are present in that cluster. ¢ Histogram of
extinction events (using 100 bins, blue bars) across simulation time,
alongside global diversity D, (orange line). The histogram reveals the
timing and frequency of extinction events during the simulation. d
Spatial density profiles N;(x) (thin lines) and local diversity D, along
the gradient (thick blue line) at r=105, highlighting the increased
diversity towards the center of the gradient



Theoretical Ecology (2025) 18:13

Page90of20 13

among species with similar trait values, as indicated by
species survival times relative to their trait values ; (blue-
shaded regions in Fig. 4a). These clusters occur in distinct
large extinction waves, as indicated by the temporal pat-
tern of extinction rates (blue bars in Fig. 4c). The two
largest extinction events took place around ¢ = 2700 and
t = 52,000 time steps, followed by smaller but still notable
events around ¢t = 260,000 and r = 370,000. These waves of
extinction coincide with the formation of large trait gaps
(white areas in Fig. 4a), indicating the loss of species with
similar trait values and leaving behind distinct clusters of
surviving species.

Figure 4b shows where these clusters form along the gra-
dient and the trade-off curve, indicated by their positions of

t=10" b t =102

a)
3

t =104 t=10°

0 0.5
X X

Fig.5 Temporal development of trait lumping across the spatial gra-
dient. The figure shows the distribution of population densities N;(x),
visualized on a logarithmic scale in color coding, along the gradient
x relative to species’ trait values 6, at different stages in a 500 spe-

AN
=]

maximum density x,,, and their corresponding trait values
0;. In general, higher 0 values correspond to larger maxi-
mal growth rates R;, while lower @ values are associated
with greater stress tolerance 7;. The size and distribution of
these clusters vary across the gradient. At the benign end,
only a single species—the growth-specialist with the high-
est # value—remains by the end of the simulation. Mov-
ing towards the center of the gradient, five additional clus-
ters emerge, the largest of these with 29 species located at
x=0.5, while at the hostile end, six species survive in the
final cluster.

Figure 4d illustrates how these clusters along the trait
axis translate into the spatial structure and diversity of the
community. The benign end of the gradient is dominated

c) t=103

1-2
§
13 =z
5
t=10° g

X

cies simulation (parameter values as in Fig. 4). Note the narrow den-
sity peak close to 6 = 3, corresponding to the growth-specialist, that
emerges for large simulation times (trait range slightly enlarged in e
and f to make it visible)
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by a single species, corresponding to the one-species
cluster seen in Fig. 4c, while at the hostile, end two spe-
cies persist. In intermediate regions, the community
exhibits much greater diversity due to the presence of
larger species clusters. This creates a hump-shaped diver-
sity distribution that peaks in the middle of the gradient.
The spatial aspect of the formation of trait lumping is
further illustrated in Fig. 5, which shows the distribution
of population densities in space relative to species’ trait
values. The figure highlights a key distinction in the dis-
tribution of simulated population densities across spatial
and trait dimensions: as simulation time increases, trait
clusters, separated by distinct gaps, form along the trait
axis, while spatial ranges of species remain to show sub-
stantial overlaps.

Finally, we investigate the impact of dispersal range
o on species patterns, as shown in Figs. 6 and 10, which
present long-term community structures and diversity
profiles for a community of 25 species under varying
dispersal conditions. For reference, Fig. 6b illustrates
the results for a medium dispersal range of o = 0.02,
replicating the outcomes from Fig. 3b and exhibiting a
hump-shaped diversity profile centered in the middle of
the gradient. In contrast, Fig. 6a illustrates a scenario for
a wider dispersal range (¢ = 0.05), where species den-
sity profiles are spread more widely across the gradient,
and only a small number of species (seven) survive after
10* time steps. At the other extreme, Fig. 6¢ presents the
case of a very narrow dispersal range (¢ = 0.0005), where

Fig. 6 Influence of dispersal a)

species density curves become much more localized, indi-
cating that each species occupies only a small section
of the gradient. At the benign end, a monoculture of the
growth-specialist dominates a wide region, followed by
a series of species with narrower ranges and lower maxi-
mum densities. Species adjacent to the growth-specialist
are tightly packed, leading to a peak in local diversity
near the boundary of the growth-specialist’s range. Inter-
estingly, despite these shifts in individual species den-
sity profiles, the total population density profile N, (x)
(dashed lines in Fig. 6a—c) remains largely unaffected by
changes in dispersal width.

These results highlight the significant influence of dis-
persal range ¢ on both the magnitude and the location of
the diversity peak. Figure 6d shows how local diversity
changes across the gradient as ¢ increases. At low o, the
highest local diversity is found near the benign end, albeit
with a relatively modest peak of around 4. As ¢ increases,
the diversity peak shifts linearly towards the center of the
gradient, accompanied by a notable rise in magnitude, with
local effective species richness reaching levels up to 9 (vis-
ible as a red wedge, indicating high local diversity, in the
lower left corner of Fig. 6d). However, once the diversity
peak has reached the center of the gradient at o = 0.02, fur-
ther increases in dispersal range lead to no clear changes
in diversity patterns. This likely reflects ongoing species
extinctions triggered when critical dispersal thresholds are
passed, causing non-monotonic behavior in species density
and diversity profiles.
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kernel width ¢ on spatial com- 1.5f
munity patterns and diversity ]
for a community with 25
species. a—c Species density
profiles N, (x) along the spatial 0.5
gradient x are shown after 10*
time steps for three different dis-
persal widths: a large, 6=0.05;
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population density N, is shown
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panel. d Local species richness
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ing) across the stress gradient

x and the dispersal width o
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Discussion

Traditionally, niche-based models of distinct preferences
assume that species achieve their optimal performance at
different positions along a spatial or environmental gradi-
ent (Rosenzweig 1991; Violle and Jang, 2009; Anderson
et al. 2022). In contrast, here we adopted an alternative
model of shared preferences, where all species reach their
highest intrinsic growth rates at the benign, low-stress end
of the gradient (Rosenzweig 1991; Wisheu 1998; McGill
et al. 2006). Coexistence is maintained by a growth-
tolerance trade-off, representing different adaptations of
species to tolerate stress. This creates a clear niche differ-
entiation, where each species achieves its highest growth
rate within a specific region along the gradient where
it can dominate all others (Fig. 1g). Growth-specialists
dominate the benign regions of the gradient, while more
tolerant species are best adapted to the hostile end of
the gradient, where they can locally achieve the highest
growth rates. In sum, this creates a competitive hierar-
chy, in which each species can outgrow the others in spe-
cific regions dictated by its rank in the growth-tolerance
hierarchy (Keddy et al. 2000; Gross et al., 2014; Pfestorf
et al. 2016). This pattern is reflected in our numerical
simulations: despite having their performance peaks at
the benign end of the gradient, all species are confined
to narrow environmental ranges and sorted into a pattern
of spatially segregated, but overlapping unimodal density
profiles (Figs. 2 and 3). This outcome, typically associ-
ated with distinct species preferences (Whittaker 1967a,
b), was achieved here for a community with shared prefer-
ences, independent of initial conditions.

The emerging spatial profiles are, however, not dic-
tated by abiotic requirements alone. Community structure
is defined by a combination of factors, including dispersal
and species interactions (Thompson et al. 2020). Most
dominantly, dispersal mixes regions of local dominance,
intensifying competitive interactions and reducing spe-
cies densities, which may trigger competitive exclusion.
Thus, after the ready establishment of species segregation
within a relatively short time span (Fig. 2), over longer
time scales species ranges are modified due to ongo-
ing interactions. This leads to long-term temporal shifts
and reorganization of the spatial community structure
(Fig. 3). Similar long times to reach equilibrium have
been observed in other models of communities on spatial
gradients (Mohammed et al. 2022). The origin of these
long transients can be explained by diminishing fitness
differences as species adapt and shift their local ranges.
Consequently, the time required for slightly more fit spe-
cies, or groups of species, to locally outcompete their

neighbors increases, leading to slower rates of competi-
tive displacement and local extinction. In total, this pro-
cess stabilizes species configurations, resembling to a
“freezing” process where community structure becomes
increasingly stable with time.

This slow transition, however, is punctuated by extinc-
tion events in which species in whole regions along the
trade-off curve go extinct. As demonstrated in Fig. 4a,
these extinctions go together with spatial shifts in the
peak of local diversity towards the middle of the gradi-
ent and the formation of trait lumping. The first wave of
extinctions affects species with high 6, values (species
favoring growth over tolerance), dominating regions close
to the benign end of the gradient. These extinctions are
driven by the strong competition from the growth-special-
ist. This species plays a pivotal role in this process as it
benefits from two effects: first, from having its dominance
in a region where it also achieves its maximum intrinsic
growth, and second from the boundary conditions, as it
is influenced by propagule pressure only from a single
side. As a result, it is able to establish high densities in
the benign region and spread large amounts of propagules
into neighboring areas. Eventually, the dispersal pressure
from the growth-specialist becomes too large, and adja-
cent species with narrow dominance regions are unable
to sustain their population and go extinct. This results in
an extinction wave, creating a gap in the trait distribution.
Notably, the change in local diversity occurs before these
extinction events, as our diversity measure (derived from
the Shannon index) can detect changes in the distribution
of local abundances before extinction takes place. While
this extinction event negatively impacts species in the
benign end, it has a beneficial influence on species that
are located next to the extinction zone, as it reduces com-
petitive pressure, temporally increasing local biodiver-
sity in this area. Consequently, the diversity peak shifts
towards the middle of the gradient.

A further result of these processes is the formation of trait
lumping (Scheffer & van Nes 2006), that is, the emergence
of clusters of species with similar trait values (Fig. 4). The
resulting trait-lumping patterns along the gradient (Fig. 5)
resemble those observed in other spatially explicit models
(Doebeli and Dieckmann 2003; Leimar et al. 2008; Nor-
berg et al. 2012; Mohammed et al. 2022). However, to our
knowledge, this is the first time that trait lumping has been
demonstrated to occur in time-discrete systems and in a
gradient with shared preferences. Unlike the well-known
trait-lumping mechanism (Scheffer & van Nes 2006), which
arises from a genuine pattern-formation process (Pigolotti
et al. 2007), in our model, trait lumping is driven by the
boundary conditions at the benign end of the gradient. These
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favor the dominance of the growth-specialist, leading to the
subsequent extinction of adjacent species. Species located
farther from the influence of the growth-specialist are less
impacted by dispersal pressure and benefit from the extinc-
tion of nearby species. This creates a cascading effect, where
species exert competitive pressure on their neighbors, lead-
ing to further extinctions and creating clusters of surviving
species. Cluster sizes vary along the gradient, with smaller
clusters near the benign end due to the intense competi-
tion, larger clusters at intermediate stress, and subsequently
smaller clusters near the hostile end due to strong environ-
mental filtering.

One of the most notable outcomes of our model is the
formation of a characteristic unimodal diversity distribu-
tion along the gradient. This pattern aligns with the gen-
eral theory for the formation of unimodal diversity pat-
terns along stress gradients (Grime 1973). According to
this theory, diversity peaks arise from the combination
of two distinct processes at the two ends of the gradi-
ent: intense competition at the benign end, leading to the
exclusion of species, and harsh conditions at the stress-
ful end, which restrict species survival. Together, these
processes create a diversity maximum in the middle of
the domain. This unimodal diversity pattern is reminis-
cent to the mid-domain effect, which posits that diver-
sity tends to be higher in the middle of a spatial domain,
even in the absence of environmental gradients (Colwell
& Lees, 2000; Prillwitz & Blasius 2020). To test whether
the mid-domain contributed to our results, we conducted
a simulation where the gradient was mirrored, creating
benign conditions in the middle and hostile conditions on
both ends (Fig. 11). The simulation produced a bimodal
diversity distribution, with two diversity peaks at interme-
diate stress levels. This finding confirms that, contrary to
the mid-domain effect, it is not merely the distance to the
boundaries that drives the diversity peak, but rather the
intensity of the stress along the gradient.

Even though our model is designed primarily as a concep-
tual framework, the resulting diversity distributions closely
resemble pattern observed in various ecosystems charac-
terized by a stress gradient (e.g., Sousa 1979; Grytnes &
Vetaas 2002). Perhaps the most striking comparison can
be made with salt marsh ecosystems. In salt marshes, clear
stress gradients are created by variations in salinity and
flooding frequency, both of which have a strong negative
effect on plant growth (Crain et al. 2004; Veldhuis et al.
2019). Consistent with our model predictions, the upper
salt marsh, where stress is minimal, is often dominated by
a single species. In contrast, the lower salt marsh, where
stress levels are moderate, supports a high diversity of plant
species. Finally, in the pioneer zone, where the salinity and
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inundation frequency are at its maximum, only a few highly
stress-tolerant species can survive at low densities (Pennings
& Bertness 2001; Bauer et al. 2021). These three distinct
zones of varying diversity levels mirror transient patterns
observed in our model. Moreover, several empirical studies
have shown that species typically found in high-stress zones
of salt marshes exhibit better performance when transplanted
into more benign environments (Pennings et al. 2005; Engels
& Jensen 2010). This observation supports our model’s core
assumption: all species, regardless of where they are found
along the stress gradient, achieve their optimal performance
under conditions of minimal stress.

While our conceptual study captures essential aspects
of natural ecosystems along stress gradients, some biologi-
cally relevant factors were simplified or left out, offering
numerous avenues for extensions and future research. One
key area for future investigation is a closer examination of
competitive interactions. We assumed identical competi-
tion coefficients between all species. It would be valuable
to explore how varying intra- and interspecific competi-
tion coefficients, a;, possibly in relation to species’ trait
values, impact community dynamics. Although parameter-
izing these coefficients from empirical data is challeng-
ing, doing so would offer a more nuanced understanding
of competition dynamics. Another potential extension
could involve incorporating additional trade-offs, such as
a competition-colonization trade-off that relates growth
or competitive abilities with dispersal strength (Kneitel
& Chase 2004).

Moreover, it would be intriguing to explore how model
results are influenced by the analytical form of the used
response functions. For instance, the spatial growth rate
function r;(x) (Eq. (4)) and the trade-off curve (Egs. (5)
and (6)) could be varied. Our numerical tests with alterna-
tive spatially decaying growth rate functions and different
trade-off curves (by varying the shape parameters f) sug-
gest that our main results remain unchanged as long as
the most tolerant species can still survive and outcompete
others on the hostile end of the gradient. Another inter-
esting option for future research is to expand the model,
for example by introducing trophic interactions, such as
a consumer species preying on the most abundant spe-
cies (“kill-the-winner” dynamics), which could substan-
tially alter the model outcome by reducing the dominance
of growth-specialists and promoting predator-mediated
coexistence (Caswell 1978). Similarly, incorporating the
feedback of species on their abiotic environment, akin
to the process of niche construction (e.g., sedimentation
processes in salt marshes), could provide new insights by
allowing species to modify, and potentially ameliorate,
stress levels in their habitats. Another intriguing model
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extension would be to investigate communities on envi-
ronmental gradients that still exhibit a growth-tolerance
trade-off, but in which the position of maximal growth is
not identical for all species.

In our simulations, we intentionally kept the maximum
growth rate R, sufficiently low enough to avoid period-
doubling bifurcations. However, it would be theoretically
interesting to explore the model in an oscillatory regime,
as this could reveal how diversity patterns are influenced
by oscillations and whether these patterns depend on the
synchrony of density fluctuations at different points
along the gradient. Additionally, expanding the spatial
scale of the model, by adding a second dimension to
the gradient or simulating a network of multiple inter-
connected patches (Thompson et al. 2020) could yield
further insights.

Our analysis identified long-term changes in community
structure in a stationary environment, undergoing temporal
changes over millions of generations even for small com-
munities. The timescales that it takes in the model to reach
a steady state with low diversity suggest that in nature, it
would be unlikely that an ecosystem will ever reach such
states, as it would require a constant environment for an
extremely long time. This raises the question whether stress
gradients in nature may be present in the transient rather
than the final steady states of our simulations. These ideas
can be explored in further studies which could incorporate
environmental variability by introducing stochastic distur-
bances, such as fluctuating model parameters or species
invasions. Preliminary tests, where we coupled the model
with immigration from an external species pool (i.e., sam-
pling invaders randomly from the trade-off curve), retained
unimodal diversity maxima. Moreover, varying the timing
of species arrivals produced patterns reminiscent of those
shown in Fig. 3a—c. These early simulations suggest that a
homogeneously filled trade-off curve under stable conditions
can mimic the long-term patterns seen in a system subjected
to repeated perturbations.

In conclusion, the model presented in this study pro-
vides a flexible framework for investigating the processes
and patterns that shape metacommunities across spatial
gradients. Our simulations present a picture of metacom-
munities along stress gradients as a system that is charac-
terized by extremely long transients and complex dynamic
outcomes, such as lumping of trait values and punctuated
extinctions. Why then is the notion of shared preferences,
or inclusive niches, so underrepresented in theoretical
ecology? One possible explanation may be the implicit
assumption that the distribution of species in nature should

mirror their fundamental niches, meaning that observed
range limits should align with niche boundaries and areas
of high abundances indicate optimal or near-optimal
growth conditions. At first glance, community structured
by inclusive niches would seem to violate this principle.
In such systems, species are often observed in regions with
suboptimal conditions, far from their fundamental niche.
Here, we have shown that a growth-tolerance trade-off nat-
urally leads to such an outcome where species are pushed
into less favorable regions due to competition, resulting
in spatial zonation patterns that resemble those obtained
from the concept of distinct preferences. This contradic-
tion, where high abundance does not necessarily equate
to optimal performance, challenges traditional models of
species distribution. Our findings highlight the importance
of growth-tolerance trade-offs and provide insight into the
complexity of community organization along stress gradi-
ents. By bringing attention to this overlooked dynamic, we
aim to encourage further exploration of shared preferences
in ecological models.
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Fig. 7 Trait-positions in the 25-species community. The figure illus-
trates the position of each species along the trade-off curve (blue line)
within the 25-species community, showing their respective tolerance
T; and maximal growth rate R; (red circles). Even though trait values
0, are evenly spaced, due to the nonlinearity of Egs. (5) and (6), the
resulting pairwise distances along the trade-of curve are increasing
for more tolerant species (from left to right in the figure)
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Fig.8 Temporal development of spatial profiles and diversity over b r=10°to k, 1 r=10°. All species start with a small, homogeneously
extended time periods. The panels show species density N;(x) and  distributed initial density. As the time progresses, the peak in diver-
the corresponding local species richness D (thick blue lines) for a sty shifts from the benign end of the gradient towards intermediate
community of 25 species (parameter values as in the bottom row of levels of stress

Fig. 2) along the gradient at six different time points, ranging from a,
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Fig.9 Temporal development of diversity in a community of 25 spe-
cies. a—c¢ Local diversity D, as a function of time ¢ at different posi-
tions along the gradient at a benign (x=0.2), b intermediate (x=0.5),
and ¢ hostile (x=0.8) stress levels. d Global diversity D, and e aver-
age local diversity D, of the community as a function of time. Param-
eter values as in the bottom row of Fig. 2. The panels illustrate that
during the first phase of the simulation, local diversity is highest at
the benign end (a). However, after approximately 100 time steps,
local diversity declines rapidly, dropping from D, =15 to D; =4 at
t = 10*, where it remains until the end of the simulation. At interme-
diate stress levels (b), local diversity also declines quickly within the
first 50 time steps, stabilizing around D, =9 until a second drop to
D; =4 occurs at about t =2 % 10*. At the hostile end of the gradi-
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ent (c), diversity is lowest overall, decaying in two steps at = 50 and
t =2 % 10°, ultimately reaching a final level of D, = 2.5. The right-
hand column illustrates that both global diversity and averaged local
diversity show an ongoing decline over time until the system reaches
a stationary state. Initially, averaged local diversity decreases rapidly
within the first 50 simulation time steps, reflecting early spatial shifts
in species ranges. In contrast, global diversity remains relatively sta-
ble until about # = 100, at which point many species start to decline
in density, eventually leading to extinction. Overall, these findings
show that diversity at intermediate stress levels persists much longer
compared to the benign or hostile ends, and that the decline in diver-
sity is not continuous but punctuated by abrupt drops, corresponding
to the extinction of groups of species
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Fig. 10 Community patterns as a function of dispersal width ¢. The
figure shows simulated density profiles N;(x) in a community of 25
species after 10* time steps for different value of o, ranging from a no
dispersal (6=0) to f high (6=0.05) dispersal width. In this absence of
dispersal a, local scale coexistence is not possible under our standard
parameterization a; = 1. Instead, each species is able to outcompete
the rest of the community within the area where it has the highest

@ Springer

growth rate, with overall densities declining linearly from the benign
to the hostile end - similar to the total abundance trend observed with
positive dispersal (dashed lines in Fig. 6 a—c). As dispersal increases,
local coexistence emerges driven by source-sink dynamics, while
species density curves remain strongly localized. Additionally, a pro-
nounced dominance of the growth-specialist over the next species in
the trade-off curve becomes evident
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Fig. 11 Influence of boundary conditions on community and diver-
sity patterns. The figure shows species distribution profiles and
local diversity over extended simulation times for a community of
25 species, following the setup in Fig. 3 but with modified bound-
ary conditions. In this scenario, the spatial range of the gradient has
been extended to the interval —1 < x <1 Unlike in Fig. 3 and the
standard setup, where the gradient terminates at a low-stress bound-
ary, this simulation continuous into a second region of more stressful
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conditions (for negative values of x), effectively creating a mirrored
gradient. Thereby, the previously closed boundary at x = 0 has been
replaced with a permeable transition, where stress conditions reverse
as x decreases to the left. The characteristic pattern of highest diver-
sity at intermediate stress levels, and its temporal shifts, is replicated
on both sides of the gradient, confirming that these patterns are not
artifacts of the boundary conditions
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