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1 | INTRODUCTION

| Jurg Werner Spaak

| Frederik De Laender

Abstract

Ecosystems are subject to a multitude of anthropogenic environmental changes.
Experimental research in the field of multiple stressors has typically involved vary-
ing the number of stressors, here termed stressor richness, but without controlling
for total stressor intensity. Mistaking stressor intensity effects for stressor richness
effects can misinform management decisions when there is a trade-off between miti-
gating these two factors. We incorporate multiple stressors into three community
models and show that, at a fixed total stressor intensity, increasing stressor rich-
ness aggravates joint stressor effects on ecosystem functioning, but reduces effects
on species persistence and composition. In addition, stressor richness weakens the
positive selection and negative complementarity effects on ecosystem function. We
identify the among-species variation of stressor effects on traits as a key determi-
nant of the resulting community-level stressor effects. Taken together, our results
unravel the mechanisms linking multiple environmental changes to biodiversity and

ecosystem function.
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testing for nonadditive effects of particular stressor combinations
and especially targets the detection of synergistic effects, which

Intensifying global human activities cause biological communities to
experience increasingly numerous and severe environmental stress-
ors. Stressor combinations have the potential to degrade ecosystem
functioning and reduce biodiversity (Coté et al., 2016; Nogales et al.,
2011). The ability of communities to resist these stressors will dic-
tate the quality of the ecosystem services they provide in the fu-
ture (Elmqvist et al., 2003). Thus, investigating the effect of multiple
stressors in combination has become an intensely studied area of
research (Orr et al., 2020).

Studies on the combined effect of multiple stressors typically rely
on a standard factorial design: one measures first the effects of each
stressor, and then of the stressor combinations. This approach allows

can have severe consequences for ecosystem processes (Brennan
& Collins, 2015; Cété et al., 2016; Crain et al., 2008; Darling & Coté,
2008; Rillig et al., 2019; Schifer & Piggott, 2018). Nonadditive ef-
fects can be caused not only by direct stressor interactions (e.g.,
by affecting species’ physiology), but also by how species interact
with each other and differentially respond to stressors (Baert, De
Laender, et al., 2016; Baert, Janssen, et al., 2016; De Laender, 2018;
Schafer & Piggott, 2018; Thompson et al., 2018b). For instance, more
species-rich communities have higher complementarity and a higher
likelihood of differential stressor sensitivities, which improve func-
tional (total yield) and compositional (relative species abundances)
resistance to stress (Baert, De Laender, et al., 2016; Baert, Janssen,
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et al., 2016; Craven et al., 2016; Isbell et al., 2015). Modeling stud-
ies taking such factors into account demonstrate that nonadditive
stressor effects at the population level are expected to be the norm
rather than the exception (De Laender, 2018; Piggott et al., 2015;
Schifer & Piggott, 2018; Thompson et al., 2018a).

A critical challenge associated with the standard factorial de-
sign is that the total stressor intensity experienced by the different
species making up the community (TSI, i.e., the combined stressor
effect experienced by all species) will often covary with the num-
ber of stressors, here termed “stressor richness” (De Laender,
2018; Schiafer & Piggott, 2018). Exposing a community to a higher
number of stressors will generally lead to a higher TSI. Thus, it is
difficult to disentangle the effects of stressor richness from the
effects of the concomitant increase in TSI. For example, simulta-
neous exposure to both a herbicide and a moderate temperature
increase (two stressors) can have the same negative effect on phy-
toplankton growth as exposure to a larger increase in temperature
alone (single-stressor) (Negri et al., 2011). Assessing the unique ef-
fect of stressor richness, as opposed to the joint effects of stressor
richness and TSI, is important to optimize environmental manage-
ment. Policymakers may face financial or practical constraints that
cause trade-offs between mitigation measures that reduce TSI
and measures that reduce the number of environmental stressors
(Coté et al., 2016). For example, restoring the hydromorphological
features of a river (i.e., addressing a single stressor) yielded lim-
ited improvements in biodiversity overall because other impact-
ful stressors (e.g., pollution) were not mitigated (i.e., TSI was not

greatly reduced; Haase et al., 2013).

Per capita growth
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Here, we seek to tease apart the mechanisms of multiple stressor
effects on biological communities in terms of effects on their func-
tioning, diversity and composition. We present two hypotheses.
Firstly, we hypothesize that, when stressor richness covaries with
TSI, greater stressor richness would cause greater reductions in
species richness, greater compositional change, and a greater loss
of functioning (H1). We secondly hypothesize that these effects will
differ when keeping TSI constant/fixed (H2).

We test these hypotheses in two ways. After analytical analyses
of a simplified two-species community model, we performed simu-
lations using three community models of varying complexity (Lotka,
1978; MacArthur, 1970; Stomp et al., 2004; Table 1). We focused on
competitive communities, a key module in real food webs. As there
exist many different models simulating competition, we selected
three that range from phenomenological to highly mechanistic.
Using these models, we performed extensive in silico experiments
in a factorial design to quantify the effect of stressor richness at
fixed TSI (Equation 2 and Table 2), defining a stressor as a factor that
affects species’ functional traits/growth parameters (De Laender,
2018; Litchman et al., 2015) (Equation 1). Our results robustly sup-
port both hypotheses. Specifically, all else being equal, increasing
stressor richness weakens the effects on species persistence, com-
munity composition, and biodiversity effects on function, but aggra-
vates effects on functioning. We explain the results based on the
variability of stressor action among different species, coined the
stressor coefficient of variation (SCV). Taken together, our results
show how integrating multiple stressors into ecological theory fos-

ters synthesis of community- and ecosystem-level impacts.

TABLE 1 Species per capita growth
rates by model and model parameters

Intrinsic growth rate of

sp.i

Number of species
Population of sp. j
Effect of sp.jonsp.i
Number of resources

Value of resources for
sp.i

Uptake of resource k
by sp. i

Resource k abundance

Maintenance
requirement of sp. i

Sp. i photosynthetic
efficiency

Water column depth

Absorbed light by sp. i at
depth z

Specific loss rate of sp. i

Note: The traits/parameters that the stressors affect are indicated by 6;. For details on biological

models, see Note S1.
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TABLE 2 Factors manipulated in factorial simulation design

Factor Factor levels

Total stressor intensity 10%, 50%, 90%, unfixed

Stressor richness 1,2,3,...,20
Model LV, M, S
Species richness 4, 8% 16

Stressor interactions Absent, present

Note: L-V, M, and S indicate Lotka-Volterra, MacArthur, and Stomp
models, respectively. Initial species richnesses of 8 and 16 marked with
an * were not used with the Stomp model.

2 | METHODS
2.1 | Models

We simulated competitive communities using three community mod-
els, which range from phenomenological to mechanistic (Table 1). More
mechanistic models should more closely reflect specific real-world
scenarios, while more phenomenological models are more broadly ap-
plicable but also more simplified. No demographic stochasticity was
present in any models: all processes were entirely deterministic.

In the Lotka-Volterra model (Lotka, 1978), the population size of
a species depends on its intrinsic growth rate and on effects from
inter- and intraspecific interactions. Species coexistence depends on
the relative strength of intra- vs. interspecific interactions and the
intrinsic growth rates.

MacArthur's consumer-resource model (MacArthur, 1970) de-
scribes a community of consumers competing for a number of re-
sources whose dynamics are explicitly modeled. Resource densities
increase logistically (S Equation 2), and surplus consumption is con-
verted into population growth. Broadly speaking, species can coexist
when they differ sufficiently in the resources they consume most,
and do not have vastly different mortality rates (Chesson, 1990).
Species uptake resources linearly (i.e., no density-dependent ef-
fects), and resources are considered to be perfectly substitutable.

Finally, the most mechanistic model, described by Stomp et al.
(2004), simulates a community of phytoplankton species competing
for light. This is a relatively detailed model (Spaak & De Laender,
2021) whose model organisms, phytoplankton, are a vital part of
aquatic/marine ecosystems. Phytoplankton face numerous anthro-
pogenic stressors while they form the lowest trophic level upon
which ecosystems depend, and provide 45% of atmospheric oxy-
gen (Chavez et al., 2011; Hider & Gao, 2015). Species vary in their
pigmentation and efficiency of converting light into growth, and
are able to coexist by absorbing different parts of the incident light

spectrum.

2.2 | Incorporating stressors into the models

Stressors act directly on species’ functional traits (e.g., photosyn-

thetic efficiency of phytoplankton; Litchman & Klausmeier, 2008)
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and thereby indirectly on population densities (Coté et al., 2016;
Thompson et al.,, 2018a) and competitive outcomes (De Laender,
2018). We therefore consider stressors as factors that affect popu-
lation growth but are not influenced by that population (e.g., tem-
perature, pH, pollutants; Pasztor et al., 2016). The results of the
simulations presented here may therefore not hold for environmen-
tal changes such as resource changes (De Laender, 2018), since re-
sources are also consumed by populations (Meszéna et al., 2006).

Functional traits are represented by different parameters in
the different models. Thus, the stressors affect model-specific pa-
rameters, indicated by 6; in Table 1. For Lotka-Volterra communi-
ties, stressors affected the species’ intrinsic growth rates, u;. For
MacArthur communities, stressors affected species-specific re-
source values, w;. Note that w; has been modified from its classical
form: while it is traditionally a resource-specific parameter, here
it is species-specific to enhance comparability to other models.
For Stomp communities, stressors acted on the species’ photosyn-
thetic efficiency, ¢;. Reduction of ¢; by the action of stressors has
been observed experimentally and in nature and is the mode of ac-
tion of many herbicides to which phytoplankton are exposed (D’ors
et al., 2016; Hader & Gao, 2015; Huertas et al., 2010; Kimmance
et al., 2014).

The effects of s stressors on n species’ functional traits can be
cast into an n x s matrix, &. An element of this matrix, ¢;, is the mul-
tiplicative effect of stressor | on the functional trait of species i, 6;,
thatis, 8; = 0, []_, & and is a number between 0 and 1. This effect
is additive in the log space: log(6;) = log(6;0) + ;_, log(e;).

Interactive stressor effects on functional traits are species-
specific and covary with the noninteractive stressor effects, that
is, stressors that have a greater effect are capable of having larger
interactions (Vye et al., 2015). We quantify interactive effects be-
tween stressors [, and I, on the trait of species i by a factor n;,:

S S
+ Z Z|0g(5ill)IOg(Eilz)”Hllz'

I1=1 =1

log(6,) = log(610) + )" logle;)
I=1

——

Independent stressor effects

Interactive stressor effects

(1)

Since stressor interactions act additively in the log space (Equation
1), this can produce both synergistic (y < 0) and antagonistic (4 > 0) ef-
fects on 6;. For example, take the case of two stressors affecting a spe-
ciesi.Lete;; = 0.6ande¢;, = 0.8 (effects of stressors 1 and 2 on species
i, respectively). If ;= O, then there are no interactive effects and
log(6;) =log(6; ) +l0g(0.6) +log(0.8) =log(6; 5) —0.22 — 0.097 =log(; 5) - 0.32..6;=0.48 -0, o
Thus, the parameter is now reduced to 48% of its original value
0i0- If my,;, > O, then 6; > 0.48 - 6;4 and the interaction is antagonis-
<0, then 6, < 0.48 - 9, and the interaction is
synergistic. Stressors do not interact with themselves (i.e., if I; = I,,

tic. Conversely, if n,,
fityr, = O)-

We define total stressor intensity (TSI) as one minus the product
of all stressor effects on all species traits (1 — [, [T}, € such that

for large effects of the individual stressors, this value approaches
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one (rather than zero, which mathematically shows strong stressor

effects but is counterintuitive). Because we want to test for effects

of stressor richness with both variable (Hypothesis 1, H1) and fixed/

constant (Hypothesis 2, H2) TSI, we introduced the following scaling:
log(d)

1-e) =1 S Mas) @
! i s

where d = 1 — TSl and takes some predefined value between O and 1. In
this way, TSl is fixed such that any effects on communities subjected to dif-
ferent numbers of stressors are independent of TSI, allowing us to test H2.
To test H1, we simply did not apply this scaling. Note that we will represent
TSl as a percentage, for example, 90% stressor intensity (d = 0.1). As an ex-
ample, consider a two-species (rows) two-stressor (columns) matrix:

0805
0407]

2 2
Tsi=1-[] [] e (©)
=1 I=1

=1-(0.8-0.5-0.4-0.7)
=1-0.112=0.888=288.8%.

This means that species’ functional traits are, overall, affected
by 88.8% across all stressors and species. Keeping the number of
stressors as 2, but fixing TSI at 90%, is then done by rescaling the
entries of &, using d = 0.1 in Equation 2:

log(0.1)
0.80.5 | (1M Ma)
0407
0.791 0482

0.3810.687 |

g/

(4)

One can now verify that the TSI of the rescaled matrix is 90%.
The stressors still affect species in a proportionally similar manner,

but the overall intensity is fixed.

2.3 | Two-species analyses

We first analyzed a simplified two-species Lotka-Volterra model to
analytically examine how stressor richness elicits ecological effects.
If two species, 1 and 2, interact according to the Lotka-Volterra
equation (Table 1) and do so symmetrically such that ay, = ay; = «,

they will be able to coexist in stressed conditions whenever:

S
a Hllie0 @
< I=1 < 22

, (5)
CIVIRTPR | PR TR

where the products [];_, ey and []}_, ey represent the combined

stressor effects on each species, as explained in Section 2.2. Note

that we excluded stressor interactions for simplicity. For both species

to persist under stressed conditions, the ratio p = Hle 52,/]'[,5:1 £q)

should not differ too much from 1. Larger deviations from 1 indicate
that one species is more strongly affected by the stressors than the
other and there is a higher risk of species loss (Chesson, 2000). We
therefore asked how this ratio changes as stressor richness increases,
and how this change differs for fixed vs. variable TSI. As the average
ratio will not change (stressors are generated randomly), we instead
looked at the variation around the average.

Finally, we apply the simplified two-species case to explore the
impact on biodiversity effects (selection and complementarity) on
ecosystem functioning (Loreau & Hector, 2001). These effects char-
acterize communities by whether their community yield is governed
primarily by high productivity of competitive species (selection ef-
fect) or by niche partitioning (complementarity effect). The sum of
these biodiversity effects is the net biodiversity effect (AY), which
is the difference between the expected total yield (the sum of the
monoculture yields multiplied by the expected relative yield, here

0.5) and the observed total yield in the community.

AY =ARY M +ncov (ARY, M), (6)

where ARY is the deviation from the species’ expected relative yields,
M is the sum of the monoculture yields, and n is the number of species
(Loreau & Hector, 2001). ARY M is the complementarity effect, and
ncov(ARY, M) is the selection effect. Both effects were scaled to be
comparable between different communities by dividing them by AY.

2.4 | Simulations

Next, using all three models, we adopted a factorial design including
five factors, simulating 1000 communities for each factor combina-
tion: total stressor intensity (unfixed or fixed at values in Table 2),
stressor richness, community model, initial species richness, and
presence of trait-level stressor interactions (i.e., stressor interac-
tions that have a direct effect on 8; Table 2). The design was fully
factorial with the exception that we did not vary initial species rich-
ness for the Stomp model, as coexistence of more than four species
on light spectrum differentiation alone proved impossible (Spaak &
De Laender, 2021). We set the upper limit of stressor richness to 20,
similar to the maximum number of stressors reported in analyses of
field data (Cété et al., 2016; Halpern et al., 2008). In total, these fac-
tors amounted to 1120 combinations, that is, 1,120,000 simulations.

We generated communities of a set number of species that coex-
isted in the absence of stress. To do so, we first randomly generated
parameters for each model, described in Table 1, within ranges that
were likely to result in stable coexistence (Table S1). The focal pa-
rameters from the three models (¢; in Table 1) were all sampled from
the same type of distribution to aid comparability between models.
For simulations with the Stomp model, ¢; (photosynthetic efficiency)
values were sampled from a log-normal distribution, spanning a real-
istic range (¢ is strongly linked to cell size, which follows this distribu-
tion in nature, Langdon, 1988; Stomp et al., 2004; Finkel et al., 2010;
Ryabov et al., 2021; Spaak & De Laender, 2021). Consequently, the
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focal parameters for the other models, y; and w; for Lotka-Volterra
and MacArthur communities, respectively, were also sampled from
a log-normal distribution. Other parameter generation settings are
detailed in the Appendix S1.

We only considered communities where all species in the com-
munity were present at 21% of their carrying capacity. Any species
whose population was below this threshold were considered extinct,
and the community was not used, to ensure that all species were
present in an ecologically meaningful way. Population densities at
equilibrium were computed by solving the differential equations
using Broyden's method with the R package “nlegslv” (Broyden,
1965; Hasselman, 2017). For each community, we then generated a
species stressor matrix & and determined the new stressed commu-
nity equilibrium using the same method. £ values were sampled from
a beta distribution, such that they varied between 0 and 1, with less
intense stressors being more common: € ~ Beta(a = 6.5, f = 0.25).
Because stressors affected species randomly, there were no overall
patterns of cotolerances (Vinebrooke et al., 2004). When present,
stressor interactions, n, were sampled from a normal distribution
with a mean of zero to have an additive effect on average, with small
interactions being more frequent: n ~ 4 (4 =0,6 = 1). When TSI
was fixed, we rescaled & according to Equation 2 (the exact value of
d used is arbitrary).

To assess the effects of stress on the community, we measured
ecosystem function as the total abundance (yield) of all surviving
species. We also measured species persistence as the number of
surviving species. We compared these two metrics to function and
persistence in the absence of stressors. Additionally, we also mea-
sured compositional resistance, which indicates how similar in com-
position the stressed community is to the unstressed community, by
using the Bray-Curtis similarity index (Bray & Curtis, 1957). Finally,
we again measured the biodiversity effects introduced earlier: selec-
tion and complementarity.

We anticipated that the driving force behind species loss was
likely to be inequality in how much different species are affected by
stressors (De Laender, 2018). We quantified this by measuring the
stressor coefficient of variation (SCV), the coefficient of variation of
the combined stressor effects on each species, that is, CV ([]}_, &;)-

3 | RESULTS
3.1 | Analyses of simple two-species communities

The two-species communities analyzed in this section were gener-
ated using the Lotka-Volterra model only. When TSI is unfixed and
thus covaries with stressor richness (Figure 1a), adding more stress-
ors increases the likelihood of obtaining a ratio p that is too different
from 1 for both species to coexist. The exact threshold value for
coexistence is irrelevant: If such a value exists, a greater variance
of p will lead to more cases of species loss. When TSl is fixed at a
certain value (Figure 1b), the variance of p now decreases with in-

creasing stressor richness: it becomes less likely to obtain a ratio p
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FIGURE 1 Stressor richness effects on two-species stressor
effect ratios, p, for variable (a) and fixed (b) stressor intensities,
based on 1000 iterations for each box. p, presented on a log-scale,
is the total stressor effect on species 1 divided by the total stressor
effect on species 2 indicating the difference in how affected each
species is by stressor effects. Points indicate mean values

sufficiently far from 1 to cause an extinction. Recall that it is the
TSI, 1 - [Ir, I}, € across all species that is fixed (Section 2.2),
and thus, it is still possible that one species is notably more affected.
Now as stressor richness increases, due to sample size effects it be-
comes increasingly unlikely for species to greatly vary in the stressor
effects which they experience.

We also applied the simple two-species case to analytically ex-
plore multiple-stressor effects on community functioning. Here,
the total yield observed under stressed conditions (Y,) divided by
the total yield observed in pristine conditions (Y,,) equals (setting
aqq = ayp = 1and uy = u, = 1, Supplements):

Y, _ I en+ ITiq €2
Yo, 2 ’

op

7

Effects on functioning (Y,

driven by the TSI and not by the ratio p. When TSl is unfixed, and thus
increases with stressor richness, adding more stressors will reduce

) are, unlike effects on persistence,

both products [];_, ; (as 0 < g < 1), thus decreasing functioning
(Yo/Yop): At a fixed TSI, few stressors will permit species to differ sub-
stantially in the stressor effect they experience: only the product of
all stressor effects across all species is fixed (Section 2.2). This leads
to substantial variation in the sum of these effects, which features
in Equation 7. However, as more stressors are added, this variation
decreases: every species now “samples” a sufficiently large number
of stressors for g; to stabilize with stressor richness and to be compa-

rable across species.
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As the ratio of stressor effects between the two species, p, af-

fects the stress-induced yield reduction Y, /Y, this ratio also pre-

p
dicts complementarity C (scaled by the net biodiversity effect AY)

(Supplements):

c a(a—p—%)+1 )

)

Ay (a—1)2

and the selection effect S (scaled by AY):

i_a(%—2+p>. ©)

AY (-1

As explained above and shown in Figure 1, when TSI is unfixed,
increasing stressor richness causes the ratio p to deviate more fre-
quently from 1 (Figure 1). Equations 8 and 9 (visualized in Figure S2)
show that greater deviations from 1 lead to lower complementarity
and higher selection effects. Conversely, when TSI is fixed, stressor
richness leads to smaller deviations from p = 1 (Figure S2), leading to
higher complementarity and lower selection effects. These changes
are more pronounced when species interactions (a) are stronger.
These analytical results highlight the importance of the among-
species variation of stressor effects, which is what we now report

on for more realistic and species-rich communities.

3.2 | Stressor effects on multispecies communities
When TSI was unfixed, the coefficient of variation of the among-
species stressor effects (SCV, i.e., the coefficient of variation of the

row products of &) increased with stressor richness (Figure 2a). When
TSl was fixed, SCV decreased with stressor richness (Figure 2b), with

Unfixed intensity

a much stronger decline present at higher TSI (Figure S3). Without
keeping TSI fixed, increasing stressor richness inflated differences
among the combined stressor effects experienced by species, but
when TSI was fixed, increasing stressor richness reduced such
differences.

For visual clarity, Figures 2 and 3 show only the results of the
four-species simulations only, without stressor interactions ( =0 in
Equation 1), as varying these factors did not greatly alter the main
findings (Figure S2). Increasing the initial species richness slightly
improved overall resistance to stress, and the presence of stressor
interactions had no notable effect overall. Additionally, to contrast
the effects of controlling TSI, we show only simulations where TSI
was unfixed or fixed at 90%. This provides the greatest contrast to
demonstrate the effects most clearly.

When TSI was unfixed and allowed to vary with stressor rich-
ness (Figure 3a,c,e,g,i), higher stressor richness strongly reduced
ecosystem functioning, species persistence, and compositional
resistance. However, with fixed TSI (Figure 3b,d,f,h,j), a differ-
ent response emerged: stressor richness reduced the negative
stressor effect on ecosystem functioning, and improved species
persistence and compositional resistance. When TSI was unfixed,
complementarity decreased with stressor richness, while selec-
tion increased. Exactly the opposite patterns emerged when TSI
was fixed.

Among-species variation of stressor effects (SCV) covaried with
the reported effects on function, persistence, composition, and both
biodiversity effects. Low stressor richness led to large differences
among species (high SCV), which limited effects on functioning but
worsened effects on persistence, composition, and biodiversity
effects.

All simulation results qualitatively matched the analytical re-
sults obtained for the simple two-species model. That is, effects on

Fixed intensity

FIGURE 2 Effect of stressor richness
on stressor coefficient of variation (SCV,
i.e., the coefficient of variation of the per-
species stressor intensity). Panels indicate

60 4(a) 4(b)
o)
o)
o)
. . o
40 oo
o)
o
5 09° %o
%) 00¢ %o
0©? 90¢54
00 000
20 1 0© J
°
°
0®
)
°
®
0- -
1 5 10 15 20 1 5 10 15 20

Stressor richness

Total stressor intensity (%) _

25 50

variable (a) and fixed (b) total stressor
intensity (TSI, the product of all stressor
e effects on all species). Dots indicate
mean values, and error bars show the
10th-90th percentile range of the 3000
75 simulations per stressor setting, totaling
180,000 simulations



Ecology and Evolution 7
& o WI LEY-7

FIGURE 3 Stressor richness and stressor coefficient of variation
(SCV, i.e., the coefficient of variation of the per-species stressor
intensity) effects on community metrics (ecosystem functioning,
species persistence, and compositional resistance) and biodiversity
effects (selection and complementarity). These metrics are shown
for variable (a, c, e, g, i) and fixed (b, d, f, h, j) total stressor intensity.
Horizontal dashed line shows the unstressed community value.
Dots indicate mean values, and error bars show the 10th-90th
percentile range of the 1000 simulations per simulation setting,

functioning indeed stabilized with stressor richness at high stressor
richness, and among-species differences of stressor effects (p in the
two-species case; here, SCV) explained stressor impacts on per-
sistence, composition, and biodiversity effects. Thus, we conclude
that the mechanisms identified with the simple model explain the

results in the more realistic models and scenarios.

We obtained theoretical results for the effects of multiple stress-
ors on ecosystem functioning (Figure 3a,b), species persistence
(Figure 3c,d), community composition (Figure 3e,f), and two biodi-
versity effects (g-j, Figure S2; Loreau & Hector, 2001). Together,
these results show that the effect of stressor richness causes nega-
tive ecological effects (confirming H1), but not when total stressor
intensity (TSI) is fixed (confirming H2). These results mechanistically
underpin the importance of relative sensitivities, which are quanti-
fied through the ratio p in the case of species pairs, or through the
stressor coefficient of variation (SCV) in the case of multiple spe-
cies. While these results confirm previous results for single stress-
ors (Baert et al., 2018), they demonstrate that information on which
stressor affects which species is not needed to predict ecological
change, only the total effect per species is necessary. We expect
these results to be general for stressors with a multiplicative effect
on model parameters (e.g., temperature; Uszko et al., 2017).

The results highlight the importance of separating the compo-
nents of multiple stressor effects into mechanistic measures (stressor
richness, TSI, and SCV) to better understand the link between mul-
tivariate environmental change and ecological change. When TSI is
not fixed, the effects of stressor richness reflect published empirical
and modeling results (Brennan & Collins, 2015; Garnier et al., 2017;
Rillig et al., 2019; Thompson et al., 2018b), confirming H1. However,
increasing stressor richness alone, while keeping TSI fixed, yields
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different and initially counterintuitive community- and ecosystem-
level effects, confirming H2. Stressor richness decreased ecosystem
functioning (total population/biomass yield), albeit modestly, and
increased compositional resistance to stress (the degree to which
stress changed community composition; Figure 3). Degradation
of ecosystems is mainly driven by increasing TSI, while changes in

community composition are more due to variation in among-species
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stressor effects. Both factors may vary with stressor richness, but it
is important to consider their effects separately.

Prior studies have noted the positive impact of stressors on the
selection effect (negative impact on complementarity; Baert et al.,
2018), which is reflected in our results (Figure 3g,i). However, when
fixing TSI, we obtained the opposite result. Complementarity be-
tween species is maintained if stressors act equally at a fixed inten-
sity. Thus, without controlling TSI, species loss will result in greater
loss of function when more stressors are present. Conversely, when
keeping TSI constant, species loss will affect function less when
more stressors are present.

SCV had notable effects on all metrics (Figure 3), indicating that
capturing similarities and differences in stressor effects among spe-
cies can be used to predict community-level effects. This result is
somewhat surprising as the effects of environmental change on a
species will also depend on their ecology (Arnoldi et al., 2019; Baert
et al., 2017; De Laender et al., 2016; Hodgson et al., 2017). The ma-
trices & from which SCV is computed do not contain such informa-
tion. The success of this metric to predict ecological impact may be
explained by the focus of the present study on communities of rela-
tively comparable ecology (competitive communities).

As data on environmental effects on species traits become in-
creasingly available (Dengler et al., 2011; Edwards et al., 2013;
Iversen et al., 2017; Kattge et al., 2011), applying the presented
theory to forecast ecological change becomes increasingly feasible.
Ideally, the biological responses (e.g., of intrinsic growth rate) of n
species to s stressors (e.g., pollutants, temperature) are available as
ns functions f that return the response for each species stressor com-
bination, using the s stressor values as an input (Schafer & Piggott,
2018). The product of all ns responses, at some combination of s
stressor values, is the TSI, 1 — T]L, T, & Experiments could then
measure how TSI affects various ecological variables. Controlling
TSI while varying SCV is more challenging and will depend on the
shapes of the aforementioned functions f. Experiments and analy-
ses of monitoring data based on the basic principles laid out in the
present paper are needed to help connect observed environmental
and biodiversity change (Bowler et al., 2020; Daskalova et al., 2020).

Interactive effects among stressors are of concern in global
change ecology (Orr et al., 2020) and can manifest at multiple or-
ganizational levels. Including trait-level stressor interactions did not
qualitatively influence our results (Figures S4-S6). However, this ob-
servation does not imply a limited influence of trait-level stressor
interactions on the prevalence of stressor interactions at higher
organizational levels. That is not only because we did not explicitly
test for such influence, but also because we did not have data to
parameterize trait-level stressor interactions. We can therefore not
assert that this parameter setting was realistic. For example, we as-
sumed that stressor interactions at a trait level were as likely to be
synergistic or antagonistic.

Figure 4 shows conceptually the relationships between
stressor richness and the studied community metrics. By separat-
ing stressor richness effects into TSI and SCV, we can better un-

derstand the links between environmental and ecological change.

Positive effect

Negative effect

Stressor
variation
(SCV)

Total stressor
intensity
(TSI)

Ecosystem
functioning

Compositional
resistance

Species
persistence

FIGURE 4 Main relationships between components of stressor
action and community metrics. (1) Increased stressor richness
causes greater total stress intensity; (2) increased stressor richness
causes species to be affected more similarly; (3) greater total
stressor intensity (TSI) increases the mean stressor effect (<1),
increasing SCV; (4) greater stressor intensity decreases ecosystem
functioning; (5) unequal stressor effects cause competitive
exclusion; (6) remaining species experience competitive release;
and (7) species persistence and ecosystem functioning translate to
increased compositional resistance

Although these mechanisms are quantified by our mathematical re-
sults, they also permit intuitive understanding. When TSI was fixed
(Figure 2b,d,f,h,j), low stressor richness resulted in high SCV, creating
differences among species sensitivities (large deviations from p = 1),
allowing for compensation by less sensitive species through compet-
itive release, and therefore smaller effects on ecosystem functioning
(Figure 2b). Higher stressor richness results in low SCV (i.e., stressors
affect all species similarly; Figure 2), such that no species is able to
compensate for loss of function (Figure 3b,e). At the same time, this
reduces the likelihood of species extinction: the community is more
similar to its pre-stress composition (Figure 3).

The described methodology makes several assumptions, which
should be considered when interpreting the results. Firstly, stressor
action does not vary over time, making them press, rather than pulse
perturbations. Therefore, it is unclear whether our results give in-
sight into how community dynamics would respond to environmen-
tal variation over time (Arnoldi et al., 2019; Radchuk et al., 2019). We
expect this dynamic behavior to be especially important in case of
temporal variation of stressor richness and intensity. For example,
if a first stressor causes the community to switch to priority effects
by changing species interactions (Grainger et al., 2019), the response
to a second stressor will be different than when it had occurred
before the first stressor (Brooks & Crowe, 2019). Additionally, we
consider only stressors, which negatively affect growth, while many
environmental factors in nature may increase population growth
rate in certain cases, for example, unimodal temperature effects on
photosynthesis (Hader & Gao, 2015) or attack rates (Uszko et al.,

2017). While including such stressors would certainly change how
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ecosystem function compares with unstressed ecosystem function,
the same mechanisms linking stressor richness and diversity to spe-
cies richness listed above would apply (Thompson et al., 2018b).
Just like stressors reducing growth, stressors increasing growth cre-
ate differences among species that can result in exclusion of those
species experiencing lower increases in growth (Baert, De Laender,
et al., 2016; Baert, Janssen, et al., 2016; Figure 1). Finally, because
the matrix & was constructed randomly, we did not include any sys-
tematic patterns of cotolerance, which can influence the likelihood
of species loss and can have important consequences on stressor-
induced community change (Vinebrooke et al., 2004).

Here, we present new insights into how stressor richness affects
community structure and function by severing the normally asso-
ciated influence of TSI. The effects of increasing stressor richness
were less pronounced when the TSI was fixed. The most notable dif-
ference between fixed and unfixed stressor action, however, was the
positive influence of stressor richness on species diversity and com-
munity composition. This is a potentially encouraging finding: limit-
ing the total intensity of stressors helps maintain species diversity.
This improved diversity can provide better resistance to additional
stressors and provide functional redundancy in the community, en-
suring that ecosystem services continue to function. The approach
demonstrated here offers future avenues of possible research that
would expand on these results. Firstly, expanding to other types of
species interactions (e.g., trophic, mutualist), is an important next
step. As the community-level impacts of stressors differ depending
on the type of species interactions, we may expect that SCV will
also have different effects depending on species interaction type
(Thompson et al., 2018b; Zhao et al., 2019). Secondly, allowing
stressors to directly affect species interactions, which is common-
place in real ecosystems, would also be beneficial (Daugaard et al.,
2019; Valiente-Banuet et al., 2015). More generalized theoretical
approaches, such as those presented here, would allow insights into

the mechanisms and rules governing multiple stressor effects.
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