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ABSTRACT

Spatial environmental heterogeneity is widely assumed to enhance ecological stability by promoting refugia, biodiversity and
asynchrony. Yet, we lack field experiments testing this fundamental relationship and its underlying mechanisms in naturally as-
sembled multitrophic systems. To address this gap, we monitored experimental substrates replicating topographic heterogeneity
on a rocky shore over 3years. Contrary to theory, heterogeneity showed no net effect on community stability due to four coun-
teracting pathways. Heterogeneity increased stability by (i) providing refugia that enhanced population stability and (ii) boosting
species richness, which promoted asynchrony. At the same time, it decreased stability by (iii) reducing a dominant non-native

species and (iv) suppressing consumers, both of which otherwise stabilised community composition. These opposing processes

cancelled out the heterogeneity-stability relationship, highlighting the complex and multi-causal nature of this relationship. We
caution against the assumption that increasing heterogeneity universally enhances stability, particularly in systems with strong

consumer interactions and dominant species.

1 | Introduction

Understanding the drivers of ecological stability is a central
concern in modern ecology with far-reaching implications for
sustainability, conservation and restoration (Pinto et al. 2013;
Moreno-Mateos et al. 2020; Wilsey 2021; Li et al. 2021). Temporal
stability, the invariability of aggregate community or ecosystem
properties through time, captures an ecosystem's capacity to re-
sist internal dynamics and external impacts, as well as to recover
from them (Lehman and Tilman 2000; Tilman et al. 2006). A
key determinant of temporal stability is the integration of spe-
cies' diverse and often asynchronous responses to environmen-
tal variability and disturbance (Yachi and Loreau 1999; Morin
et al. 2014). By shaping the diversity and abundance of species

within communities, external factors can potentially exert cas-
cading influences on temporal stability and the long-term reli-
able delivery of ecosystem services (Chen et al. 2021; Segrestin
et al. 2024).

Multiple pathways contribute to temporal stability, with bio-
diversity, dominant species and consumers all potentially in-
fluencing population stability and promoting asynchronous
dynamics that buffer community-level fluctuations (Tilman
et al. 1998; Griffin et al. 2009; Sasaki and Lauenroth 2011;
Wagg et al. 2022; Lisner et al. 2024). In turn, environmen-
tal heterogeneity has also been broadly linked to stability by
ameliorating environmental disturbance and enhancing resis-
tance and resilience (Palmer et al. 1997; Benton et al. 2003;
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Carey 2003; Brown 2007; Wang and Loreau 2016). This rela-
tionship is exemplified by the thermally stable microclimates
created by biogenic habitat formers such as oysters and the
temperature-buffering role of rocky habitats, which help
mitigate thermal extremes associated with climate change
(Garcia et al. 2020; McAfee et al. 2022). Despite its theoretical
relevance, the co-existing mechanisms behind heterogeneity
effects on temporal stability—on multiyear temporal scales
beyond specific disturbance-response dynamics (Hurtley
2001; Donohue et al. 2016)—remain poorly tested in real-
world, multitrophic ecosystems, where complex species in-
teractions and environmental gradients may alter expected
outcomes.

Heterogeneity is hypothesised to promote temporal sta-
bility through multiple mechanisms. First, heterogeneous
and complex structures can mitigate disturbance impacts
by providing refugia for stress-sensitive species, enhancing
population-level stability (Oliver et al. 2010). Second, hetero-
geneity promotes biodiversity by generating varied niches,
which in turn allows for more asynchronous species fluctua-
tions and increased stability (Arriero et al. 2006; Bartels and
Chen 2010; Wilcox et al. 2017; Kutiel et al. 2023; Mintrone
et al. 2024; Lisner et al. 2024). Third, these varied niches
may also help reduce competitive exclusion and reduce the
prevalence of dominant species and their effects (Sasaki and
Lauenroth 2011). Fourth, spatial heterogeneity can also re-
duce consumer pressure and stabilise population dynamics by
creating patchy environments that limit predator movement,
moderate predation and provide refuges that promote species
coexistence (Huffaker 1958; Murdoch 1977; Hassell 1980;
Griffin et al. 2009; Ong et al. 2018). While the few existing
empirical studies report a positive heterogeneity-stability re-
lationship (Brown 2007; Qiao et al. 2023), these effects may
be offset if heterogeneity suppresses dominant, stabilising
species or shelters stress-sensitive taxa, potentially leading to
context-dependent or even destabilising outcomes.

Rocky shores offer a well-established model system to test
how heterogeneity influences stability through multiple
mechanisms. Structural features like crevices and pits cre-
ate microhabitats that ameliorate desiccation, wave exposure
and grazing, providing refugia that enhance the stability of
stress-sensitive species (Hills et al. 1999; Chapman 2000;
Kovalenko et al. 2012). This fine-scale heterogeneity promotes
biodiversity by offering diverse niches that can support asyn-
chronous species dynamics (Scrosati and Heaven 2007; Watt
and Scrosati 2013). At the same time, increased niche avail-
ability can reduce competitive exclusion and dominance by
stress-tolerant species, especially in the mid and low shore
where lower environmental stress allows for stronger species
interactions (Boaventura, Alexander, et al. 2002; Boaventura,
Cancela da Fonseca, et al. 2002; Scrosati, Genne, et al. 2011;
Scrosati, Knox, et al. 2011). Furthermore, physical patchiness
can disrupt consumer movement and access to prey, damp-
ening top-down effects (Chapman 2000; Griffin et al. 2009).
Finally, the strong environmental stress gradient across shore
zones alters species diversity and interaction strengths, of-
fering a natural range of contexts to assess the robustness
of heterogeneity-stability relationships (Scrosati, Genne,
et al. 2011; Scrosati, Knox, et al. 2011). Together with rapid

community development, these features make rocky shores
excellent grounds for experimentally testing heterogeneity-
stability mechanisms (Hawkins et al. 2020).

In this study, we test the hypothesis that heterogeneity pro-
motes multiyear temporal stability by buffering disturbances
and supporting biodiversity. Specifically, we assess whether
heterogeneity enhances the temporal stability of intertidal
community cover through four pathways: (i) increased popu-
lation stability via buffered microhabitats, (ii) greater species
asynchrony that spreads risk and dampens effects of indi-
vidual species' declines, (iii) reduced dominance effects that
boost richness and asynchrony, but may weaken dominant-
species stability and (iv) reduced top-down control that sta-
bilises trophic interactions, but may favour stress-sensitive
species. We conducted a 3-year field experiment along an
intertidal gradient using paired artificial substrates with
contrasting substrate heterogeneity (flat vs. pitted; Fairchild
et al. 2024). Seasonal community surveys and structural equa-
tion modelling were used to assess how heterogeneity shaped
community structure, population dynamics and multi-year
stability. Our results reveal both stabilising and destabilising
effects, challenging theoretical expectations and underscor-
ing the complexity of heterogeneity-stability relationships in
multitrophic systems.

2 | Methods
2.1 | Study Site & Experimental Design

Between May 2019 and April 2022 (35months), an experi-
ment was conducted on a moderately exposed rocky shore
at Bracelet Bay, Swansea, United Kingdom (51.566, —3.971;
Figure 1). The site, within a macro-tidal, semidiurnal regime
(spring tidal range ~8.5m; neap ~4 m), features a steep upper
shore with barnacle-dominated channels; a mid-shore with a
mix of macroalgae, barnacles, mussels and molluscan grazers;
and a gently sloping lower shore dominated by macroalgae
together with grazers. Along this emersion stress gradient—
from high desiccation stress in the upper shore to reduced
stress in the lower shore—35 pairs of experimental limestone
tiles representing two heterogeneity levels were deployed
on exposed rock across 35 stations (i.e., each station being
smaller than 3 m?) along five transects, which were positioned
haphazardly within 20 m of one another to minimise wave ex-
posure variability. To prevent canopy algae from altering tile
conditions (e.g., via temperature buffering, wave attenuation
or whip-lash disturbance; Petrowski et al. 2016), surrounding
fucoids and large red algae were regularly cleared. Tiles were
sampled seasonally during low tide, yielding 11 time points
per tile.

Experimental heterogeneous tiles (15X15 cm) were created
by drilling a set of large, medium and small pits following a
standardised configuration, mimicking small-scale depres-
sions formed by weathering and bio-erosion (Kdzmér and
Taborosi 2012; Naylor et al. 2012), and providing heteroge-
neity in surface texture and moisture retention. Meanwhile,
non-heterogeneous tiles consisted of flat tiles without any
pits (see Fairchild et al. 2024 for a detailed account on the
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FIGURE1 | Overview of the experimental set-up testing the effects of heterogeneity on temporal cover stability. In an intertidal experimental site
at Bracelet Bay, Swansea, Wales, United Kingdom (a, b), heterogeneous tiles (c, d), with a standardised set of pits of various sizes and configuration,
were deployed alongside non-heterogeneous controls. The experiment was deployed across 35 stations with two tiles each (one heterogeneous, one

homogeneous) along five transects on the shore (e), where each transect ran from the high shore (high emersion stress) to the low shore (low emer-

sion stress). Within each transect, seven stations consisting of a tile representing the heterogeneous treatment (as per figures c and d) and a smooth

tile representing the non-heterogeneous treatment were established, with tiles randomly positioned within a station. Tiles were sampled 11 times

during the study period (f).

experimental tiles). Importantly, as the additional surface
area created from the pits was outweighed by random vari-
ability in tile sizes that resulted from manual cutting of the
rock into tiles, realised surface area was indistinguishable be-
tween non-heterogeneous and heterogeneous tiles (Fairchild
et al. 2024).

Modifications of substrate heterogeneity have been widely
used on many natural and artificial substrates on rocky reefs
to alter local conditions including temperature, moisture,
wave disturbance and grazing (e.g., Airoldi and Cinelli 1997;
Bulleri 2005; Hawkins et al. 2020) and are generally linked
to the variability in environmental conditions (e.g., Stein
et al. 2014; Agra et al. 2023; Sola and Griffin 2025). The single
form of heterogeneity applied allows high replication within
heterogeneity levels, which is necessary to decipher complex
cascading effects within a noisy natural system. The design
thus provides a case study of one form of heterogeneity that is
widely found on rocky shores.

2.2 | Data Collection

Tiles were sampled using image analysis following stratified
sampling—taking pictures of the canopy and understorey
strata separately (Supporting Information S2 for a more de-
tailed account on data collection). Understorey species cover
was estimated using point-count image subsampling, in
which all organisms located directly beneath each of 500 grid
points were identified. In contrast, canopy species cover was
measured using image analysis in Photoshop. We accounted
for ‘edge effects’ by excluding a 1.7-cm area around the edge
of the tile from image analysis. We also corrected for the bias
from the presence of bolts fixing the tile to the substrate, which
would have created topography that benefited organisms set-
tling on the tile (more details in Supporting Information S2).
Taxonomic identification was to the lowest level possible.
Lastly, we estimated emersion ratio (the proportion of time a
tile is tidally exposed/emersed over a year) as a continuous
variable by combining directly measured emersion times with
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local water level data (Supporting Information S2). Using this
continuous variable, we obtained a categorical variable to fa-
cilitate comparisons across zones by grouping stations into
high, mid and low shore ensuring that the same number of
tiles/stations was included in each group.

2.3 | Heterogeneity Effects on Community
Diversity and Composition

We tested for heterogeneity effects on community diversity
and composition and their interactive effects with the emer-
sion gradient. To do so, we calculated the average of each per-
tinent diversity and cover metric over time for each individual
tile across the study period. Using mixed effects linear models
(Bates et al. 2009), we tested the effects of heterogeneity, emer-
sion ratio and their interaction on species richness and species
evenness (Pielou Index). Fixed factors were z-transformed so
that all variables were on a similar scale. We also included the
random effects of transect and station nested within transect.
Model diagnostics, including normality and heteroscedasticity
of residuals for all linear models, were checked visually (Hartig
and Hartig 2017). When needed, data were log-transformed or
square-rooted to meet assumptions.

Using the same modelling approach, we tested for hetero-
geneity effects on the most abundant or known strongly in-
teracting species or species groups, since dominant and
strongly interacting species are known to influence temporal
stability (Sasaki and Lauenroth 2011). The invasive barna-
cle Austrominius modestus was considered separately due to
its dominant and seasonal occurrence, while native barna-
cles such as Semibalanus balanoides, Chthamalus montagui,
Balanus spp. and Perforatus perforatus were grouped together.
Macroinvertebrate consumers, largely represented by Patella
spp. and Nucella lapillus, were grouped. Both grazers and pred-
ators have been shown to contribute to cascading influences
(Silliman et al. 2013) and limpets and whelks both reduce den-
sities of barnacles and mussels (Berlow and Navarrete 1997;
Hunt and Scheibling 1998), but with Nucella presenting patchy
occurrence and a minor role in the community (Supporting
Information S7). The opportunistic and ephemeral seaweeds
were also grouped as Ulva spp., Cladophora sp. and Porphyra
dioica as found in previous surveys (Knoop et al. 2020).
Other suspension feeders were initially considered as a group
(e.g., Mytilus edulis, Sabellaria alveolata, Pomatoceros spp.).
However, after including them in the SEM we found no rele-
vant links with stability and since they responded to hetero-
geneity and emersion following the same patterns as species
diversity, we excluded them resolving that the effects of het-
erogeneity on them were already captured within species di-
versity responses. We used mean consumer cover, which was
representative of cover within any single time point (Pearson's
r=0.75; Supporting Information S3).

2.4 | Heterogeneity Effects on Temporal Stability
and Stability Mechanisms

We quantified five ecological stability-related metrics in-
cluding temporal stability and underlying mechanisms for

the whole community (Supporting Information S4). We as-
sessed aggregate temporal stability using the inverse of the
coefficient of variation (1/CV) of total cover, calculated
per tile based on its temporal mean and standard deviation
(Tilman 1996). In addition, we computed complementary
metrics—compositional stability, population stability, species
asynchrony and statistical averaging—using time-series data
per tile. Although biomass or biomass production is commonly
used in stability studies in other systems, following previous
rocky shore studies (Bulleri et al. 2012; Valdivia et al. 2013;
Mintrone et al. 2024) we chose total cover as it: (i) directly
measures the space occupied by species, a limiting resource
on rocky shores (Connolly and Muko 2003); (ii) facilitates a
unified measure across diverse species with contrasting traits;
and (iii) unlike biomass, it is a nondestructive descriptor suit-
able for repeated sampling in situ (e.g., Valencia et al. 2020).
Temporal stability in aggregate properties such as total bio-
mass or cover effectively captures whole community-level
responses to environmental variation, integrating across pop-
ulation fluctuations of individual species (Loreau et al. 2002;
Gonzalez and Loreau 2009; Wisnoski et al. 2023; Kolasa
et al. 2024).

We calculated temporal stability after detrending to remove a
weak long-term trend in mean cover, isolating temporal fluc-
tuations from broader directional temporal changes (Craven
et al. 2018; Supporting Information S5). Communities es-
tablished quickly, with diverse species present after the first
recruitment season, and analyses confirmed that the first
year did not disproportionately influence temporal stabil-
ity (Supporting Information S5). As a result, all time points
were included in the analysis. We then assessed how environ-
mental heterogeneity along the emersion gradient influenced
temporal stability, along with the underlying mechanisms of
population stability, species asynchrony, statistical averaging
and compositional stability, using mixed-effects linear mod-
els aligned with those used to assess community components
(Baselga et al. 2018).

2.5 | Pathways Explaining Heterogeneity Effects
on Temporal Stability

We built a multigroup piecewise structural equation model
(pSEM; Lefcheck 2016) to identify and quantify the pathways
linking environmental heterogeneity to temporal stability. A
hypothetical causal model was first developed based on a pri-
ori theory and ecological knowledge of rocky shore communi-
ties (Supporting Information S6), including direct paths from
heterogeneity to temporal stability and indirect paths via spe-
cies groups and stability mechanisms. The multigroup analy-
sis allowed us to assess how these pathways varied along the
emersion gradient, categorised into low, mid and high shore
zones. All component models within the pSEM were fit using
mixed-effects linear models, following the approach previously
described for models assessing spatial differences across com-
munity components.

Partial bivariate correlations were included based on theoret-
ical expectations or when directed-separation (d-separation)
tests indicated significant associations between variables
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not linked in the initial model. D-separation tests evaluate
whether the model implies conditional independence between
variable pairs, with significant results suggesting a miss-
ing path or correlation. For the overall multigroup model, a
Fisher's C test—a global goodness-of-fit measure—was used
to assess whether any relationships implied by the data were
missing from the model structure. To facilitate model conver-
gence and reduce degrees of freedom, mixed-effect models
were simplified to linear models when this did not substan-
tially alter coefficient estimates or the direction of effects.
Finally, to quantify the cascading effects of heterogeneity on
stability metrics, we calculated the product of significant path
coefficients along each causal chain and summed these to es-
timate the overall effect of heterogeneity on temporal stability
and its underlying stability mechanisms.

3 | Results

3.1 | Heterogeneity Effects on Community
Diversity and Composition

Heterogeneity increased biodiversity in terms of both species
richness (., y emersion=23-74» P<0.001) and species evenness
(thet x emersion=2-15, p=0.03) in the low shore, with effects
gradually decreasing until disappearing in the high shore
(Figure 1a,b). The increase in biodiversity was tightly linked to
the presence of pits, as mussels, snails and other invertebrate
species proliferated inside the pits in the mid and high shore,
while polychaetes and non-ephemeral macroalgae grew inside
the pits in the low shore (Figure 2g,h).

Dominant species and other species groups, however, showed
differential responses to heterogeneity and the emersion stress
gradient. Heterogeneity reduced the cover of the dominant non-
native barnacle Austrominius modestus in the mid and high
shore (., « emersion = 2-26, p=0.030; Figures 2c¢ and 1i), and the
cover of macroinvertebrate consumers (¢, ,=2.42, p=0.020;
Lemersion = 2-13, p=0.039; Figures 2d and 1j). No heterogeneity
effects were recorded for native barnacles (¢, ,,=—0.90, p=0.37;
Figure 2e) or ephemeral macroalgae (t,,=0.05, p=0.957;
Figure 2f), which showed sharp positive and negative responses
to emersion ratio, respectively.

3.2 | Heterogeneity Effects on Temporal Stability
and Stability Mechanisms

No net heterogeneity effects were recorded for temporal sta-
bility (i.e., 1/CV, see Section 2: Methods; t, ., = —1.69, p=10.100;
Figure 3a) or compositional stability (i.e., movement in mul-
tivariate community space, see Supporting Information S4;
t=0.50, p=0.616;¢t, . . =1.51, p=0.135; Figure 3b) along
the emersion gradient. Instead, temporal stability strongly
and non-linearly responded to emersion stress, peaking in the
lower part of the high shore, but declining rapidly as emersion
stress increased further. In contrast, heterogeneity increased
population stability in the high shore (¢,  emersion=—2-53;
p=0.015; Figure 3c) and increased statistical averaging at low
and mid shore levels (t, ., « emersion = 2+11, p =0.042; Figure 3d).
Finally, no heterogeneity effects were found on species

asynchrony (¢, =—-0.71, p=0.477; t, .. on = —0.80, p=0.422;
Figure 3e).

3.3 | Pathways Explaining Heterogeneity Effects
on Temporal Stability

Four countervailing pathways stemming from heterogeneity
helped explain the absence of net heterogeneity effects on tem-
poral stability and were mediated by (1) population stability,
(2) species asynchrony, (3) a dominant species Austrominius
modestus and (4) consumers (Figure 3a-h). In addition, a key
link (i.e., heterogeneity effects on species richness) varied across
shore levels, which affected two of the four pathways (i.e., path-
ways #1 and #2). The other two pathways did not vary across the
shore (Supporting Information S1).

Consistent with expectations, heterogeneity directly promoted
population stability (pathway #1; Figure 4d). In the low shore,
however, these direct positive effects were largely counteracted
by indirect negative effects on population stability mediated by
consumers and species richness. Nevertheless, overall, the popu-
lation stability pathways helped promote compositional stability
(Figure 4f) and ultimately temporal stability along the emersion
gradient, particularly in the mid and high shore (Figure 4g). Also
in line with expectations, heterogeneity promoted asynchrony, and
in turn temporal stability, by increasing species richness (pathway
#2; Figure 4e). Notably, the influence of heterogeneity on species
richness was the only link to vary significantly between emersion
zones, with no detectable effect in the high zone and increasingly
positive effects in the mid and low zones (Figure 4a—c).

Yet, unexpectedly, heterogeneity reduced temporal stability
through species asynchrony and compositional stability by re-
ducing the cover of a dominant and largely stabilising non-native
barnacle, Austrominius modestus (pathway #3; Figure 4e,f). The
decrease in A. modestus cover counteracted positive effects of
heterogeneity on population stability (mechanism #1; Figure 4f)
and species richness (pathways #2; Figure 4e). Furthermore,
heterogeneity decreased the effects of stabilising consumers
(pathway #4; Figure 4a-c). Reduced consumer effects directly
diminished compositional stability (Figure 4f). Indirectly, re-
duced consumer effects reduced both compositional stability
and population stability by decreasing their negative effects on
ephemeral macroalgae (Figure 4d.f). Collectively, decreased
consumer effects reduced temporal stability, particularly
through reduced compositional stability.

Besides heterogeneity, emersion ratio (even within low, mid and
high zones) and the abundance of native barnacle species—un-
affected by heterogeneity—had larger effects on temporal stabil-
ity (Figure 4h). The combination of these two additional drivers,
together with the counteracting pathways described above, con-
tributed to further obscure net heterogeneity effects along the
emersion gradient (Figure 3a).

4 | Discussion

Unravelling the drivers of ecological stability remains a signif-
icant research challenge, especially in natural settings where
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FIGURE 2 | Heterogeneity effects on species diversity and the abundance of species groups along the emersion gradient in rocky shore commu-
nities. (a-f) Linear model results (mean +95% CI) for the effects of emersion ratio and heterogeneity on: (a) species richness, (b) Pielou evenness, (c)
Austrominius modestus, (d) macroinvertebrate consumers, (e) native barnacles and (f) ephemeral macroalgae. Lines represent predicted responses
from mixed-effects models (via ggpredict in R); points are per-tile means across sampling dates (n = 67). Marginal and conditional R? values (R?*m and
R2c) are shown within each graph (g-j). Observed field patterns: In the high shore (g), mussels, snails and barnacles survived in pits (red circles) but
not on smooth tiles; in the low shore (h), pits supported higher recruitment and survival, increasing diversity and altering composition. High-shore
smooth tiles were often dominated by A. modestus (i), while consumers (e.g., Patella spp.) were more common on mid- and low-shore tiles, reducing
cover through grazing (j).

multiple factors interact. Our multiyear experiment on a rocky  richness (pathways i and ii in Figure 5). By offering varied con-
shore challenges the assumption that environmental hetero- ditions, including refugia from stressors like desiccation, wave
geneity promotes temporal stability. Although heterogeneity forces and consumers, heterogeneous substrates likely reduced
increased population stability and biodiversity, it did not yield the impact of disturbances and aided population recovery. This
a net positive effect on temporal stability. Structural equation aligns with the established role of refugia in helping species sur-
modelling clarified this paradox, supporting that heterogeneity =~ vive stress and disturbance (Oliver et al. 2010; Keppel et al. 2012;
both promoted and undermined stability through various path- Selwood et al. 2015). Additionally, heterogeneity enhanced rich-
ways (Figure 5). ness by creating new environments where less tolerant species,

such as mussels in these semi-exposed communities, could es-
Our findings suggest that heterogeneity can enhance stability =~ cape the harsh conditions typical of barnacle-dominated com-
directly by providing refugia and indirectly increasing species munities (Kawai and Tokeshi 2007; Barbosa et al. 2022) and by
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dates per tile (n=67). Marginal and conditional R? values (R?m and R?c) are shown within each graph. Lines are the predicted response obtained

from the mixed-effects models used to test emersion ratio and heterogeneity effects using the ggpredict function in R.

supporting non-ephemeral macroalgae (e.g., Fucus spp.; Jonsson
et al. 2006), which would otherwise be removed by storms and
consumers. Increased richness, in turn, likely promoted asyn-
chrony through differential responses to environmental varia-
tion or density-dependent competition (Firkowski et al. 2022).
This mechanism has been demonstrated at multiple spatial
scales in marine environments, where heterogeneity increased
asynchrony within and between populations, ultimately en-
hancing diversity and stability across marine protected areas,
and buffering them against marine heatwaves and climate
change (Benedetti-Cecchi et al. 2024).

However, these stabilising effects were counterbalanced by
other pathways. Contrary to traditional expectations, the pos-
itive effects of heterogeneity were offset by its reduction of a
stabilising non-native dominant barnacle, Austrominius modes-
tus, and consumers (pathways iii and iv in Figure 5). The non-
native barnacle likely enhanced stability due to its stress- and
disturbance-tolerant traits and its competitive interactions with
native species. Its strong influence likely stemmed from its
dominance and traits rather than its non-native status, though
non-natives may in some contexts show greater stability under
environmental stress (Buckley and Catford 2016; Gu et al. 2023).

Meanwhile, heterogeneity's inhibition of consumers, consistent
with previous studies on rocky shores, likely resulted from re-
stricted movement and prey access (Bazterrica et al. 2007;
Johnson et al. 2008; Griffin et al. 2009). Since consumers act as a
strong ecological filter by eliminating less stress-resistant, more
variable species like ephemeral macroalgae, their reduction de-
stabilised community composition over time (i.e., particularly
limpets; see Supporting Information S8). Thus, heterogeneity
can inadvertently favour the establishment of more vulnerable
species while inhibiting stabilising forces, leading to destabilisa-
tion even as it enhances diversity and asynchrony. Many other
systems similarly host dominant species, as well as strongly in-
teracting consumers, which might also mediate destabilising
effects of heterogeneity on stability.

Our results place the effects of heterogeneity on stability within
a broader context of community and environmental drivers.
While heterogeneity influenced species richness, population
stability and asynchrony, the strongest effects on overall sta-
bility occurred along the environmental stress gradient, with
stability peaking in areas dominated by stress-resistant bar-
nacle species. This pattern is consistent with extensive theory
and empirical work demonstrating that environmental stress
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strongly structures species interactions and community com-
position, particularly in rocky intertidal systems (Grime 1977;
Menge and Sutherland 1987; Bertness and Leonard 1997;
Bertness and Ewanchuk 2002; Harley and Helmuth 2003; Vof3

and Schifer 2017). Although the Stress Gradient Hypothesis
predicts that facilitative interactions should increase under
harsher conditions (Bruno et al. 2003; Maestre et al. 2009), we
found no evidence that heterogeneity-driven amelioration was
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FIGURE 4 | Heterogeneity effects on temporal stability and underlying mechanisms across the shore. Left panels (a-c) show multigroup piece-
wise SEMs illustrating how heterogeneity influenced temporal stability via community components (e.g., species richness) and stability mecha-

nisms (e.g., species asynchrony). Green, red and grey lines indicate significant positive, significant negative and non-significant paths (p>0.05) that
changed across shore heights; numbers are standardised path coefficients (SPCs). Black asterisks denote significant differences across shore levels
(see Supporting Information S1). SEM fit metrics (Fisher's C, R?) are shown in the lower right corner. Right panels (d-h) summarise SPCs for hetero-
geneity effects on population stability, species asynchrony, compositional stability, temporal stability and net effects (including emersion gradient

and native barnacles). Error bars reflect cumulative uncertainty across all component coefficients per case, which are not generalisable to individual

effects. Notably, indirect pathways include all links originating from heterogeneity and cascaded through community components (e.g., consumers,

species richness) and stability mechanisms (e.g., species asynchrony) down to temporal stability.
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FIGURE 5 | Heterogeneity influences temporal stability through
multiple counteracting cascades. Heterogeneity effects on temporal

stability were negated due to counteracting positive and negative path-
ways, which consisted of (i) direct stabilising refugia effects (population
stability), (ii) diversity-mediated stabilising effects (asynchrony) and
destabilising effects mediated by suppression of (iii) dominant and (iv)
consumer species. Note that effects of heterogeneity via dominant and
consumer species might be inherently context-dependent, hinging on
how these important groups respond to heterogeneity and in turn in-
fluence stability.

stronger in the high shore. Instead, heterogeneity's net effects
remained muted across the stress gradient as a result—as dis-
cussed above—of countervailing pathways.

Our findings emphasise the need for further exploration and re-
evaluation of heterogeneity-stability relationships. While much
effort has been devoted to understanding biodiversity-stability
and heterogeneity—-diversity relationships (Pennekamp et al. 2018;
Agra et al. 2023), far less attention has been given to linking envi-
ronmental heterogeneity to stability. This is critical, as heterogene-
ity is often manipulated in applied settings, from nature-sensitive
engineering to ecological restoration, where stability is a desirable
outcome to ensure reliable ecosystem service provision (Firth
et al. 2024; Silliman et al. 2024). Our novel experimental results

imply that enhancing heterogeneity in such settings may not have
assumed benefits for ecological stability and, by enhancing bio-
diversity while potentially suppressing stability, may even drive
trade-offs between biodiversity and stability.

Although our experiment was conducted at a fine spatial scale,
this matched the scale at which small-bodied, low-mobility or-
ganisms interact with their environment through competition,
predation and resource use (Price 1983). In contrast, larger bod-
ied organisms, such as birds or mammals, perceive and respond
to heterogeneity at coarser spatial scales, as movement gener-
ally scales with body size across species (Hillaert et al. 2018;
Anderson and Fahimipour 2021; Straus et al. 2022). Thus,
while absolute scales vary, aligning experimental scale with
the scale of ecological interactions ensures broader relevance
of our results. Moreover, fine-scale heterogeneity can influence
community structure and stability at larger spatial scales, as mi-
crohabitat processes often scale up to shape landscape-level dy-
namics (Puerta-Pinero et al. 2007; Martirosyan et al. 2013; Choi
et al. 2021; With 2019). Therefore, and provided that ecological
context and scale are appropriately considered, our mechanistic
insights should prove relevant to other systems.

Nevertheless, it must be noted that, while the specific form of
rocky shore heterogeneity tested here provides a novel blueprint,
it does not capture the full range of possible effects across eco-
systems, forms of heterogeneity and spatial scales (e.g., Mintrone
et al. 2024). Indeed, the effects of heterogeneity are likely to vary
substantially with the form of heterogeneity and the traits of both
dominant and consumer species, which may determine context-
dependent effects (Dolezal et al. 2024). Furthermore, although
communities assembled rapidly in our study system, composi-
tional changes during succession may influence the relative im-
portance of pathways supporting or undermining stability (Meng
et al. 2023; Supporting Information S5). Additionally, while our
study assesses effects on compositional and temporal stability,
future research should explore other dimensions of stability,
such as resistance and resilience, which may respond differently
(Donohue et al. 2013). Most importantly, we encourage subse-
quent studies to embrace the complexity of contemporary eco-
systems, including the roles of non-native species and consumers
under different climate change scenarios, to more fully under-
stand heterogeneity-stability relationships in real-world settings.

5 | Conclusions

This study reveals the complex, multicausal nature of the rela-
tionship between environmental heterogeneity and temporal
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stability. Although heterogeneity can enhance stability through
mechanisms such as population stability and increased biodiver-
sity, these effects can be neutralised by the reduction in dominant
and consumer species effects, resulting in no net gain in stability.
These findings deepen our understanding of ecological stability
and highlight the importance of considering multiple, potentially
counteracting pathways in both ecological theory and practice.

Author Contributions

J.S. and J.N.G. conceptualised the research. J.S., T.P.F. and M.J.P. con-
ducted fieldwork. J.S. collected and analysed the data. J.S. and J.N.G.
wrote the manuscript. All authors contributed to the corrections of the
manuscript.

Acknowledgements

J.S. was funded through a Swansea University Research Excellence
Scholarship. This research was part funded through a Natural
Environment Research Council (NERC) BEF-SCALE Project (NE/
W006650/1).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data and R code used for this study are available at https://github.com/
JSolaC/Solaetal2025-Stability. The data are also available at Dryad
(DOI: 10.5061/dryad.kprr4xhhg).

Peer Review

The peer review history for this article is available at https://www.webof
science.com/api/gateway/wos/peer-review/10.1111/ele.70158.

References

Agra, J., T. Cornelissen, A. B. Viana-Junior, and M. Callisto. 2023. “A
Global Synthesis and Meta-Analysis of the Environmental Heterogeneity
Effects on the Freshwater Biodiversity.” Oikos 2024: €10186.

Airoldi, L., and F. Cinelli. 1997. “Effects of Sedimentation on
Subtidal Macroalgal Assemblages: An Experimental Study From a
Mediterranean Rocky Shore.” Journal of Experimental Marine Biology
and Ecology 215, no. 2: 269-288.

Anderson, K. E., and A. K. Fahimipour. 2021. “Body Size Dependent
Dispersal Influences Stability in Heterogeneous Metacommunities.”
Scientific Reports 11, no. 1: 17410.

Arriero, E.,J. J. Sanz, and M. Romero-Pujante. 2006. “Habitat Structure
in Mediterranean Deciduous Oak Forests in Relation to Reproductive
Success in the Blue Tit Parus caeruleus.” Bird Study 53, no. 1: 12-19.

Barbosa, R. V., M. Jaud, C. Bacher, et al. 2022. “High-Resolution Drone
Images Show That the Distribution of Mussels Depends on Microhabitat
Features of Intertidal Rocky Shores.” Remote Sensing 14, no. 21: 5441.

Bartels, S. F., and H. Y. Chen. 2010. “Is Understory Plant Species
Diversity Driven by Resource Quantity or Resource Heterogeneity?”
Ecology 91, no. 7: 1931-1938.

Baselga, A., D. Orme, S. Villeger, J. De Bortoli, F. Leprieur, and M. A.
Baselga. 2018. “Package ‘betapart’. Partitioning Beta Diversity Into
Turnover and Nestedness Components.” Version, 1(0).

Bates, D., M. Maechler, B. Bolker, et al. 2009. “Package ‘lme4”.” http://
Ime4.r-forge.r-project.org.

Bazterrica, M. C., B. R. Silliman, F. J. Hidalgo, C. M. Crain, and M. D.
Bertness. 2007. “Limpet Grazing on a Physically Stressful Patagonian
Rocky Shore.” Journal of Experimental Marine Biology and Ecology 353,
no. 1: 22-34.

Benedetti-Cecchi, L., A. E. Bates, G. Strona, et al. 2024. “Marine
Protected Areas Promote Stability of Reef Fish Communities Under
Climate Warming.” Nature Communications 15, no. 1: 1822.

Benton, T. G., J. A. Vickery, and J. D. Wilson. 2003. “Farmland
Biodiversity: Is Habitat Heterogeneity the Key?” Trends in Ecology &
Evolution 18, no. 4: 182-188.

Bertness, M. D., and G. H. Leonard. 1997. “The Roale of Positive
Interactions in Communities: Lessons From Intertidal Habitats.”
Ecology 78, no. 7: 1976-1989.

Berlow, E. L., and S. A. Navarrete. 1997. “Spatial and Temporal
Variation in Rocky Intertidal Community Organization: Lessons From
Repeating Field Experiments.” Journal of Experimental Marine Biology
and Ecology 214, no. 1-2: 195-229.

Bertness, M. D., and P. J. Ewanchuk. 2002. “Latitudinal and Climate-
Driven Variation in the Strength and Nature of Biological Interactions
in New England Salt Marshes.” Oecologia 132: 392-401.

Boaventura, D., M. Alexander, P. Della Santina, et al. 2002. “The Effects
of Grazing on the Distribution and Composition of Low-Shore Algal
Communities on the Central Coast of Portugal and on the Southern
Coast of Britain.” Journal of Experimental Marine Biology and Ecology
267, no. 2: 185-206.

Boaventura, D., P. Ré, L. Cancela da Fonseca, and S. J. Hawkins. 2002.
“Intertidal Rocky Shore Communities of the Continental Portuguese
Coast: Analysis of Distribution Patterns.” Marine Ecology 23, no. 1:
69-90.

Brown, B. L. 2007. “Habitat Heterogeneity and Disturbance Influence
Patterns of Community Temporal Variability in a Small Temperate
Stream.” Hydrobiologia 586: 93-106.

Bruno, J. F.,, J. J. Stachowicz, and M. D. Bertness. 2003. “Inclusion of
Facilitation Into Ecological Theory.” Trends in Ecology & Evolution 18,
no. 3:119-125.

Buckley, Y. M., and J. Catford. 2016. “Does the Biogeographic Origin
of Species Matter? Ecological Effects of Native and Non-Native Species
and the Use of Origin to Guide Management.” Journal of Ecology 104,
no. 1: 4-17.

Bulleri, F. 2005. “Experimental Evaluation of Early Patterns of
Colonisation of Space on Rocky Shores and Seawalls.” Marine
Environmental Research 60, no. 3: 355-374.

Bulleri, F., L. Benedetti-Cecchi, M. Cusson, et al. 2012. “Temporal
Stability of European Rocky Shore Assemblages: Variation Across a
Latitudinal Gradient and the Role of Habitat-Formers.” Oikos 121, no.
11:1801-1809.

Carey, A. B. 2003. “Biocomplexity and Restoration of Biodiversity in
Temperate Coniferous Forest: Inducing Spatial Heterogeneity With
Variable-Density Thinning.” Forestry 76, no. 2: 127-136.

Chapman, M. G. 2000. “A Comparative Study of Differences Among
Species and Patches of Habitat on Movements of Three Species of
Intertidal Gastropods.” Journal of Experimental Marine Biology and
Ecology 244, no. 2: 181-201.

Chen, J., Y. Chi, W. Zhou, et al. 2021. “Quantifying the Dimensionalities
and Drivers of Ecosystem Stability at Global Scale.” Journal of
Geophysical Research: Biogeosciences 126, no. 4: €2020JG006041.

Choi, J. Y., S. K. Kim, J. C. Kim, H. J. Lee, H. J. Kwon, and J. H. Yun.
2021. “Microhabitat Characteristics Determine Fish Community
Structure in a Small Stream (Yudeung Stream, South Korea).”
Proceedings of the National Institute of Ecology of the Republic of Korea
2, no. 1: 53-61.

10 of 13

Ecology Letters, 2025

B5URD17 SUOWILLOD) BAIERID 3|gedt|dde au Aq pausenob a1e Sapie YO 18N JOS3INI o} ARiq1T8UIUO A8]IM UO (SUORIPUOD-PUR-SLLBY WD A8 |1 ARe1q 1 BU1IUO//SHRY) SUORIPUOD PUe SWR L 3L3 385 *[5202/60/6¢] U0 AIqIT8UIIUO A8]IM ‘S0UB|20X3 8180 PUB U3ESH J0j Iniiisu| UOEN ‘3DIN AQ 8STOL®R/TTTT OT/I0P/L0Y AB| 1M ALeiqjoul|uo//SdRy Wwoiy papeojumod ‘8 ‘S20Z ‘87Z0TorT


https://github.com/JSolaC/Solaetal2025-Stability
https://github.com/JSolaC/Solaetal2025-Stability
https://doi.org/10.5061/dryad.kprr4xhhg
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ele.70158
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ele.70158
http://lme4.r-forge.r-project.org
http://lme4.r-forge.r-project.org

Connolly, S. R., and S. Muko. 2003. “Space Preemption, Size-Dependent
Competition, and the Coexistence of Clonal Growth Forms.” Ecology 84,
no. 11: 2979-2988.

Craven, D., N. Eisenhauer, W. D. Pearse, et al. 2018. “Multiple Facets of
Biodiversity Drive the Diversity-Stability Relationship.” Nature Ecology
& Evolution 2, no. 10: 1579-1587.

Dolezal, J., P. Fibich, J. Altman, K. Takahashi, and T. Hara. 2024.
“Diversity Effects and Compensatory Dynamics Drive Productivity and
Stability in Temperate Old-Growth Forests.” Journal of Ecology 112:
2249-2263.

Donohue, I., H. Hillebrand, J. M. Montoya, et al. 2016. “Navigating the
Complexity of Ecological Stability.” Ecology Letters 19, no. 9: 1172-1185.

Donohue, I., O. L. Petchey, J. M. Montoya, et al. 2013. “On the
Dimensionality of Ecological Stability.” Ecology Letters 16, no. 4:
421-429.

Fairchild, T., B. Walter, J. Mutter, and J. Griffin. 2024. “Topographic
Heterogeneity Triggers Multiple Complementary Cascades to Exert
Cornerstone Effects on Ecosystem Multifunctionality.” Ecology 105, no.
11: e4434. https://doi.org/10.1002/ecy.4434.

Firkowski, C. R., P. L. Thompson, A. Gonzalez, M. W. Cadotte, and M.
J. Fortin. 2022. “Multi-Trophic Metacommunity Interactions Mediate
Asynchrony and Stability in Fluctuating Environments.” Ecological
Monographs 92, no. 1: e01484.

Firth, L. B., J. Bone, A. Bartholomew, et al. 2024. “Coastal Greening of
Grey Infrastructure: An Update on the State of the Art.” Proceedings of
the Institution of Civil Engineers: Maritime Engineering 177: 1-33.

Garcia, M. B, D. Domingo, M. Pizarro, X. Font, D. Gémez, and J. Ehrlén.
2020. “Rocky Habitats as Microclimatic Refuges for Biodiversity. A
Close-Up Thermal Approach.” Environmental and Experimental Botany
170: 103886.

Gonzalez, A., and M. Loreau. 2009. “The Causes and Consequences of
Compensatory Dynamics in Ecological Communities.” Annual Review
of Ecology, Evolution, and Systematics 40: 393-414.

Griffin, J. N., S. R. Jenkins, L. Gamfeldt, D. Jones, S. J. Hawkins, and R.
C. Thompson. 2009. “Spatial Heterogeneity Increases the Importance
of Species Richness for an Ecosystem Process.” Oikos 118, no. 9:
1335-1342.

Grime, J. P. 1977. “Evidence for the Existence of Three Primary
Strategies in Plants and Its Relevance to Ecological and Evolutionary
Theory.” American Naturalist 111, no. 982: 1169-1194.

Gu, S., T. Qi, J. R. Rohr, and X. Liu. 2023. “Meta-Analysis Reveals Less
Sensitivity of Non-Native Animals Than Natives to Extreme Weather
Worldwide.” Nature Ecology & Evolution 7, no. 12: 2004-2027.

Harley, C. D., and B. S. Helmuth. 2003. “Local-and Regional-Scale
Effects of Wave Exposure, Thermal Stress, and Absolute Versus
Effective Shore Level on Patterns of Intertidal Zonation.” Limnology
and Oceanography 48, no. 4: 1498-1508.

Hartig, F., and M. F. Hartig. 2017. “Package ‘dharma’.” R Package.

Hassell, M. P. 1980. “Some Consequences of Habitat Heterogeneity for
Population Dynamics.” Oikos 35, no. 3: 273-284.

Hawkins, S. J., K. E. Pack, K. Hyder, L. Benedetti-Cecchi, and S.
R. Jenkins. 2020. “Rocky Shores as Tractable Test Systems for
Experimental Ecology.” Journal of the Marine Biological Association of
the United Kingdom 100, no. 7: 1017-1041.

Hillaert, J., T. Hovestadt, M. L. Vandegehuchte, and D. Bonte.
2018. “Size-Dependent Movement Explains Why Bigger Is Better in
Fragmented Landscapes.” Ecology and Evolution 8, no. 22: 10754-10767.

Hills, J. M., J. C. Thomason, and J. Muhl. 1999. “Settlement of
Barnacle Larvae Is Governed by Euclidean and Not Fractal Surface
Characteristics.” Functional Ecology 13, no. 6: 868-875.

Huffaker, C. B. 1958. “Experimental Studies on Predation: Dispersion
Factors and Predator-Prey Oscillations.” Hilgardia 27, no. 14: 343-383.

Hunt, H. L., and R. E. Scheibling. 1998. “Effects of Whelk (Nucella lapil-
lus (L.)) Predation on Mussel (Mytilus trossulus (Gould), M. edulis (L.))
Assemblages in Tidepools and on Emergent Rock on a Wave-Exposed
Rocky Shore in Nova Scotia, Canada.” Journal of Experimental Marine
Biology and Ecology 226, no. 1: 87-113.

Hurtley, S. 2001. “Resistance and Resilience.” Science 293, no. 5536:
1731.

Johnson, M. P., M. E. Hanley, N. J. Frost, M. W. Mosley, and S. J.
Hawkins. 2008. “The Persistent Spatial Patchiness of Limpet Grazing.”
Journal of Experimental Marine Biology and Ecology 365, no. 2: 136-141.

Jonsson, P. R., L. Granhag, P. S. Moschella, P. /—D\berg, S.J. Hawkins, and
R. C. Thompson. 2006. “Interactions Between Wave Action and Grazing
Control the Distribution of Intertidal Macroalgae.” Ecology 87, no. 5:
1169-1178.

Kawai, T., and M. Tokeshi. 2007. “Testing the Facilitation-Competition
Paradigm Under the Stress-Gradient Hypothesis: Decoupling Multiple
Stress Factors.” Proceedings of the Royal Society B: Biological Sciences
274, no. 1624: 2503-2508.

Kazmér, M., and D. Taborosi. 2012. “Bioerosion on the Small Scale-
Examples From the Tropical and Subtropical Littoral.” Hantkeniana 7:
37-94.

Keppel, G., K. P. Van Niel, G. W. Wardell-Johnson, et al. 2012. “Refugia:
Identifying and Understanding Safe Havens for Biodiversity Under
Climate Change.” Global Ecology and Biogeography 21, no. 4: 393-404.

Knoop, J., J. N. Griffin, and S. Barrento. 2020. “Cultivation of Early Life
History Stages of Porphyra Dioica From the British Isles.” Journal of
Applied Phycology 32: 459-471.

Kolasa, J., B. Northey, M. Shaikh, and M. Hammond. 2024. “Aggregating
Taxa and the Influence of Scale: Potential Concerns for Analysis of
Stability Using Functional Measures.” Ecosphere 15, no. 2: e4766.

Kovalenko, K. E., S. M. Thomaz, and D. M. Warfe. 2012. “Habitat
Complexity: Approaches and Future Directions.” Hydrobiologia 685: 1-17.

Kutiel, P. B., O. Katz, and M. Dorman. 2023. “Spatial Heterogeneity
Effects on Meta-Community Stability of Annual Plants From a Coastal
Dune Ecosystem.” Plants 12, no. 11: 2151.

Lefcheck, J. S. 2016. “piecewiseSEM: Piecewise Structural Equation
Modelling in R for Ecology, Evolution, and Systematics.” Methods in
Ecology and Evolution 7, no. 5: 573-579.

Lehman, C. L., and D. Tilman. 2000. “Biodiversity, Stability, and
Productivity in Competitive Communities.” American Naturalist 156,
no. 5: 534-552.

Li, S., X. Zhao, J. Pu, P. Miao, Q. Wang, and K. Tan. 2021. “Optimize and
Control Territorial Spatial Functional Areas to Improve the Ecological
Stability and Total Environment in Karst Areas of Southwest China.”
Land Use Policy 100: 104940.

Lisner, A., J. Segrestin, M. Konecna, et al. 2024. “Why Are Plant
Communities Stable? Disentangling the Role of Dominance,
Asynchrony and Averaging Effect Following Realistic Species Loss
Scenario.” Journal of Ecology 112: 14364.

Loreau, M., S. Naeem, and P. Inchausti, eds. 2002. Biodiversity and
Ecosystem Functioning: Synthesis and Perspectives. OUP Oxford.

Maestre, F. T., R. M. Callaway, F. Valladares, and C. J. Lortie. 2009.
“Refining the Stress-Gradient Hypothesis for Competition and
Facilitation in Plant Communities.” Journal of Ecology 97, no. 2:
199-205.

Martirosyan, V., R. Ehrlich, Y. Frend, G. Barness, and Y. Steinberger.
2013. “Spatial Heterogeneity of a Microbial Community in a Sandy Soil
Ecosystem.” Pedobiologia 56, no. 4-6: 195-203.

11 0f 13

B5URD17 SUOWILLOD) BAIERID 3|gedt|dde au Aq pausenob a1e Sapie YO 18N JOS3INI o} ARiq1T8UIUO A8]IM UO (SUORIPUOD-PUR-SLLBY WD A8 |1 ARe1q 1 BU1IUO//SHRY) SUORIPUOD PUe SWR L 3L3 385 *[5202/60/6¢] U0 AIqIT8UIIUO A8]IM ‘S0UB|20X3 8180 PUB U3ESH J0j Iniiisu| UOEN ‘3DIN AQ 8STOL®R/TTTT OT/I0P/L0Y AB| 1M ALeiqjoul|uo//SdRy Wwoiy papeojumod ‘8 ‘S20Z ‘87Z0TorT


https://doi.org/10.1002/ecy.4434

McAfee, D., M. J. Bishop, and G. A. Williams. 2022. “Temperature-
Buffering by Oyster Habitat Provides Temporal Stability for Rocky
Shore Communities.” Marine Environmental Research 173: 105536.

Meng, Y., S. P. Li, S. Wang, S. J. Meiners, and L. Jiang. 2023. “Scale-
Dependent Changes in Ecosystem Temporal Stability Over Six Decades
of Succession.” Science Advances 9, no. 40: eadil279.

Menge, B. A., and J. P. Sutherland. 1987. “Community Regulation:
Variation in Disturbance, Competition, and Predation in Relation to
Environmental Stress and Recruitment.” American Naturalist 130, no.
5:730-757.

Mintrone, C., L. Rindi, and L. Benedetti-Cecchi. 2024. “Stabilizing
Effects of Spatially Heterogeneous Disturbance via Reduced Spatial
Synchrony on a Rocky Shore Community.” Ecology 105, no. 3: e4246.

Moreno-Mateos, D., A. Alberdi, E. Morrién, W. H. van der Putten, A.
Rodriguez-Ufia, and D. Montoya. 2020. “The Long-Term Restoration of
Ecosystem Complexity.” Nature Ecology & Evolution 4, no. 5: 676-685.

Morin, X., L. Fahse, C. De Mazancourt, M. Scherer-Lorenzen, and H.
Bugmann. 2014. “Temporal Stability in Forest Productivity Increases
With Tree Diversity due to Asynchrony in Species Dynamics.” Ecology
Letters 17, no. 12: 1526-1535.

Murdoch, W. W. 1977. “Stabilizing Effects of Spatial Heterogeneity
in Predator-Prey Systems.” Theoretical Population Biology 11, no. 2:
252-273.

Naylor, L. A., M. A. Coombes, and H. A. Viles. 2012. “Reconceptualising
the Role of Organisms in the Erosion of Rock Coasts: A New Model.”
Geomorphology 157: 17-30.

Oliver, T., D. B. Roy, J. K. Hill, T. Brereton, and C. D. Thomas. 2010.
“Heterogeneous Landscapes Promote Population Stability.” Ecology
Letters 13, no. 4: 473-484.

Ong, T. W. Y., D. Allen, and J. Vandermeer. 2018. “Huffaker Revisited:
Spatial Heterogeneity and the Coupling of Ineffective Agents in
Biological Control.” Ecosphere 9, no. 7: €02299.

Palmer, M. A., R. F. Ambrose, and N. L. Poff. 1997. “Ecological Theory
and Community Restoration Ecology.” Restoration Ecology 5, no. 4:
291-300.

Pennekamp, F., M. Pontarp, A. Tabi, et al. 2018. “Biodiversity Increases
and Decreases Ecosystem Stability.” Nature 563, no. 7729: 109-112.

Petrowski, S., M. Molis, A. Bender, and C. Buschbaum. 2016.
“Disturbance Effects of Kelp Thalli on Structure and Diversity of a
Coastal Arctic Marine Soft-Bottom Assemblage.” Polar Biology 39:
2131-2140.

Pinto, R., V. N. de Jonge, J. C. Marques, P. Chainho, J. P. Medeiros, and
J. Patricio. 2013. “Temporal Stability in Estuarine Systems: Implications
for Ecosystem Services Provision.” Ecological Indicators 24: 246-253.

Price, M. V. 1983. “Ecological Consequences of Body Size: A Model for
Patch Choice in Desert Rodents.” Oecologia 59: 384-392.

Puerta-Pinero, C.,J. M. Gomez, and F. Valladares. 2007. “Irradiance and
Oak Seedling Survival and Growth in a Heterogeneous Environment.”
Forest Ecology and Management 242, no. 2-3: 462-469.

Qiao, X., T. Lamy, S. Wang, et al. 2023. “Latitudinal Patterns of Forest
Ecosystem Stability Across Spatial Scales as Affected by Biodiversity
and Environmental Heterogeneity.” Global Change Biology 29, no. 8:
2242-2255.

Sasaki, T., and W. K. Lauenroth. 2011. “Dominant Species, Rather
Than Diversity, Regulates Temporal Aggregate Stability of Plant
Communities.” Oecologia 166: 761-768.

Scrosati, R., and C. Heaven. 2007. “Spatial Trends in Community
Richness, Diversity, and Evenness Across Rocky Intertidal
Environmental Stress Gradients in Eastern Canada.” Marine Ecology
Progress Series 342: 1-14.

Scrosati, R. A., A. S. Knox, N. Valdivia, and M. Molis. 2011. “Species
Richness and Diversity Across Rocky Intertidal Elevation Gradients in
Helgoland: Testing Predictions From an Environmental Stress Model.”
Helgoland Marine Research 65: 91-102.

Scrosati, R. A., B. van Genne, C. S. Heaven, and C. A. Watt. 2011.
“Species Richness and Diversity in Different Species Groups Across
Environmental Stress Gradients: A Model for Marine Rocky Shores.”
Ecography 34, no. 1: 151-161.

Segrestin, J., L. Gotzenberger, E. Valencia, F. de Bello, and J. Leps.
2024. “A Unified Framework for Partitioning the Drivers of Stability of
Ecological Communities.” Global Ecology and Biogeography 33, no. 5:
e13828.

Selwood, K. E., J. R. Thomson, R. H. Clarke, M. A. McGeoch, and R.
Mac Nally. 2015. “Resistance and Resilience of Terrestrial Birds in
Drying Climates: Do Floodplains Provide Drought Refugia?” Global
Ecology and Biogeography 24, no. 7: 838-848.

Silliman, B. R., M. J. Hensel, J. P. Gibert, et al. 2024. “Harnessing
Ecological Theory to Enhance Ecosystem Restoration.” Current Biology
34, no. 9: R418-R434.

Silliman, B. R., M. W. McCoy, C. Angelini, R. D. Holt, J. N. Griffin, and J.
van de Koppel. 2013. “Consumer Fronts, Global Change, and Runaway
Collapse in Ecosystems.” Annual Review of Ecology, Evolution, and
Systematics 44, no. 1: 503-538.

Sola, J., and J. Griffin. 2025. “Resolving the Context-Dependency of
Local Heterogeneity-Diversity Relationships Across Rocky Reefs
Worldwide.” Proceedings of the Royal Society B: Biological Sciences 292,
no. 2046: 20242723.

Stein, A., K. Gerstner, and H. Kreft. 2014. “Environmental Heterogeneity
as a Universal Driver of Species Richness Across Taxa, Biomes and
Spatial Scales.” Ecology Letters 17, no. 7: 866-880.

Straus, S., C. Forbes, C. J. Little, et al. 2022. “Macroecological Variation
in Movement Profiles: Body Size Does Not Explain It All.” bioRxiv 2022:
4.

Tilman, D. 1996. “Biodiversity: Population Versus Ecosystem Stability.”
Ecology 77, no. 2: 350-363.

Tilman, D., C. L. Lehman, and C. E. Bristow. 1998. “Diversity-Stability
Relationships: Statistical Inevitability or Ecological Consequence?”
American Naturalist 151, no. 3: 277-282.

Tilman, D., P. B. Reich, and J. M. Knops. 2006. “Biodiversity and
Ecosystem Stability in a Decade-Long Grassland Experiment.” Nature
441, no. 7093: 629-632.

Valdivia, N., A. E. Gonzalez, T. Manzur, and B. R. Broitman. 2013.
“Mesoscale Variation of Mechanisms Contributing to Stability in Rocky
Shore Communities.” PLoS One 8, no. 1: e54159.

Valencia, E., F. De Bello, T. Galland, et al. 2020. “Synchrony Matters
More Than Species Richness in Plant Community Stability at a Global
Scale.” Proceedings of the National Academy of Sciences 117, no. 39:
24345-24351.

Vof}, K., and R. B. Schifer. 2017. “Taxonomic and Functional Diversity
of Stream Invertebrates Along an Environmental Stress Gradient.”
Ecological Indicators 81: 235-242.

Wagg, C., C. Roscher, A. Weigelt, et al. 2022. “Biodiversity-Stability
Relationships Strengthen Over Time in a Long-Term Grassland
Experiment.” Nature Communications 13, no. 1: 7752.

Wang, S., and M. Loreau. 2016. “Biodiversity and Ecosystem Stability
Across Scales in Metacommunities.” Ecology Letters 19, no. 5: 510-518.

Watt, C. A.,and R. A. Scrosati. 2013. “Bioengineer Effects on Understory
Species Richness, Diversity, and Composition Change Along an
Environmental Stress Gradient: Experimental and Mensurative
Evidence.” Estuarine, Coastal and Shelf Science 123: 10-18.

12 0f 13

Ecology Letters, 2025

B5URD17 SUOWILLOD) BAIERID 3|gedt|dde au Aq pausenob a1e Sapie YO 18N JOS3INI o} ARiq1T8UIUO A8]IM UO (SUORIPUOD-PUR-SLLBY WD A8 |1 ARe1q 1 BU1IUO//SHRY) SUORIPUOD PUe SWR L 3L3 385 *[5202/60/6¢] U0 AIqIT8UIIUO A8]IM ‘S0UB|20X3 8180 PUB U3ESH J0j Iniiisu| UOEN ‘3DIN AQ 8STOL®R/TTTT OT/I0P/L0Y AB| 1M ALeiqjoul|uo//SdRy Wwoiy papeojumod ‘8 ‘S20Z ‘87Z0TorT



Wilcox, K. R., A. T. Tredennick, S. E. Koerner, et al. 2017. “Asynchrony
Among Local Communities Stabilises Ecosystem Function of
Metacommunities.” Ecology Letters 20, no. 12: 1534-1545.

Wilsey, B. 2021. “Restoration in the Face of Changing Climate:
Importance of Persistence, Priority Effects, and Species Diversity.”
Restoration Ecology 29: e13132.

Wisnoski, N. I., R. Andrade, M. C. Castorani, et al. 2023. “Diversity—
Stability Relationships Across Organism Groups and Ecosystem Types
Become Decoupled Across Spatial Scales.” Ecology 104, no. 9: e4136.

With, K. A. 2019. “Scaling Issues in Landscape Ecology.” In Essentials of
Landscape Ecology. Oxford Academic.

Yachi, S.,and M. Loreau. 1999. “Biodiversity and Ecosystem Productivity
in a Fluctuating Environment: The Insurance Hypothesis.” Proceedings
of the National Academy of Sciences 96, no. 4: 1463-1468.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

13 0f 13

B5URD17 SUOWILLOD) BAIERID 3|gedt|dde au Aq pausenob a1e Sapie YO 18N JOS3INI o} ARiq1T8UIUO A8]IM UO (SUORIPUOD-PUR-SLLBY WD A8 |1 ARe1q 1 BU1IUO//SHRY) SUORIPUOD PUe SWR L 3L3 385 *[5202/60/6¢] U0 AIqIT8UIIUO A8]IM ‘S0UB|20X3 8180 PUB U3ESH J0j Iniiisu| UOEN ‘3DIN AQ 8STOL®R/TTTT OT/I0P/L0Y AB| 1M ALeiqjoul|uo//SdRy Wwoiy papeojumod ‘8 ‘S20Z ‘87Z0TorT



	Counteracting Cascades Challenge the Heterogeneity—Stability Relationship
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Site & Experimental Design
	2.2   |   Data Collection
	2.3   |   Heterogeneity Effects on Community Diversity and Composition
	2.4   |   Heterogeneity Effects on Temporal Stability and Stability Mechanisms
	2.5   |   Pathways Explaining Heterogeneity Effects on Temporal Stability

	3   |   Results
	3.1   |   Heterogeneity Effects on Community Diversity and Composition
	3.2   |   Heterogeneity Effects on Temporal Stability and Stability Mechanisms
	3.3   |   Pathways Explaining Heterogeneity Effects on Temporal Stability

	4   |   Discussion
	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	Peer Review
	References


