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A B S T R A C T   

Recent analyses suggest that positive patch area effects on biodiversity occur ubiquitously when comparing 
equal-effort samples from remnant habitat patches. The mechanisms underlying the emergence of this so-called 
“ecosystem decay” remain poorly understood despite conservation relevance. We leverage spatially-explicit in
formation on the occurrence of plant species across the Swiss Alps (415 plots, 668 species) to test two mecha
nisms compatible with the emergence of patch-scale ecosystem decay: (i) plots sampled within small patches 
might have lower biodiversity than plots sampled within large patches (plot-scale decay hypothesis), and (ii) 
plots sampled within large patches might share a lower proportion of species (turnover hypothesis). We found 
that patch-scale ecosystem decay occurs also in our system. While plots sampled in large patches tended to be 
more dissimilar, supporting the turnover hypothesis, we did not find support for the plot-scale decay hypothesis. 
Additionally, distance between plots and elevational changes explain turnover between plots better than patch 
area effects. Taken together, these results indicate that applications of ecosystem decay in biodiversity conser
vation require a better understanding of the mechanisms that potentially underlie this pattern. Patch area effects 
might be less important than previously assumed when assessing landscape-scale biodiversity, because such 
effects can be confused with the effects of distance-decay in community similarity, environmental heterogeneity, 
and sampling effort. More broadly, our findings align with mounting evidence that protecting as much habitat as 
possible – regardless of whether such habitat exists continuous or fragmented – might be the most effective 
means to sustain biodiversity across human-dominated landscapes.   

1. Introduction 

Protecting biodiversity is a pressing challenge of our times. Some of 
the most threatened ecosystems on Earth are those that experience the 
largest anthropogenic footprints, particularly human activities that 
result in the loss of native habitat across large regions (Dirzo et al., 2014; 
Caro et al., 2022). Understanding how to sustain and manage biodi
versity in these region has, therefore, emerged as a central theme in 
ecology and conservation (Kremen and Merenlender, 2018; Arroyo- 
Rodríguez et al., 2020). In this context, ecosystem decay – positive ef
fects of patch area on biodiversity estimates based on equal or stan
dardized samples – was recently proposed as a general phenomenon 
occurring in remnant habitat patches (Chase et al., 2020) (Fig. 1-a). 

The idea of ecosystem decay resonated with the scientific community 
(Fig. S1), likely because it relates with a tradition of island biogeography 

(Laurance, 2009) and with popular views on habitat fragmentation 
(Haddad et al., 2015). The rapid diffusion of ecosystem decay in aca
demic circles suggests that managers and policy makers will consider it 
when acting to protect biodiversity [e.g., to improve forecasts of 
biodiversity loss with habitat loss; (Chase et al., 2020)]. Still, confusion 
around ecosystem decay appears widespread. Around 40 % of authors 
citing Chase et al. (2020) relate it to landscape-scale biodiversity pat
terns, extrapolating effects observed within individual patches to infer 
effects across landscapes containing the same cumulative area, but made 
up of patches of different sizes (Riva and Fahrig, 2023). This extrapo
lation clashes with empirical evidence accumulated in the SLOSS avenue 
of research [“is biodiversity higher in a Single Large patch, Or in Several 
Small patches of the same cumulative area?” (Fahrig et al., 2022)]. Studies 
that evaluated hundreds of metacommunities have shown that, often, 
cumulative species richness at the landscape scale is higher when 
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Fig. 1. Hypothesized relationships between the emergence of patch-scale ecosystem decay, i.e., positive patch area effects on biodiversity estimates from stan
dardized patch-scale samples (top half, inset a), and plot-scale biodiversity patterns (bottom half). Black circles with crosses symbolize plots, different plant sil
houettes represent different plant species sampled in different plots, and green squares illustrate the habitat patches in which the plots are sampled. In both examples 
at the bottom of the figure, biodiversity estimates for the small patch are equal to three species vs. six species estimated in the large patch, a pattern consistent with 
patch-scale ecosystem decay. Nevertheless, the mechanisms resulting in this pattern differ. Patch-scale ecosystem decay could occur because plots within small 
patches have lower biodiversity than plots within large patches (“Plot-scale decay hypothesis”, inset b), or because turnover across plots might be higher when 
considering large patches (“Turnover hypothesis”, inset c). Colors of regression lines (i.e., blue, red, green) correspond to results presented in Figs. 3 and 4. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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considering habitat existing fragmented into many small patches rather 
than continuous (Quinn and Harrison, 1988; Fahrig, 2020; Deane et al., 
2020). Indeed, such a pattern was confirmed when re-analyzing the 
datasets used to illustrate ecosystem decay (Riva and Fahrig, 2023). 

Understanding the mechanisms underlying the emergence of 
ecosystem decay will therefore be important to dispel confusion and to 
ensure appropriate applications in conservation. Finding more species in 
equal samples taken in large patches than in small patches (Chase et al., 
2020) (Fig. 1-a), and finding more species when habitat in a landscape 
persists in large numbers of small patches than in a small number of 
large patches totaling the same area (Fahrig, 2020), are not mutually 
exclusive results because different mechanisms affect biodiversity at 
different spatial scales (Fahrig et al., 2019; Riva and Fahrig, 2023). 
Many ecological patterns are scale-dependent (Preston, 1960, O'Neill, 
1979, Wiens, 1989, Levin, 1992), and while some ecological phenomena 
can be predicted across spatial scales (Miller et al., 2004; Marquet et al., 
2005), scale invariance cannot be assumed due to the complexity of 
ecological systems (Guisan and Rahbek, 2011, Newman et al., 2019, 
McGill, 2019, Riva et al., 2023b, Fahrig, 2024). Together with these 
considerations around spatial scaling, the fact that we do not know why 
ecosystem decay emerges confuses the management implications of this 
phenomenon for biodiversity conservation. 

One limitation of previous data syntheses that evaluated ecosystem 
decay is that they are based on spatially-implicit datasets (Chase et al., 
2020; Riva and Fahrig, 2023). Therefore, we do not know how spatial 
processes contribute to the emergence of ecosystem decay. However, 
distance-decay in similarity is ubiquitous when assessing ecological 
communities (Graco-Roza et al., 2022), and might contribute to 
ecosystem decay because large patches occupy a larger extent than small 
patches. Furthermore, it is also possible that comparing one small patch 
to one large patch might result in differences in habitat heterogeneity, 
which are typically an important driver of biodiversity (Stein et al., 
2014; Yan et al., 2023). Stochastic and deterministic turnover between 
ecological communities depend on many processes related to patch area 
(see, e.g., Preston, 1960, MacArthur and Wilson, 1967, Chave et al., 
2002, Fahrig et al., 2022), but turnover within fragments has not been 
investigated as a mechanism influencing ecosystem decay. 

Addressing this knowledge gap is important because whether 
ecosystem decay emerges due to patch area effects, or due to other 
processes like distance decay in community similarity and habitat het
erogeneity that generate within-patch turnover, has important man
agement consequences. If the attribution of ecosystem decay to patch 

area effects – for instance, to demographic processes triggered by 
smaller population sizes (e.g., Allee effect) or negative edge effects – is 
artefactual, then prioritizing biodiversity conservation in large patches 
might not always be optimal. When distance decay in community sim
ilarity and environmental heterogeneity generate clustered distributions 
of species, protecting a greater number of smaller patches might better 
capture biodiversity than protecting a few large ones of the same cu
mulative area (May et al., 2019; Fahrig et al., 2022; Riva and Fahrig, 
2022). Ultimately, understanding ecosystem decay is important to many 
ongoing conversations in conservation biology such as land sharing and 
sparing, habitat fragmentation per se, and more broadly to how habitat 
remnants should be managed, restored, and protected (Kremen and 
Merenlender, 2018; Grass et al., 2019; Arroyo-Rodríguez et al., 2020; 
Fahrig et al., 2022; Fletcher et al., 2023; Riva et al., 2024). 

Here, we analyze an extensive dataset including 668 plant species 
from 415 vegetation plots located in the Swiss Alps (Fig. 2) to test 
candidate mechanisms determining the emergence of ecosystem decay 
(Fig. 1). We investigate how biodiversity changes in relation to patch 
area at both the plot-scale, focusing on biodiversity measured in indi
vidual vegetation plots (Fig. 1-b,c), and patch-scale, measured based on 
equal-effort estimates summarized at the patch level by combining 
multiple plots (i.e., resampling an equal number of plots in each patch) 
(Fig. 1-a). We hypothesized that two non-exclusive mechanisms might 
underlie the emergence of patch-scale ecosystem decay sensu (Chase 
et al., 2020): (i) plot-scale ecosystem decay, i.e., a propensity of vege
tation plots located within small patches to contain a smaller number of 
species than plots located within larger patches (Fig. 1-b), and (ii) 
turnover, i.e., a propensity of plots located within a larger habitat patch 
to be more dissimilar than plots located within a smaller patch of habitat 
(Fig. 1-c). The effects of patch area on species richness might therefore 
change in direction across spatial scales (see, e.g., Riva and Fahrig, 
2023, Fahrig, 2024). 

Patch area effects have been assessed in a variety of ecosystems, 
finding widespread positive effects of the occupancy and diversity of 
animal and plant species within patches (see, e.g., Prugh et al., 2008, 
Keinath et al., 2017, Deane et al., 2024 for data syntheses based on 
hundreds of studies). These include grassland patches across different 
biomes, for which positive patch area effects have been widely docu
mented (e.g., Bruun, 2000; Loos et al., 2021; Yan et al., 2023). To our 
knowledge, nevertheless, variation in patch size effects between the 
plot- and patch- scales, particularly in the context of understanding 
ecosystem decay, (Fig. 1) has not been previously studied. 

Fig. 2. Map of the study region. Black dots represent 415 vegetation plots sampled within the ~700 km2 area. Brown shades represent the grassland habitat 
identified in the region. See Methods for details on the study area and sampling protocol. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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2. Methods 

2.1. Overview 

We propose a series of analyses designed to assess the mechanisms 
underlying ecosystem decay (sensu Chase et al., 2020; Fig. 1-a). Such 
analyses were conducted using software R v. 4.3.0 (R Core Team, 2023) 
and the packages raster (Hijmans and van Etten, 2012) and land
scapemetrics (Hesselbarth et al., 2019) to perform geospatial operations, 
vegan to calculate biodiversity metrics (Oksanen et al., 2022), brms to fit 
Bayesian mixed effect models (Bürkner, 2017), and ggplot2 (Wickham, 
2011) to visualize results. Data and script used to generate results are 
openly available (https://zenodo.org/doi/10.5281/zenodo.11190403). 

2.2. Biodiversity and geospatial data 

We leverage a unique dataset counting 415, 4-m2 vegetation plots 
sampled across 56 grassland patches in an agropastoral landscape in the 
Swiss Alps. This dataset documents the occurrence of 668 plant species. 
Data are openly available with the original publication and were 
collected between 2002 and 2009 across an area of approximately 700 
km2 encompassing all areas of the Alps of the canton of Vaud, 
Switzerland (Fig. 2) (Dubuis et al., 2011). The original data counts 912 
vegetation plots and 795 species sampled based on a random-stratified 
sampling design in open environments, e.g., grasslands, screes, or 
rocks. Sampling targeted only vascular plant species in open and non- 
woody vegetation, with species identifications conducted by botanists. 
To minimize spatial autocorrelation, each plot was located at least 200 
m from other plots. Samples were collected at elevations between 375 
and 3200 m. The area harbors primarily calcareous soils and is in a 
temperate climate. Temperature and precipitation range between 8 ◦C 
and 1200 mm at an elevation of 600 m, and between − 5 ◦C and 2600 
mm at an elevation of 3000 m (Dubuis et al., 2011). Here, we focus only 
on vegetation plots located in grassland patches, identified based on 
geospatial data, because these habitats harbor the highest diversity of 
plant species in the region (~ 84 % of the species assessed in Dubuis 
et al., 2011). 

The dataset compiled by Dubuis et al. (2011) does not include the 
size of habitat patches containing each vegetation plot, which was 
needed to test our hypotheses (Fig. 1). To generate this information, we 
created a map of grassland habitats across the study areas based on the 
Corine land cover dataset for the year 2012 (available at https://land. 
copernicus.eu/pan-european/corine-land-cover). We considered as 
grassland habitat the categories “natural grasslands”, “pastures”, and 
“moors and heathland”, and classified the rest of the land cover cate
gories as “non-habitat”. We acknowledge that our definition of habitat 
underlies our conclusions, although this is true for any study that defines 
habitat patches (Fahrig, 2017). For instance, in the Swiss Alps, pastures 
might slightly differ from natural grasslands in habitat quality. Never
theless, we believe that our categorization is meaningful because low- 
intensity pastures are biodiversity hotspots in Switzerland, and our 
study area is in a region with a history of very low land use intensity 
(Weber et al., 2023). Additionally, the classification accuracy of Corine 
land cover data discriminates poorly among the classes that we here 
considered “habitat” (Aune-Lundberg and Strand, 2021). Last, sub- 
setting the data would not allow testing patch-scale ecosystem decay 
due to the limited number of patches containing multiple plots in our 
dataset (see below for inclusion criteria in the patch-scale analyses). 
Therefore, we aggregated natural and semi-natural grassland cover 
types in our analysis. 

Using this binary habitat map, we filtered out every plot that did not 
occur within grasslands and calculated the size of the grassland patches 
within which each remaining plot fell. We used a digital elevation model 
downloaded through the R package raster with the function getData() to 
extract the elevation at which every plot was sampled. Elevation was 
included in our models because it is the most important environmental 

gradient occurring in this system (Dubuis et al., 2011; Descombes et al., 
2017). 

2.3. Analysis 

Our analyses are designed to evaluate biodiversity patterns at two 
scales: (i) plot-scale, i.e., analyses contrasting patterns among individual 
plots (Fig. 1-b,c), and (ii) patch-scale, i.e., analyses comparing multiple 
plots sampled within the same patch among patches (Fig. 1-a). We used as a 
measure of biodiversity the species richness, total number of species 
found in a plot or in a patch, and as a measure of turnover the Jaccard 
dissimilarity, an index representing the proportion of species shared 
between two assemblages. Jaccard dissimilarity ranges between 0 and 1, 
where 1 represents samples with completely different species assem
blages, and 0 represents equal assemblages (Anderson et al., 2011). 
While Chase et al. (2020) discussed ecosystem decay assessing trends in 
population density, species richness, and evenness, here we limit our
selves to species richness due to the type of spatial data we had access to 
(i.e., species occurrence data). We also did not apply the turnover 
decomposition method used in Chase et al. (2020) and Riva and Fahrig 
(2023), because this approach can produce counterintuitive results 
(Matthews et al., 2019). Patch area was log10 transformed in our ana
lyses for consistency with previous assessments of ecosystem decay 
(Chase et al., 2020; Riva and Fahrig, 2023). 

All models were fitted in a Bayesian framework. We used General
ized Linear Mixed-effect Models (GLMMs), a statistical framework that 
allows estimating the effect of variables of interest (fixed effects) while 
controlling for dependency structures in the data (random effects) 
(Harrison et al., 2018). For instance, our fixed effect was typically the 
effect of patch size on species richness at both plot and patch scales, 
estimated accounting for a “patch ID” random effect when comparing 
plots sampled across different patches, because all plots sampled from 
the same patch should be expected to be more similar to each other. 
Contrary to traditional statistical inference, which relies on p-values, 
here we do not focus on statistical significance of parameter effects, but 
rather report posterior parameter estimates and their 95 % Credible 
Intervals (CIs) to assess support for our a priori hypotheses (Fig. 1). Such 
support can be evaluated based on the direction of effects identified by 
the models, and the strength of the observed relationships was assessed 
based on the overlap of posterior distributions with the Region Of 
Practical Equivalence (ROPE), estimated as the proportion of samples 
within the ROPE (p ROPE; Kruschke, 2014). Strong effects have a low 
proportion of posterior estimates inside the ROPE. Sample sizes, 
parameter coefficients, and formulae are reported for all the models we 
discuss in Supplementary Information. Uncertainty around model esti
mates is shown in our figures by plotting posterior estimates of the 
relationship around the mean prediction. 

We began by asking whether plot-scale biodiversity patterns are 
positively correlated with the area of the habitat patch containing each 
plot, testing the “plot-scale decay hypothesis” (Fig. 1-b). We fitted a 
mixed-effect linear model assuming a Gaussian distribution to predict 
our response, species richness of plants in the 415 plots, in relation to the 
additive and interactive effects of the area of the patch in which each 
plot is located, and of its elevation. We included a “patch ID” random 
effect to account for the non-independence of plots located within the 
same patch (Harrison et al., 2018). 

Second, we evaluated patch-scale biodiversity patterns, testing (i) 
the “patch-scale decay hypothesis” (Fig. 1-a), and (ii) the “turnover 
hypothesis” (Fig. 1-c). For (i), we constructed for every patch with at 
least seven plots (n = 10 patches) a hundred, randomized resamples of 
five plots. Treating the information contained in these plots as a single, 
patch-scale biodiversity estimate is equivalent to the information 
analyzed in Chase et al. (2020), where many datasets synthesized 
contain a single vector of species-by-site abundance estimates generated 
from multiple samples across each patch. Sensitivity analysis models 
where five or ten plots were selected instead of seven plots affected the 
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number of patches retained (n = 11 and 6 patches respectively) and the 
magnitude – but not the direction – of the effects we observed (Sup
plementary Information). Using these resampled datasets, we fitted a 
model assessing how patch area relates to the cumulative number of 
species found in the five plots within a patch, assuming a Gaussian 
distribution of the model response. For (ii), we assessed turnover within 
patches by modeling the Jaccard dissimilarity across two plots randomly 
selected in every patch containing at least three plots (n = 21 patches). 
This model was fitted assuming a Beta distribution of the response. Both 
response variables were modeled as a function of patch area and 
including two independent random effects on “patch ID” and “resample 
number”, the latter representing one-hundred randomizations. 

Finally, we evaluated how dissimilarity between plots across the 
entire study area (Fig. 2) responded to spatial and environmental gra
dients. We randomly generated 5.000 unique pairs from the 415 vege
tation plots, and calculated their Jaccard dissimilarity, the Euclidean 
distance between the two plots (based on projected coordinates and 
elevation), the difference in the elevation at which the plots were 
located, and the difference in size between the two patches hosting the 
plots. We modeled assuming a Beta distribution of our response the 
turnover between plots as a function of the additive and interactive ef
fects of Euclidean distance between plots and their difference in eleva
tion, plus an additive effect of the difference in patch area between the 
two plots. We scaled (i.e., subtracted the mean and divided by the 
standard deviation) these three covariates to facilitate model fitting and 
comparison of estimated coefficients, and included in the model a 
random effect to account for randomized pairs of plots generated from 
the same patch. We fitted this model reasoning that, elevation being a 
major environmental gradient determining species turnover in Alpine 
grasslands (Dubuis et al., 2011; Descombes et al., 2017), evaluating 
spatial effects required accounting for both spatial distance and envi
ronmental similarity between plots, here approximated by differences in 
elevation, as well as patch area effects that are accounted for by the term 
representing differences in size between the patches hosting two plots. 
Because p ROPE is sensitive to covariate scaling (Kruschke, 2014), we do 

not discuss it for this last model. Resampling was conducted without 
replacement in all analyses. 

3. Results 

Our analysis is based on 415 vegetation plots located at elevations 
between 600 and 2300 m MSL (Fig. S2). The 56 grassland patches 
hosting these plots vary in area from ~15 to ~15.000 ha, with most 
patches in the 30–300 ha range (Fig. S4). On average, plots hosted 32.4 
species, with a standard deviation of 12.4 species. 

We found no support for the plot-scale decay hypothesis (Fig. 1-b). 
The species richness found in a plot decreased slightly with the size of 
the patch in which the plot was located (Fig. 3, left inset in blue; βarea =

− 2.33, CI = − 8.91, 3.86). Not only this model suggests limited support 
for an effect of patch size (p ROPE = 0.24), but the direction of effect 
observed is contrary to the hypothesized one (Fig. 1-b). The effect of 
patch area on plot-scale species richness was not mediated by elevation 
(βarea*elev = 0, CI = − 0.01, 0.01, p ROPE = 0.99), and plots located at 
higher elevations had slightly lower species richness than plots located 
at lower elevations, with a decrease of ~5 species for every 1000 m MSL 
(βelev = − 0.01, CI = − 0.02, 0.01, p ROPE = 0.99) (Fig. S4). 

Meanwhile, assessing patch-scale biodiversity estimates found sup
port for the emergence of patch-scale ecosystem decay in our system 
(Fig. 1-a). Modeling a hundred random resamples of five plots in ten 
patches found that equal-effort, patch-scale species richness estimates 
increased with patch area (Fig. 3, right inset in red; βarea = 13.90, CI =
− 1.67, 29.86). The model identified a clear effect of patch size on patch- 
scale species richness estimates (p ROPE = 0.04). 

Concurrently, analysis of twenty-one patches containing at least 
three plots suggests that this pattern is the result of turnover among plots 
increasing with patch area (Fig. 4; βarea = 0.63, CI = 0.27, 0.87, p ROPE 
= 0.01). 

Finally, analysis of pairwise dissimilarity between randomly-paired 
plots across the entire study area found that distance between plots 
and changes in elevation are more important than differences in patch 

Fig. 3. Relationship between patch area and equal-effort biodiversity estimates at the plot scale (left, in blue) and at the patch scale (right, in red). Plot-scale 
biodiversity was measured as the number of species found in each of the 415 vegetation plots located within 56 different grassland patches, and patch-scale 
biodiversity estimates are based on five vegetation plots resampled a hundred times in ten grassland patches (see Methods). The positive relationship between 
patch-scale species richness estimates and patch area confirmed the emergence of patch-scale ecosystem decay in our system, whereas the weak negative relationship 
between plot-scale species richness and patch area suggests that patch-scale ecosystem decay did not emerge from plot-scale decay (see Fig. 1-b). These results 
suggest support for the patch-scale ecosystem decay hypothesis (Fig. 1-a), and no support for the plot-scale ecosystem decay hypothesis (Fig. 1-b). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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area in determining pairwise plot similarity (Fig. 5). Turnover between 
plots increased as the plots were more distant in space (βdist = 0.08, CI =
0.04, 0.11), were located at increasingly different elevations (βdiff_elev =

0.22, CI = 0.20, 0.24), and did not change when plots were located in 
patches of increasingly different sizes (βdiff_area = 0.01, CI = − 0.05, 

0.07). The effect of distance between plots was weakly mediated by the 
difference in elevation across the two plots (βdist*diff_elev = 0.02, CI = 0, 
0.04). 

4. Discussion 

Our results suggest that ecosystem decay can emerge due to 
increasing turnover across plots located in larger patches (Figs. 1, 3, 4). 
In our system, such turnover depends primarily on distance-decay in 
community similarity and on environmental heterogeneity (Fig. 5). 
Therefore, while ecosystem decay has been predominantly conceptual
ized as the result of deterministic patch area effects, expected to nega
tively affect the demography of populations persisting within small 
patches (Chase et al., 2020; Riva and Fahrig, 2023), our analysis shows 
that mechanisms like within-patch heterogeneity (Stein et al., 2014) and 
distance between plots (Graco-Roza et al., 2022) could be responsible 
for this phenomenon. We stress that these results are compatible with 
the species-area relationship (Matthews et al., 2019), because ecosystem 
decay is evaluated for samples equal in effort (i.e., of the same total 
area). 

Because ecosystem decay can emerge due to spatial processes and 
within-patch environmental heterogeneity, which are independent from 
patch-area effects on demography (Figs. 3–5), it is not possible to 
conclude how often patch area effects alone determine ecosystem decay 
without accounting for such processes. Meanwhile, what determines 
ecosystem decay has important implications for biodiversity conserva
tion in fragmented landscapes. If patch area effects dictate ecosystem 
decay in most ecosystems, then managers interested in protecting 
biodiversity should prioritize protecting the largest remaining patches in 
a landscape. Conversely, when spatial processes and/or environmental 
heterogeneity dictate ecosystem decay (Fig. 1-a), then patch density 
should be given priority, because retaining more patches across a 
landscape will typically cover a larger spatial extent, and often more 
diverse habitats (Fahrig et al., 2022). Note this is true even if each of 
many smaller patches suffers from inevitable negative effects of reduced 
area, because turnover across such patches balances these effects when 
considering cumulative (gamma) diversity across landscapes (Riva and 
Fahrig, 2023). 

Focusing on the plot scale, we found that plant biodiversity within 
plots decreased slightly with grassland patch area (Fig. 3, left inset). This 
is contrary to the hypothesis that patch-scale ecosystem decay emerges 
because plots located in small patches have lower biodiversity (Fig. 1-b). 
While the support for this negative effect is weak, it is possible that plots 
located in small grassland patches might be slightly more diverse 
because they are surrounded by different habitat types, e.g., due to edge 
effects promoting the occurrence of ecotonal species (Willmer et al., 
2022; Ren et al., 2023; Vanneste et al., 2024). It is also possible that the 
grasslands we evaluated are not “functionally small”, hiding minimum 
patch area effects. For instance, while our smallest patches were 
approximately 15 ha in size, a recent paper found a 5-ha area as a tipping 
point in the relationship between plant biodiversity and patch area in 
Chinese agro-pastoral landscapes (Yan et al., 2023). We also do not 
know if the amount of remnant grasslands in the study area was suffi
cient for the most sensitive plant species in the regional species pool to 
persist in these patches (Riva et al., 2023a, 2023b). Definitive state
ments on the mechanisms underlying the patterns we observed would 
require further analyses based on the identity and traits of the 668 plant 
species analyzed, which is beyond the objectives of this study. 

Analysis of the same data aggregated at the patch-scale found sup
port for ecosystem decay (Fig. 3, right inset). Three parallel lines of 
evidence suggest that ecosystem decay emerges because of species 
turnover in our system: (i) increasing Jaccard dissimilarity among plots 
within larger patches (Fig. 4); (ii) no relationship between plot-scale 
biodiversity estimates and patch area (Fig. 3, left inset); and (iii) pair
wise turnover across all the plots in our dataset responding primarily to 
differences in elevation and distance between plots (Fig. 5). Because 

Fig. 4. Predicted turnover (Jaccard dissimilarity) between two vegetation plots 
resampled a hundred times within twenty-one grassland patches, as a function 
of the size of such patches (see Methods). As the size of a patch increases, the 
plots resampled within it tend to be more dissimilar. This result suggests sup
port for the Turnover hypothesis (Fig. 1-c). 

Fig. 5. Predicted pairwise turnover (Jaccard dissimilarity) between 5.000 
randomized plot pairs, generated from the 415 plots analyzed in this study. 
Turnover between plots increases when the two plots are more distant in space 
and when the difference in elevation between the two plots is higher, but not 
when plots come from patches of different sizes. 
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most datasets analyzed so far when assessing ecosystem decay were 
summarize at the patch-scale, with no information on the spatial dis
tribution of the plots underlying such data and/or on habitat hetero
geneity within patches, we cannot exclude that previous results – both at 
the patch-scale (Chase et al., 2020) and at the landscape-scale (Riva and 
Fahrig, 2023) – were also affected by spatial processes and environ
mental heterogeneity. If anything, this seems likely given the univer
sality of these processes (Stein et al., 2014; Graco-Roza et al., 2022). 
Therefore, we suggest that further tests of ecosystem decay are needed to 
ensure that the mechanisms underlying this pattern, and how they 
change in different systems, are better understood. Our analysis pro
vides a framework to develop such tests. 

Our results imply that managers aiming to protect species richness 
within a landscape must consider, in addition to total habitat area in a 
landscape, both geographical and ecological coverage of habitat within 
that landscape (May et al., 2019; Fahrig et al., 2022; Simberloff and 
Abele, 1976). In systems like the Alpine grasslands studied here, maxi
mizing spatial coverage by managing many patches across space and a 
gradient of elevations – even if such patches are comparatively small – 
might be the best strategy to maintain the largest number of species. Our 
result should be interpreted keeping in mind that we do not have in
formation on grassland patches smaller than 15 ha, and therefore our 
recommendation should not be extrapolated to patches smaller than this 
area. Additionally, systematic conservation planning could provide 
more accurate directions for managing systems in which the distribution 
of species is well known. And finally, contrary to previous tests of 
ecosystem decay, we did not assess how the abundance of species 
changes from plots to patches; it is possible that patterns in abundance 
might “scale-up” differently or respond differently than patterns in 
species richness to the environmental gradients assessed in this study. 
Whether patterns in abundance differ from patterns in species richness 
when assessing patch area effects at different spatial scales (e.g., plots vs. 
patches vs. landscapes) remains unknown and appears to be an inter
esting research direction for future studies. 

All in all, for many landscapes worldwide in which biodiversity data 
remains scarce (Hortal et al., 2015) and habitat loss has already 
occurred, our results suggest that maximizing the number of patches 
protected, while pursuing the highest possible cumulative area of native 
habitat maintained, would sustain the largest number of species. This 
strategy should be complemented by plans to sustain and maintain 
habitat for species that respond negatively to habitat fragmentation per 
se (i.e., effects of habitat configuration independent from the effects of 
habitat area; Riva et al., 2024) by sustaining a few larger patches 
(Arroyo-Rodríguez et al., 2020), although such species appear to be 
relatively uncommon (Fahrig, 2017). 

5. Conclusions 

Our study should alert managers and policy makers that, based on 
evidence of ecosystem decay, plan to always prioritize large habitat 
remnants in area-based conservation efforts. Because it has been 
assumed that ecosystem decay originates from patch area effects, this 
phenomenon has been received as evidence that it is more desirable to 
invest in protecting native habitat existing in large, continuous patches 
when attempting to maintain biodiversity (Riva and Fahrig, 2023). This 
follows an intuitive and long-standing view in biodiversity conservation 
(Diamond, 1975; Laurance, 2009). Nevertheless, such view has been 
challenged on theoretical and empirical grounds (Simberloff and Abele, 
1976; Quinn and Harrison, 1988; Fahrig, 2020). When habitat area is 
controlled for, biodiversity tends to respond weakly to habitat frag
mentation per se – the property of a given habitat area to exist as broken 
into many small patches instead of as a continuous large patch (Fahrig, 
2017; Riva and Fahrig, 2022; Riva et al., 2024) – and recent work sug
gests that fragmented habitat has value also for species of conservation 
concern (Fahrig, 2020; Riva and Fahrig, 2023). Further emphasizing 
protection of large remnants implies the risk of neglecting unique 

assemblages persisting in small patches that remain in the landscapes we 
experience and live in. While small patches can host unique species, they 
are rapidly disappearing globally (Birch et al., 2022; Riva et al., 2022), 
degrading biodiversity (Riva and Fahrig, 2022). We therefore propose 
that maximizing the total area of native habitat available for species in a 
landscape, regardless of how such habitat exists in relation to patch area, 
can be an effective way to sustain biodiversity. This approach is also the 
only solution for biodiversity conservation in many human-dominated 
landscapes where large habitat tracts have long been lost (Riva et al., 
2024). 

Significance statement 

We show that recent work demonstrating the relevance of ecosystem 
decay for biodiversity conservation [i.e., Chase et al., 2020 in Nature, 
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patch area effects to the effects of distance decay in similarity between 
communities and of within-patch habitat heterogeneity. 
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