nature ecology & evolution

Article

https://doi.org/10.1038/s41559-026-03095-1

Landscape quality drives ecological
responses to habitatloss and fragmentation

Received: 1November 2025

Accepted: 29 April 2026

Published online: 17 June 2026

Robert J. Fletcher Jr.®'?" 7, Thomas A. H. Smith®>?, Maggie Jones®?,
Fredericke Schellenberg?, Rikki Payne? Nicholas Kortessis®*,
Emilio M. Bruna®?® & Robert D. Holt®

% Check for updates

Studies have suggested that the quality of the lands surrounding habitat

patches can modify the effects of habitat loss and fragmentation on species

andinfluence biodiversity predictions across regions. As landscape matrices
tend to be complex and vary with habitat change, isolating such effects is
challenging. Here we disentangle the effects of habitat loss, fragmentation and
surroundinglandscape quality in alarge, multiscale manipulative experiment
onaplant-herbivore system. We find that habitat loss, fragmentation and
surrounding matrix quality all affect survival rates, with the greatest negative
effects of fragmentation and lower matrix quality under high habitat loss.
Demographicrate changes resulted in strong negative effects of habitat loss,
fragmentation and low matrix quality on population size at the landscape
scale. Our findings indicate that the benefits of high landscape quality are
greater inlandscapes with low habitat fragmentation, contesting the common
expectation that the surrounding matrix matters only in the most fragmented

landscapes. This underscores that the quality of the surrounding landscape
can have outsized effects on biodiversity in remaining habitats.

Habitat loss is a globally pervasive threat to biodiversity, leading
to the extinction of species and disruptions to the functioning of
ecosystems'?. It is often accompanied with ‘habitat fragmentation’
where the remaining habitat becomesbroken apart, leading to agreater
number of small and more isolated patches**. Whether habitat frag-
mentation has similar detrimental effects on biodiversity remains a
contentious issue because it is often challenging toisolate fragmenta-
tion effects from that of habitat loss* . It has long been argued that
habitat fragmentation has negative effects on biodiversity as a result
of fragmentation leading to declines in patch size and increases in
isolation"". Nonetheless, these negative effects often attributed to
fragmentation could actually be due to habitat loss, because these
studies rarely compared different ways in which the same total habitat
loss is ‘broken apart”.

Progress towards reconciling these disparate perspectives hinges
onovercomingthree primary obstacles. The firstis our limited under-
standing of how the landscape-scale effects of variation in patch (or

fragment) size, number and isolation—including potentially syner-
gisticones—are driven by the surrounding landscape ‘matrix’in which
fragments are embedded ™. Variation in the surrounding landscape
matrix canalter landscape quality, leading to shiftsin the composition
of biological communities, altered rates of mortality and changes in
the likelihood of movements between habitats®™. The quality of the
landscape matrix is fundamental to interpreting the value of land
sharing versus land sparing, and it can alter predictions for biodiversity
loss across landscapes and regions'®”. Recent syntheses also suggest
thatthe effects of the type of surrounding landscape matrix on species
occurrence or extinction risk could potentially exceed those of patch
size and isolation® or even habitat loss™.

Thesecond hurdleis deciding how best to disentangle the relative
effects of habitat loss, fragmentation and landscape matrix character-
istics on biodiversity'>'®. Most studies to date have gathered observa-
tional datain naturally fragmented landscapes'®"*". Although this has
the advantage of documenting ecological responses at realistic spatial
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Surrounding landscape matrix has independent effects of habitat
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Fig. 1| Alternative predictions for how the surrounding landscape matrix
may alter effects of habitat fragmentation. The surrounding landscape

matrix has been predicted to have three different types of effects on habitat

loss and fragmentation: effects may be additive and independent of loss and
fragmentation, low matrix quality can amplify effects of loss and fragmentation,
or highloss and fragmentation may override any effects of the matrix. Shown
are predictions when increasing loss or fragmentation has negative effects on
organisms. In general, predictions for loss and fragmentation are often similar,
although the magnitude of expected effects may be greater for habitat loss.

scales, these landscapesrarely include all combinations of the factors
of interest and the age and history of fragments and matrix are often
unknown?® Habitat loss and fragmentation can also catalyse adecline in
matrix quality in the surrounding landscape**, makingit challenging
toisolatethe effects of each. Forinstance, ongoing deforestationinthe
tropics often coincides with increases in habitat fragmentation and
greater land-use intensification, where the matrix surrounding remain-
ing forest fragments becomes less hospitable**. These shortcomings
canbe overcome with an experimental approach, which also allows for
precise tests of predictions from theory”. However, fragmentation
experiments beyond the mesocosm scale arerarely tractable, and the
few landscape-scale experiments that have been conducted rarely
manipulate both fragment properties (for example, size and isolation)
and the type or quality of matrixin which fragments are embedded"”.

Finally, conceptual models often make contradictory or even
incompatible predictions for how the surrounding landscape matrix
influences biodiversity. For instance, reductions in matrix quality are
often hypothesized to exacerbate the effects of both habitat loss and
fragmentation'*'®?*?°, As habitat loss and fragmentation increase,

organisms are increasingly exposed to the matrix environment, such
that a decline in quality can lead to greater impacts of loss and frag-
mentation onsurvival” (Fig. 1). Yet low matrix quality may have greater
impacts withincreasing loss than fragmentation as anincrease inloss
leads to greater amounts of matrix in landscapes®. Alternatively, the
effects of high habitat loss or fragmentation could overwhelm any
matrix effects by limiting carrying capacities of populations or by
selection reducing the likelihood that individuals disperse through
the matrix'®** (Fig.1).

To test these alternative predictions, we manipulated habitat
loss, fragmentation and surrounding matrix quality in 27 experimen-
tal landscapes comprising over 3,000 patches of habitat used by
wild populations of a specialist insect herbivore, Chelinidea vittiger,
which is a pest on Opuntia cactus (Fig. 2, Supplementary Table 1and
Supplementary Fig.1). To our knowledge, thisis the largest experiment
thathas manipulated both habitat and matrix characteristics, withland-
scapes being over 12 times larger and sampling running over 17 times
longer than other prior experiments (Supplementary Table 2). We also
conducted areview and meta-analysis of other landscape experiments
thathave manipulated both the matrix and some component of habitat
todetermine the generality of habitat loss, fragmentation and matrix
effects on species living in fragmented landscapes.

Results

Multiscale experiment

We designed alandscape experiment to factorially manipulate habitat
loss, fragmentation and matrix quality, as well as changes in patch-size
distributions, over time. In our design, high-loss treatments resulted
in half the remaining habitat relative to low-loss treatments. Simi-
larly, for a given amount of habitat loss, our low-fragmentation treat-
ments had approximately half the number of patches remaining in
landscapes in comparison to high-fragmentation treatments (Fig. 2c
and Supplementary Table 1). For matrix treatments, we contrasted
unmanipulated surrounding landscapes (high-quality matrix) to those
where we reduced vegetation height surrounding habitat patches,
which was previously shown to increase mortality rates®, thus cre-
ating a low-quality landscape matrix. We then tracked populations
using mark-recapture techniques over time. We fit superpopulation
models® to mark-recapture data from 3,357 individuals marked over
4 years post-treatment (approximately 12 generations), which enabled
estimating population size and demography (survival and recruitment)
of C. vittiger across treatments at the landscape scale, while accounting
forimperfect detection.

Interactions of habitat loss, fragmentation and the landscape
matrix

Amongseveral models with varying possible effects of our experimen-
tal treatments (Supplementary Table 3), the most supported model
included interactive effects of habitat loss, fragmentation and matrix
treatments, along with monthly and annual trends, on both survival
and the probability of entry, a parameter used to estimate recruitment
(Supplementary Table 4). On the basis of the most supported model,
there were strong main effects of habitat loss and matrix quality on
survival, as well as interactions of habitat loss with both fragmenta-
tionand matrix quality treatments (Supplementary Table 5). Survival
rates declined with greater fragmentation and lower matrix quality,
but only at high, and not low, habitat loss (Fig. 3a). The magnitude of
interactions for fragmentation and the matrix on survival was similar
(Supplementary Table 5). There were positive effects of matrix quality
onthe probability of entry, as well as a negative interaction of habitat
fragmentation with matrix quality treatments (Supplementary Table 5);
however, the combination of these effects led to weak effects of treat-
ments on per capita recruitment (Fig. 3a). At the landscape scale,
changes in demographic rates resulted in strong negative effects of
habitat loss, fragmentation and eroded matrix quality on population
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Fig. 2| Amultiscale experimental design to test the effects of habitat loss,
fragmentation and matrix quality. a, Opuntia cactus is patchy habitat for many
arthropods and it is surrounded by alandscape matrix that can vary in quality
for cactus-specializing insects. b, A marked, adult C. vittiger, a cactus specialist
and crop pest, moving through the landscape matrix. ¢, Examples of landscapes
where habitat loss and fragmentation (number of patches for a given amount of
loss) were manipulated by altering cactus habitat. Points are cactus patches and
pointsize is proportional to patch size. All landscapes were initiated with the
same pretreatment habitat amount, patch-size distribution and abundance of
C.vittiger.d, The quality of surrounding matrix for a C. vittiger was manipulated
in half the landscapes that received habitat manipulations (n =12) by reducing
vegetation height. Photographs by R.J.F. (a) and Christine W. Miller (b).

size (Fig. 3b). High habitat loss led to 26-37% declines in population
size, whereas an increase in fragmentation, doubling the number of
fragments, led to 20-22% declines in population size, but only when
fragments were surrounded by high-quality matrix (Fig. 3c). A reduc-
tionin matrix quality led to 29-34% declines in population size, similar
inmagnitude to habitat loss impacts and greater than fragmentation,
but onlyin less fragmented landscapes (Fig. 3¢).

Wethen estimated effects at the scale of habitat patches on abun-
dance of C. vittiger as a function of patch size and assessed how treat-
ments may alter the patch-size effect using a zero-inflated, Bayesian
N-mixture model®, using detectability estimates from our superpopu-
lation model as priors. At the patch scale, high fragmentation reduced
local abundance, whereas abundance increased with patchsize (Fig. 3d
and Supplementary Table 5). There were interactions of patch size with
habitat loss and fragmentation, as well as three-way interactions with
matrix quality, habitat loss and fragmentation. In general, effects of
landscape treatments on population abundance at the patch scale
were largely similar to effects on population size at the landscape
scale (Fig.3b,e).

To contextualize these experimental effects, we scanned the litera-
ture for experimental studies that manipulated both matrix character-
istics and habitat. Of2,221articles wereviewed, only 7 articles (5 unique
experiments) manipulated both the matrix and some component of
habitat (Supplementary Table 2). Therefore, these results (Supple-
mentary Note 1and Supplementary Figs. 4-8) should be treated with
caution. Briefly, the results overall appear to support our experimental
findings of interactive effects of fragmentation and surrounding matrix
quality (SupplementaryFig. 4), but the effect sizes were highly variable
(Supplementary Table 3), probably reflecting the heterogeneity in
matrix and fragmentation treatments relative to the organisms and
ecological processes of focus.

Discussion

When experimentally isolating the role of habitat loss, fragmentation
and surrounding matrix quality, we find that each of these factors can
have detrimental effects on populations. These results run counter to
claims that habitat fragmentation may be inconsequential, or even
beneficial, for biodiversity relative to habitat loss***. Our experiment
illustrated that the surrounding landscape matrix can have large effects,
but that these effects interact with fragmentation, where positive
effects of matrix quality were greater in landscapes with low habitat
fragmentation. These results challenge the expectation that the matrix
matters only in the most fragmented landscapes™'**.

Despite long-standing interest in habitat loss, fragmentation and
the landscape matrix, we found surprisingly few experiments that
have manipulated both habitat and the matrix to interpret how the
surrounding landscape may alter effects of habitat loss and fragmen-
tation (Supplementary Table 2). Effect sizes across these experiments
nonetheless highlight that observed effects of the landscape matrix
tended to be as strong or stronger than that of loss or fragmentation
andthese effectsinteracted with fragmentation. As noted, these effect
sizes were nonetheless highly variable. The limited number of experi-
ments that have manipulated both habitat and the matrix makes it
challenging to generalize habitat-matrix relationships, particularly
because the experiments tended to focus primarily on abundance
responses, arthropods and grassland ecosystems. More experiments
that manipulate both habitat and the surrounding landscape for differ-
ent taxonomic groups and ecosystems, and focus on community-level
responses, are needed.

Our experiment adds to these prior works in three ways. First, by
estimating population vital rates hypothesized to drive effects of the
matrix on populations, we show that the surrounding matrix impacts
populations by altering survival®. Theory consistently emphasizes
that matrix effects may be driven by mortality arising during disper-
sal, which leads to a ‘dispersal filter’ across landscapes’>'®**, Previous
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Fig. 3 | Effects of habitat loss, fragmentation and matrix quality at two spatial
scales ondemography and population size of C. vittiger (mean + s.e.m.)
across experimental landscapes. a,b, Landscape-scale manipulations (n =3
per factorial treatment combination) on mean estimated demographic rates of
monthly survival and per capita recruitment (a) and population size (+s.e.m.)
from mark-recapture data (b). ¢, The estimated percentage population decline
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fromincreasing loss, increasing fragmentation and a decline in matrix quality.
d,e, Patch-scale changes in predicted mean abundance (+s.e.m.) asa function
of patch size (d) and average patch size by landscape treatment (e). Number
of patches per plot varied on the basis of landscape treatments (low loss, low
fragmentation—n = 51; low loss, high fragmentation—n = 100; high loss, low
fragmentation—n = 25; high loss, high fragmentation—n = 51).

research with C. vittiger using short-term experiments identified that
matrix conditions with low vegetation height result in greater mor-
tality®® and that such effects are greater based on matrix conditions
immediately adjacent to remaining habitat®. Our experiment adds to
our previous work®**~* in this system by directly testing for the role of
matrix quality relative to habitat loss and fragmentation to interpret
their joint and potentially interacting effects, and by diagnosing the
demographic rates that drive population change. Second, by testing
for both patch- and landscape-scale responses, our results highlight
that effects arelargely consistent across scales, in that negative effects
of fragmentation and matrix quality on abundances in patches and
populationsize across entire landscapes both occurred (Fig. 2). One key
difference was therole of habitat loss: at the landscape scale, highloss
led to lower population sizes, but effects on abundances at the patch
scale were weak. This disparity probably reflects the fundamental dif-
ferencethat atthe patch-scale, investigations, including ours, typically
focus ondistribution and abundancein the remaining habitat, while at
thelandscape-scale focusis often on wholesale loss of habitat on total
population size'®. Third, our study design was driven by the scale of
dispersal and population dynamics in this species®**, such that results
are probably meaningful to other specialist species inhabiting frag-
mented landscapes®*’. Experimentsin large landscapes (for example,
extents relevant for dispersal) and for long durations are needed to
capture how landscape characteristics impact ecological processes®

and the lasting impacts of land change on biodiversity". Although our
results provide key insights for wild populations, it remains tobe seen
if similar patterns arise at the community level, in terms of both species
interactions and biodiversity metrics.

Spatial ecology theory and previous fragmentation experiments
have played large rolesininterpretinglandscape change and its applica-
tions to conservation'?, yet theory on how the matrix alters outcomes
has remained less developed and poorly tested”. Some models have
predicted that a decline in matrix quality could increase effects of
habitat loss'® and fragmentation***! (Fig. 1). In contrast to this theory,
in our experiment we found that with high fragmentation, there was
little effect of matrix quality on population size. In highly fragmented
landscapes, mean patch size was smaller (Supplementary Table 1) and
these small patches may be below a threshold for local population suit-
ability, such that even though small patches may act as stepping stones
formovement*, ultimately fewer individuals are expected to disperse
and beimpacted by the matrix thaninless fragmented landscapes.Ina
similar way, selection against dispersal can arise in highly fragmented
landscapes®*, which would reduce the impact of matrix quality on
dispersers. Recent debate on the value of small patches has not yet grap-
pled with the problem of what size is too small for biodiversity***. Our
results call for more quantitative evaluations to identify at what size
patches become too smallto support ecological function. We contend
thatlimiting habitat loss while fostering connectivity among remaining
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habitats by improving the landscape matrix are complementary and
effective strategies for mitigating ongoing environmental change*°.

Methods

Multiscale experiment

We conducted this experiment at the Ordway-Swisher Biological Sta-
tion (OSBS;29.4° N, 82.0° W) in central Florida, USA. The cactus bug C.
vittiger (Hemiptera: Coreidae) is dependent upon prickly pear cactus
(Opuntia spp.), where it feeds, breeds and aggregates throughout its
life. In central Florida, C. vittiger uses Opuntia mesacantha (formerly
Opuntia humifusa) primarily in relatively open, grass-dominated, old
field and sandhill habitats that contain limited canopy cover. By focus-
ing onahabitat specialist entirely dependent on Opuntia, we manipu-
lated habitat in a field setting without common concerns regarding
appropriate habitat delineation. The vegetation surrounding patches
of Opuntiain OSBS consist of graminoids, such as wiregrass (Aristida
stricta) and broom sedge (Andropogon spp.), forbs, predominantly dog-
fennel (Eupatorium capillifolium) and narrow-leaf silk grass (Pityopsis
graminifolia), and scattered woody species consisting of gopher apple
(Geobalanus oblongifolius), pawpaw (Asimina incana) and brambles
(Rhubus spp.).

Inthe study area, female C. vittiger generally begin producing and
depositing eggs onor near Opuntiain early March and continue egglay-
ing through September, with two to three generations per year. There
are five nymph stages before eclosion to adults*. Nymphs cannot fly
and typically reside at the oviposition site until reaching the adult stage.
Adults are winged, but rarely fly; instead, adult cactus bugs typically
walk between cactus patches through a matrix that is unsuitable for
reproduction*®, Movements of adults are thus relatively localized and
can be easily tracked via mark-recapture techniques®**%,

Between 2018 and 2022, we conducted a field experiment that
manipulated habitat loss, fragmentation and matrix quality. Todo so,
we firstidentified 27 landscapes of 50 x 50 m?with appropriate habitat
arranged in six geographic blocks. All landscapes were >50 m apart
within blocks. We aimed for landscape size to be relevant to dispersal
processesinthis species; previous results showed that average disper-
sal distances range between 5 mand 13 m, such that landscape size was
~5-10x greater than expected dispersal distances. We then cleared all
plots of existing cactus. We planted cactus in each plot between June
2018 and October 2018. For each landscape, we planted 120 patches
of cactus of similar quality and the same amount (number of patches
and cactus segments), for a total of 1,800 patches across landscapes.
Cactus patches were >1 m apart.

Spatial distribution of patches was based on realizations of a
Thomas cluster point process, fit to mapped data of natural distribu-
tions in the study area®. This resulted in aggregated distributions of
cactus that mimicked naturally patchy cactus distribution in the study
area. We varied the patch-size distribution of cactus on the basis of the
number of cactus pads, where size distribution varied on the basis of
previously observed natural size distributions, ranging from 4 to 52
cactus pads per patch. We bred C. vittiger (November 2017 to June
2018) in the greenhouse and released them in the field in July 2018
(50 C.vittiger per landscape).

In May to June 2019, we then manipulated cactus via habitat loss
and fragmentation treatments on 24 of the 27 landscapes, leaving 3
landscapes as controls. We had two treatments for habitat loss applied
at the landscape scale: low and high, where for low loss 35% of habitat
area (cactus pads) was removed and for high loss 70% of habitat areawas
removed (Supplementary Table 1). We had two treatments for habitat
fragmentation at the landscape scale: for low fragmentation, we prefer-
entially removed small patches, leaving agreater portion of large patches
remaining. For high fragmentation, we preferentially removed large
patches of cactus. Relative to the 120 patches in controls, these treat-
mentsresulted in the following combinations: low loss-low fragmenta-
tion (51 patches remained), low loss-high fragmentation (100 patches

remained), high loss-low fragmentation (25 patches remained) and high
loss-high fragmentation (51 patches remained; Supplementary Table1).
Finally, we randomly selected half the treatment landscapes (n=12) to
manipulate matrix quality by mowing three times per year (May, August
and October). A prior tethering experiment showed that survival rate of
C.vittigerwas lower in matrices with low vegetation height*, such that we
interpret mowed landscapes as representing low-quality matrix. From
June 2019 to June 2022, we surveyed all remaining patches within each
landscape every 3 weeks except over winter (and during COVID lock-
down), whenbugs are dormant. Across the entire study, we conducted
3 pretreatment surveys and 28 post-treatment surveys.

We modelled individual encounter histories of marked C. vittiger
using a superpopulation model (also known as the POPAN model), an
extension of the Jolly-Seber model for capture-mark-recapture data.
This modelling framework enabled estimates of apparent survival,
recruitment and population size while accounting forimperfect detec-
tion. The full model tested for habitat loss, fragmentation and matrix
quality as fixed effects on apparent survival (¢), the probability of
entry (y, whichisused to derive recruitment) and superpopulation size
of adult C. vittiger while accounting for temporal variation in imper-
fect detection (p). We also included month to account for seasonal
variation and year as a continuous covariate to account for potential
trends. We tested the best fit among several models featuring different
combinations of effects (described in Supplementary Table 3, along
with theirinterpretation) using Akaike information criteria corrected
for sample size (AICc). We found the strongest explanatory model
using AAICc assuming AAICc > 2 was sufficient to distinguish the most
supported model(s).

To estimate effects at the patch scale, we modelled population
abundance in patches using a Bayesian state-space formulation, where
we assessed the effects of habitat loss, fragmentation, matrix quality
and patch size on abundance in patches. We focused on a factorial
model of treatment effects and their interactions (considering up
to three-way interactions), as we expected that each of these land-
scape treatments could interact with patch size to drive abundance
outcomes. We treated the probability of detecting a marked adult, p,
as anuisance variable, allowing it to vary among survey periods t. We
modelled the post-treatment abundance, N, of adult C. vittiger at the
patch scale during survey time t at patch kin landscapej, by consider-
ing population size as a latent variable in a zero-inflated, binomial
N-mixture model as follows:

Nyix ~ Poisson(wAy),
Ygix ~ binomial(Ngy, p,),
log (Ag) = XB + 6;,

where w is a parameter that describes the zero inflation, Ay is the
expected value for abundance, y; is the observed abundance, Xis a
covariate matrix that includes patch size (log-transformed), habitat
loss, fragmentation and matrix quality (including two- and three-way
interactions), Bisavector of parameters being estimated for covariates
andé; is arandom effect of landscape,j. We assumed vague priors for
allfixed parametersonalogscale (mean =0,s.d. =10) and used uniform
hyperpriors for standard deviation parameters (mean =0, s.d. =10).
We used estimates of p, from the POPAN model as fixed priors, assuming
abetadistribution. We ran all models in jags using the jagsUI package
to call jags from R. We ran four chains for 37,500 Markov chain Monte
Carloiterations and thinned chains by 50 after aburn-in 0f 15,000 and
anadaptation phase 0f 15,000, ultimately saving 5,000 samples from
the posteriors. We assessed model convergence using the Gelman-
Rubin statistic R-hat, assuming that an R-hat >1.05 indicated
convergence problems.
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Review and meta-analysis

Wereviewed literature on habitat loss, fragmentation and the matrix
toidentify experiments that manipulated both habitat and the matrix
and measured effects on biodiversity at the individual, population
or community level. Our goal was to understand the extent to which
these key elements of the landscape have been experimentally tested,
giventheoretical expectations for the matriximpacting the outcome
of habitat loss and fragmentation effects'®*”*!. While observational
studies on the matrix have been synthesized and suggest that the
matrix can strongly modify patch-size and habitat fragmentation
effects", such effects are challenging to interpret because matrix
conditions can often be confounded with habitat amount and quality
across landscapes®.

We used Web of Science to search for experiments that manipu-
lated habitat and the matrix to determine the number of experiments,
whataspects of the matrix and habitat were manipulated and identify
the extent to which the matrix alters outcomes of habitat loss and frag-
mentation. On 22 September 2024, we searched for articles using the
search phrase: experiment* AND (matrix OR “edge contrast” OR “edge
type*” OR “land use” OR “land-use”) AND (habitat* OR fragment*) AND
(ecolog* OR conserv* OR landscape* OR seascape*). The first part of
this phraseisolates experiments, the second and third partsuse terms
that are relevant to the matrix and habitat and the fourth uses terms
that aim to identify ecological studies (as opposed to experiments in
other fields). On the basis of this search, we identified 2,221 investiga-
tions. We then screened these articles to determine if the matrix and
habitat were manipulated insome way (for example, land-cover change,
altering resources such as perches and so on), resulting in the selec-
tion of seven articles that met these criteria (Supplementary Table 2).
These articles manipulated habitat amount, fragmentation based
on changing either the number of patches or patch isolation, and
matrix type (simple binary changes, typically of low” and ‘high’ quality;
Supplementary Table 2).

For eacharticle, we extracted the mean and variance for all meas-
ured response variables for each experimental treatment (all combina-
tions of matrix and habitat manipulations). Response variables included
measures of abundance, biomass, diversity and movement. Two articles
included responses based on ecological function (decomposition and
herbivory), but we did not consider them here. We extracted these
data from the results sections of the articles and from figures using
the metaDigitise package®. We also recorded the sample size for each
treatment group.

We calculated effect sizes using Hedges’ g, which is a measure
of standardized difference in means that corrects for small sample
sizes’'. Effect sizes and variances were calculated for main effects and
interactionsinfactorial studies, or ‘focal’ effect sizes, as well as pairwise
interactions*>*>, To estimate the precision of effect sizes, we calculated
the variance of each effect. We calculated matrix effect sizes as the
difference between the sum of the mean responsesinall experimental
landscapes with one type of matrix and the sum of mean responsesin
landscapes with the alternative matrix type. We calculated this differ-
ence such that a positive effect size indicated that the higher quality
matrix, as defined by the authors of each article (in studies that did not
define matrix quality, we considered the matrix type most dissimilar
to habitat as lower quality”), had a positive effect on the response
variable. Habitat amount effect sizes were calculated similarly as the
differenceinthe summed meanresponsesinlandscapes with less habi-
tatand landscapes with relatively more habitat. In this case, a positive
effect size indicated that greater habitat amountinalandscapehada
positive effect. For habitat fragmentation effects, we calculated the
difference between responses in fragmented compared with unfrag-
mented landscapes, such that a positive effectindicated anincreased
response in unfragmented landscapes. Studies manipulated habitat
fragmentation in two ways: (1) by altering the number of patches for
a given habitat amount (subdivision); or (2) by altering the effective

isolation of patches, either based on changes in distance between
patches or by connecting patches with corridors (thereby reducing
effective isolation). We estimated effect sizes for measures of abun-
danceand diversity such that a positive effectindicated that the given
measure was greater in landscapes with higher quality matrix, more
habitat or less fragmentation. For movement, only one type of metric
was used in the selected studies, immigration rates (mean number of
immigrants per patch), and we estimated these effect sizes as positive
whenimmigration was higher in the ‘better’ landscape.

To understand patterns in responses to manipulations of
the matrix and habitat area and fragmentation, we ran multilevel
meta-analysis models using the rma.mv function in the metafor pack-
age in R**. We assessed the influence of matrix and habitat manipula-
tions and their interactions on effect sizes using a meta-regression
model with Hedges’ g as the response variable, which was weighted
by precision, landscape treatment (matrix, habitat amount, habitat
fragmentation or any pairwise interaction) asamoderating factor and
arandom slope of landscape element by study to account for hetero-
geneity withinlandscape elements®. We tested the overall significance
of landscape treatments using the Q,, statistic, which describes the
amount of heterogeneity in effect sizes explained by the model’'. We
assessed model diagnostics using funnel plots (Supplementary Fig. 6)
and by identifying potential outliers using Cook’s distance, hat values
andstudentized residuals®® (Supplementary Fig. 7). Toidentify extreme
values based on these metrics, we used a chi-square threshold of 50%
of the distribution to identify outliers for Cook’s distance, 2 x (7/N)
threshold for hat values (where Nis the number of effect sizes and three
for studentized residuals®. We then re-ran models removing these
effect sizesto determine the sensitivity of estimates to theirinclusion
(Supplementary Fig. 8).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data used in this study are available via figshare at https://doi.
org/10.6084/m9.figshare.30508496 (ref. 57).

Code availability

The code used to prepare the data and complete the analyses in
this study are available via figshare at https://doi.org/10.6084/
m9.figshare.30508496 (ref. 57).
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