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Corridors with good-quality habitats maintain the spatial dynamics of metapopula-
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tions, and communities against continued global change. However, this function is

coming increasingly inhospitable, potentially reducing the resilience and persistence
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ratory microcosms containing metapopulations of the Collembola Folsomia candida,
we investigate the impact of corridor quality on metapopulation persistence under
a range of simulated droughts, a key stressor for this species. We manipulated both
drought severity and the number of patches affected by drought across landscapes
connected by either good- or poor-quality corridors. We measured the time of metap-
opulation extinction, the maximum rate of metapopulation decline, and the variability
of abundance among patches as criteria to evaluate the persistence ability of meta-
populations. We show that while drought severity negatively influenced the time of
metapopulation extinction and the increase in drought patches caused metapopula-
tion decline, these results were mitigated by good-quality corridors, which increased
metapopulation persistence time and decreased both how fast metapopulations de-
clined and the interpatch variability in abundances. Our results suggest that enhanc-
ing corridor quality can increase the persistence of metapopulations, increasing the
time available for conservation actions to take effect, and/or for species to adapt or
move in the face of continued stress. Given that fragmentation increases the isolation
of habitats, improving the quality of habitat corridors may provide a useful strategy to

enhance the resistance of spatially structured populations.
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1 | INTRODUCTION

While droughts are natural phenomenon, their frequency and
severity are both increasing due to climate change (Mukherjee
et al., 2018), driven by reduced regional precipitation and increased
global evaporation (Ault, 2020; Dai, 2011). Drought has devastating
impacts on species and ecosystems, causing an increase in species
mortality and extinction (Choat et al., 2018; Harrison, 2000), loss of
biodiversity (Peterson et al., 2021; Tilman & Elhaddi, 1992), and de-
clines in ecosystem function and productivity (Atkinson et al., 2014;
Ciais et al., 2005).

These pressures are occurring against a backdrop of increasing
habitat fragmentation, driven by a range of factors including the
extraction of resources, development of settlements, increasing
transport links, and proliferation of farming globally. Consequently,
many populations are increasingly isolated, impacting their risk of
extinction (Crooks et al., 2017; Reed, 2004). Corridors have been
suggested as positive conservation actions, which can be used to
reverse the negative effect of fragmentation by promoting disper-
sal and maintaining gene flow, allowing species to move or adapt
in the face of environmental change. Previous studies have shown
that enhancing habitat connectivity by corridors can reduce the like-
lihood of extinction and enhance species diversity in patchy habitats
(Chisholm et al., 2011; Damschen et al., 2019), potentially buffering
species loss against increasingly inhospitable environments.

Extreme climatic events such as droughts have a devasting im-
pact on the viability of natural populations. Previous studies showed
that droughts reduced the survival rate of populations in habitat
patches by inducing ecological traps, a phenomenon that occurs
when species settle in maladaptive habitats due to poor habitat se-
lection (Hale & Swearer, 2016; Robertson & Hutto, 2006). For exam-
ple, Coho salmons (Oncorhynchus kisutch) that inhabit intermittent
streams used remaining pools as habitats when connectivity was
lost, but during drought years a lower survival rate was found in
some pools than in others (Vander Vorste et al., 2020). Such phe-
nomena have also been reported in other ecosystems (Robertson &
Hutto, 2006). In this case, dispersal might be key to maintain the dy-
namics of metapopulations and communities (Hale et al., 2015; Hale
& Swearer, 2016; Wolfe et al., 2023), as climatic extremes are likely
to occur dynamically across time and space, and the quality of hab-
itats can deteriorate or recover when the climate regime changes.
Yet, there is relatively few data on the population changes with tem-
porarily and spatially dynamic drought stressors.

Corridor quality is one of the important physical properties
determining corridor effectiveness and dispersal success (Bennett
et al,, 1994; Habel et al., 2020; Li et al., 2021). Specifically, good-
quality corridors can promote dispersal, leading to greater move-
ment rates to colonized patches compared to poor-quality corridors
(Li et al., 2021). What determines the quality of a corridor is likely
specific to the species using that corridor, but will reflect the hos-
tility of a corridor to individuals surviving within it or the ease in
which they can pass along it (Haddad & Tewksbury, 2005; Li
et al., 2021). Thus, corridor quality is better when corridors contain

shelter/resources/water, serving as conduits and habitats, while
quality is poorer if they expose individuals to, for example, preda-
tion or metabolic strain (Haddad & Tewksbury, 2005). Corridor qual-
ity thus becomes increasingly important as the length of a corridor
increases and may affect the stability and longevity of corridor-
connected metapopulations or metacommunities by facilitating or
impeding movements between habitat patches. However, we cur-
rently lack empirical evidence on how corridor quality promotes
metapopulation persistence, and how it interacts with the increasing
severity and frequency of drought stressors.

While historical data have successfully investigated the pop-
ulation consequences of extreme drought events on habitat net-
works (e.g., Oliver et al., 2013), quantitively measuring the effect of
increasing drought severity and frequency on population declines
and - importantly - how this stress might interact with corridors is
difficult. Experimental microcosms provide one alternative method
to achieve this, as they allow landscape-style manipulations at an
observable scale (Altermatt et al., 2015; Benton et al., 2007). Indeed,
such systems have previously been used to study the effect of net-
work modularity (e.g., Gilarranz et al., 2017), and the impact of hab-
itat configuration on metacommunities (e.g., Chisholm et al., 2011;
Wolfe et al., 2022).

Here, we investigate the effect of corridor quality on the per-
sistence of metapopulations under drought stressors. We manip-
ulated both drought severity and the number of patches affected
by drought in landscapes connected by either good- or poor-quality
corridors. We use 3D-printed four-patch and four-corridor micro-
cosms containing the soil Collembola Folsomia candida as experimen-
tal metapopulations and use a fully factorial manipulation where we
change the moisture of corridors (good- vs. poor-quality corridors),
amount of water added to the patches (severity of drought), and
number of patches (from 1 to 4) affected by reduced water availabil-
ity (increase in drought patches). Drought is a known abiotic stressor
to F. candida populations, as they need a high moisture to survive
and reproduce. By monitoring the changes in metapopulation abun-
dance in microcosms for a relatively long-period (c. 16 weeks, ~5
generations), we can measure the effects of corridor quality inter-
acting with drought severity and increase in drought patches at the
time of extinction, the maximum rate of metapopulation decline, and

the variability of abundance among patches.

2 | METHODS
2.1 | Model organism

The model organism is the soil arthropod Folsomia candida
(Collembola, Isotomidae). F. candida was reared in Petri dishes at
room temperature (c. 19°C), with dry yeast provided as a food re-
source. Although F. candida can survive in drought conditions for
short periods by temporarily changing their physiological response
(Fountain & Hopkin, 2005), humidity is essential to their lifecycle
(Waagner et al., 2011). Laboratory studies have shown that both
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the survival rate and egg production of F. candida were decreased
when air humidity reduced from 100% to 96% RH (Hilligsoe &
Holmstrup, 2003; Waagner et al., 2011). F. candida eggs are more
sensitive to drought and will perish if relative humidity below 98.7%
(Holmstrup, 2019).

2.2 | Experimental landscapes

The 3D-printed experimental arenas were made from PLA plastic
(3D printer: LulzBot TAZ 6; filament: Winkle PLA 2.85mm, Spain)
and consisted of four habitats patches (circular: c. 7cm in diameter
and 1.5cm in height) connected by four corridors (c. 28 cm in length
and 1cm in width) in a square (2 x 2) configuration, with each habitat
patch connected by two corridors. Both habitat patches and cor-
ridors were filled with a mixture of plaster of Paris and black dye
(c. 0.5cm in thickness). Plaster of Paris acts as a substrate for the
Collembola to live on which keeps moisture, while the black dye
makes Collembola more visible for counting (Li et al., 2021). Our
pilot work showed that moisture could wick between the differ-
ent components of the landscapes (patches and corridors), thus—to
avoid this—plastic baffles (0.5cm in height) were printed allowing
the moisture of the corridors to be manipulated separately to the
moisture of the patches (Figure 1a).
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As Collembola are delicate and not easy to handle, they were
inoculated into the four patches of each landscape by tapping indi-
viduals (mean+SD =423 +317) into each microcosm (week 1 of the
experiment). During the experimental setup, a potential confounding
effect was accidentally introduced whereby microcosms were not
randomly assigned to treatment after introducing the Collembola.
This may have caused systemic differences in population-level re-
sponses to treatments (Figure 2), which we have attempted to
account for by including microcosm as a random effect in the statis-
tical models where appropriate (see below). We fed the population
in each patch each week with a piece of dry yeast flakes (7+2mg
mean +SD, number of measures n=30) throughout the experiment,
and thus food was not a limiting factor to growth. Collembola were
reared in the microcosms for 3weeks prior to the start of treatments
to allow metapopulations to stabilize, with 2mL water and 7 mg of
food added each week to each patch. Clear lids were used to cover
the microcosms and stop them drying out too quickly, and all micro-
cosms were placed in dark rearing room to minimize light exposure.

2.3 | Treatments

We used a fully factorial experiment to investigate the interactive
effects of corridor quality with drought severity and increase in
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FIGURE 1 (a) The four-patch microcosm; inset and diagram show the portion of a microcosm complete with a Plaster of Paris fill (0.5cm
thickness) and the patch-corridor plastic buffer (which prevents moisture moving between the two via the Plaster of Paris); (b) The quantity
of water added to the microcosms over time and the ensuing number of patches affected by drought. The microcosms experienced drought
severity and increase in drought patches, after treatments start at week 4 (gray dashed line). The number of dry patches in the fast increase
in drought patches (green dot-dashed line) treatment reaches 4 at week 9, while in the slow (green long-dash line) reaches 4 at week 14.
Severe drought is created by reducing the amount of water 0.4 mL per week (brown solid line), while weak drought is created by reducing

water at 0.2mL per week (gray solid line).
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FIGURE 2 The total number of individuals in each microcosm changes over time, from the beginning (week 1) to the end of experiment
(week 16). Drought treatment starts at week 4 (red dashed line). Constant (control) treatments are shown at the top left panel, and the

four panels at bottom right show the combinations of drought treatments, that is, drought severity (weak vs. severe) and increase in

drought patches (slow vs. fast). Good-quality corridor microcosms are shown in blue, while poor-quality corridor microcosms are shown in
yellow. Data is log (x+ 1) transformed; number of replicates for each treatment N=6. Stable lines in two constant treatments indicate that
populations were not stressed and remained stable throughout the experiment. The potential confounding effect mentioned in the methods
section can be seen in the differing starting populations across the treatments.

drought patches across landscape on the persistence of metap-
opulations. In the good corridor quality treatment, corridors had
2 mL of water added each week to keep them moist (Li et al., 2021),
while in the poor corridor quality treatment no water was added
to the corridors. For each corridor quality treatment (i.e., good or
poor), we simultaneously manipulated drought in two different
ways: changing the rate at which the moisture content of patches
declined (i.e., drought severity), and increasing the number of
patches simultaneously experiencing drought (i.e., increase in
drought patches). There were two levels of drought severity (i.e.,
severe vs. weak), and within each severity level, there were two
levels of increasing drought patches (i.e., fast vs. slow). Severe
drought was created by reducing the 2mL of water added to each
patch by 0.4mL water per week, while weak drought was simu-
lated by reducing the 2mL by 0.2mL water per week (Figure 1b).
In addition, for the “increase in drought patches” treatment we

randomly selected a number of patches to not receive water in
any given week. This number was increased through time and
determined by drawing a number (from O to 4) from a binomial
distribution with the probability increasing from O to 1 at either
0.2 per week (i.e., fast) or 0.1 per week (i.e., slow; Figure 1b). This
was done for each replicate landscape, and the location of patches
impacted by this was randomized for each landscape. As such, all
the habitat patches within a landscape were manipulated with a
reduced amount of water per week (i.e., drought severity), unless
any of the patches were randomly assigned not receiving water
(i.e., increase in drought patches). We also implemented a constant
(control) treatment for each corridor quality group (i.e., good or
poor) where 2mL water were constantly added to all the patches
each week. This gave us in total two levels of corridor quality
(good vs. poor), two levels of drought severity (severe vs. weak),
two levels of increase in the number of drought patches (fast vs.
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slow), and one control group (no change in water through time),
with each treatment combination replicated six times for a total
of 60 replicates. The experiments lasted 16 weeks total, with the
drought treatments started at week 4. All the microcosms were
monitored weekly until the metapopulations in drought treat-
ments went extinct.

2.4 | Metapopulation monitoring

Metapopulations in the landscapes were monitored by taking three
photos in quick succession of each habitat patch once every week.
These pictures were then used to count individuals within each
patch using Fiji software (Schindelin et al., 2012), a background
subtraction method to determine which individuals are alive by
comparing, which have moved between the three photos (Mallard
et al., 2013). Due to limitation in the quality of the photos taken,
we were only able to count individuals larger than 0.2 mm in length,
equal approximately to the size of individuals at eclosion (Johnson &
Wellington, 1983).

2.5 | Data analysis

All the statistics were conducted in R (v4.0.2, R Core Team, 2022).
We assessed how corridor quality, drought severity, and an increase
in drought patches influence the persistence ability of metap-
opulations in three ways. First, we investigated how those factors
influence the time of metapopulation extinction. The time of meta-
population extinction was defined as the midpoint between the last
week, which individuals were observed alive in at least one of the
four patches of a landscape, and the first time no individuals were
observed as being alive. Only three microcosms were alive at the
end of the experiment (week 16, Figure 2), but no individuals were
observed alive the week after that, thus the time of extinction for
these three microcosms were recorded as week 16.5. As there was
only one time of metapopulation extinction for each microcosm,
we could not use microcosms as a random effect in this analysis.
Instead, we used a generalized linear model (GLM) with a log-link
Gaussian error to fit these data. Experimental factors (i.e., corridor
quality, drought severity, increase in drought patches) and all their
two-way interactions were included as explanatory variables. As the
metapopulations in the constant (control) treatments were stable
(and thus we did not observe any extinctions (Figure 2)) we removed
these from the time of extinction analysis and the maximum rate of
decline analysis (see below).

Second, we used a generalized linear mixed effect model
(GLMM) with a zero-inflated negative binomial distribution to in-
vestigate how corridor quality, drought severity, and increase in
drought patches influence the variability of abundance among
patches through time. The variability of abundance among patches
was defined as the standard deviation of abundances between the
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TABLE 1 The effect of corridor quality, drought severity, and
increase in drought patches on the time of population extinction.

Stand
Estimate error t-Value p

Intercept 2.532 0.038 67.258 <.001***
Corridor quality 0.149 0.047 3.163 .003*
Drought severity -0.173 0.053 -3.289 .002**
Increase in drought  -0.012 0.050 -0.249 .805

patches (IP)
Corridor quality: -0.016 0.058 -0.276 .784

drought

severity
Corridor quality: IP -0.061 0.058 -1.050 .300
Drought severity: 0.060 0.058 1.026 311

IP

Note: Significant levels: “***” .001 “**” .01 “*" .05.

four habitat patches. Microcosm identity was included as a random
effect to account for the potential differences between microcosms
including their starting densities. We included time, corridor quality,
drought severity, increase in drought patches, and their interactions
as fixed effects. Of particular interest was how experimental factors
(i.e., corridor quality, drought severity, increase in drought patches)
and time interactively affect the changes in variability, thus we also
include their two-way interactions in the fixed effect. Time and ex-
perimental factors (i.e., corridor quality, drought severity, increase
in drought patches) were included as a zero-inflation parameter to
account for the overdispersion of zero counts after extinction oc-
curred. Data collected before drought treatment started (i.e., from
week 1 to 3) was excluded from model fitting. The model was fitted
using “glmmTMB” package (Magnusson et al., 2017).

Finally, we used nonlinear regression curves with a three-
parameter logistic function to fit the changes in total population
abundance in each habitat network over time. Microcosms either
in good- or poor-quality corridor treatment experienced the same
rearing conditions prior to the start of the drought treatments (i.e.,
week 1-3), thus we only fit the nonlinear regression curves with
the data on metapopulation abundance from week 4 to week 16
(Appendix S1). The model was specified as Y=d/(1+exp (-b*(X-e)))
where Y was total abundance and X was time; d was the high as-
ymptote; b was the maximum slope; e was the time at the maximum
slope, were all estimated by models. This is a three-parameter logis-
tic function, and we chose this model due to its simplicity and util-
ity (Kingsland, 1982). Models were fitted using “drc” package (Ritz
et al., 2015). To explore the effect of treatments on the maximum
rate of metapopulation change, we extracted the estimated value of
b in each model and compared across treatments (Figure S1). Again,
as there is only one estimated value of the rate of metapopulation
change (i.e., b parameter) for each microcosm, we used a GLM with a
Gaussian distribution to fit the log-transformed data, where corridor
quality, drought severity, increase in drought patches, and their two-

way interactions were included as explanatory variables.
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FIGURE 3 The effect of corridor quality, drought severity, and increase in drought patches on the time of population extinction. Each
panel shows the time of metapopulation extinction (weeks) in microcosms connected by either poor or good-quality corridors, under specific
combination of drought severity (weak vs. severe) and increase in drought patches (slow vs. fast). Data is shown as black dots. The maximum
and minimum limits are shown by the end of whiskers, and the first and third quartiles of responses are shown by the end of boxplots. The
lines inside the boxplots represent the medians. Number of observations N=6.

3 | RESULTS

As expected, the fitted model (pseudo R%*=.527) showed that
drought severity negatively affected the time of metapopulation
extinction (Table 1, Figure 3). The increase in drought patches, how-
ever, had no effect (Table 1). Corridor quality positively affected the
time of metapopulation extinction (Table 1), indicating that metap-
opulations persisted longer in habitats connected by good-quality
corridors. There was no effect of any of the two-way interactions of
treatments on the time of metapopulation extinction (Table 1).

Our fitted model (conditional/marginal R?=.417/.336) showed
that time negatively affected the variability of patch abundance
(Table 2), suggesting an overall decrease in variability over time
(Figure 4). The variability of patch abundance was negatively af-
fected by corridor quality, with higher variability found in landscapes
connected with poor-quality corridors. However, this was not af-
fected by drought severity and increase in drought patches (Table 2).
There were significant interactions between time and corridor qual-

ity, and between time and drought severity (Table 2), suggesting that

the effect of corridor quality, as well as drought severity, was largely
time-dependent. Interestingly, the different changes in variability
over time between good and poor corridor quality suggest a con-
trasting response of metapopulations to stressors due different lev-
els of connectivity. In habitats with poor-quality corridors, the rate
of decrease in variability of patch abundance aggravated by contin-
ual drought stress, while in those with good corridor quality the rate
of decrease in variability eased (Figure 4). There were no significant
interactions between other two-way factors (Table 2).

The results of our fitted GLM model (pseudo R?=.732) showed
that corridor quality negatively affected the maximum rate of meta-
population decline, with their declining rate being slower in good
than poor corridor quality treatment (Table 3, Figure 5). Surprisingly,
an increase in the number of drought patches negatively affected
the rate of metapopulation decline, but drought severity had no ef-
fect (Table 3, Figure 5). Corridor quality positively interacted with
the increase in drought patches (Table 3). There were no effects of
other two-way interactions on the maximum rate of metapopulation
decline (Table 3).
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TABLE 2 The effect of corridor quality, drought severity, and
increase in drought patches on the variability of patch abundance.

Stand
Estimate error z-Value p
(Intercept) 4.963 0.242 20.546 <.001***
Time -0.194 0.024 -8.191 <.001***
Corridor quality -0.534 0.272 -1.961 .050.
Drought -0.223 0.283 -0.788 430
severity
Increase in -0.271 0.273 -0.991 321
drought
patches (IP)
Corridor quality: 0.049 0.249 0.198 .843
Drought
severity
Corridor quality: 0.128 0.248 0.515 .606
IP
Drought -0.183 0.249 -0.733 463
severity: IP
Time: Corridor 0.166 0.022 7.382 <.001***
quality
Time: Drought 0.078 0.023 3.384 <.001***
severity
Time: IP 0.018 0.022 0.814 415

Note: Significant levels: “***” .001 “**” .01 “*” .05 “." .1.

4 | DISCUSSION

Our results show that, in our experimental microcosms, increased
corridor quality can buffer a metapopulation from extinction caused
by drought. Specifically, habitats connected by good-quality cor-
ridors, not only enabled metapopulations to persist longer when
they are threatened by drought severity, but slowed down the rate
at which the increase in drought patches decreased metapopula-
tion abundance. Surprisingly, corridor quality differently affected
the survival of population in each individual patch, as the variability
of patch abundance increased or slightly decrease then followed by
a sudden decrease in the habitats connected by poor-quality cor-
ridors, while it constantly decreased in the good-quality corridors.
In what follows, we first discuss the limitations of our approach and
then discuss the results in the context of the literature.

There are two main limitations to our approach. The first is that
we did not count individuals in the corridors, as corridors can, po-
tentially at least, provide extra habitats and serve as temporal re-
fugia for species when stressed (Eversham & Telfer, 1994). The aim
of the work was to investigate how patchy populations response to
environmental stressors, thus the individuals dispersing in corridors
are largely ignored. The second is the potential confounding effect
introduced the setup of the experiment, which may explain some of
the observed patterns in the abundance dynamics between treat-
ments (Figure 2). This may be due to systematic differences in the
body size distributions of the populations in different treatments;
however, the extinction dynamics largely conform to the expected
patterns.
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Species are expected to seek new habitats when natal habitats
deteriorate. Field studies showed that Collembola have a high dis-
persal ability for new habitats when experiencing dry conditions
(e.g., Ferrin et al., 2022). Consequently, increasing movement be-
tween habitats may save populations from local extinction when
patches experience inhospitable environmental conditions. Our
previous work showed that Collembola were more likely to colonize
new habitats connected by good-quality corridors, thereby increas-
ing population growth rate in the colonized patches (Li et al., 2021).
In this regard, good-quality corridors may increase their probabil-
ity of survival by facilitating movements and avoiding dry habitats.
Collectively, we demonstrated that good-quality corridors reduced
the rate of population decline and increased time before extinction
caused by drought extremes, highlighting the importance of corri-
dors with good habitats in persisting metapopulations in the face of
climate change. This not only agrees with previous studies, which
show that increasing connectivity using good-quality corridors can
increase the persistence of metapopulations (Gonzalez et al., 1998;
Swart & Lawes, 1996), but proves their ability to slow down extinc-
tion when species are exposed to disastrous environmental condi-
tions. Our results suggest that increasing corridor quality across a
landscape can to some extent mitigate the negative impact of cli-
matic extremes on metapopulations.

The most striking results were that the variability of patch abun-
dance was negatively related to increased corridor quality, suggest-
ing that corridor quality can play an important role in shaping the
viability of patchy populations. Thus, when corridor quality was poor,
Collembola were constrained in patches as their dispersal ability was
limited. Intriguingly, this implies that when corridor quality is good
the increased migration of individuals around the landscape could
put increased pressure on habitats to support large metapopulation
sizes, increasing the impacts of density dependence if such patterns
persistin the long-term. Conversely, individuals being stuck in a patch
could cause uneven survival rates among patches when drought ex-
tremes occur unpredictably. In such settings, local extinctions were
more likely to occur when some patches were turned into ecological
traps due to environmental change (Hale & Swearer, 2016), thereby
increasing the variability of patch abundance in habitats with poor
habitat connectance. Similar findings have been previously reported
in freshwater systems where drought disrupted the connectivity of
habitat pools for some fish species (e.g., Vander Vorste et al., 2020).
Furthermore, the changes in variability of patch abundance over
time indicates a contrasting pattern of stressed metapopulations
toward extinction between habitats connected with good and poor
corridors. Specifically, a constant decrease of the variability found in
well-connected populations indicates that population size became
more uniform across patches within metapopulations while experi-
encing stress, while a large variability found in poor connected pop-
ulations demonstrated an increasing risk of local extinction because
of loss of corridor quality. Our results suggest that the variability of
patch abundance may be a good predictor of population status and
monitoring how it changes over time might provide a useful guide to
evaluate landscape connectivity for species.
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FIGURE 4 Results from zero-inflated GLMM with a negative binomial distribution show the effect of corridor quality, drought severity,
and increase in drought patches on the standard deviation of patch abundance from week 4 to week 16. Each panel shows the changes

in the standard deviation of patch abundance over time in landscapes connected either by good or poor-quality corridors under specific
combination of drought severity (weak vs. severe) and increase in drought patches (slow vs. fast). Good corridor quality treatment is shown
in yellow and poor corridor quality treatment is shown in blue, with 95% confidence intervals (Cls).

TABLE 3 The effect of corridor quality, drought severity, and
increase drought patches on the maximum rate of population

decline.

Intercept
Corridor quality
Drought severity

Increase in
drought
patches (IP)

Corridor quality:
Drought
severity

Corridor quality:
IP

Drought severity:
IP

Note: Significant levels:

Estimate

1.072
-1.767
0.314
-0.620

-0.297

0.781

0.499

Standard
error

0.207
0.271
0.271
0.271

0.312

0.312

0.312

z-Value

5.187
-6.534
1.161
-2.291

-0.951

2.501

1.596

Grkxn ()1 WD ()1 @0 5 @ ]

P
<.001***
<.001***

.252
.027*

.347

.017*

.118.

Drought is a climatic extreme, which has serious consequences
for the persistence of metapopulations, seen here as an increasing
drought severity significantly reducing the time that metapopula-
tion persisted and increasing the rate of metapopulation decline, a
phenomenon, which is consistent with the prediction that severer
drought would cause higher speed of extinction (Cady et al., 2019;
Cayuela et al., 2016). Increasing the severity of drought is more
likely to cause a strong effect of desiccation, causing a high rate
of mortality when reaching species' limits to drought. Collembola
are well adapted in humid soil environments and need to absorb
water vapor over their entire life cycles (Bayley & Holmstrup, 1999).
Some essential life stages such as reproduction cycles and egg in-
cubation in Collembola are highly depended on moisture levels
(Holmstrup, 2019; Waagner et al., 2011). Meanwhile, young indi-
viduals of Collembola are more vulnerable to desiccation than old
(Hilligsoe & Holmstrup, 2003), increasing drought severity are more
likely to reduce the fitness of young adults and cause a further loss
of fecundity. This may explain the extinction event that occurred at

the end of our experiment, and the extinction happens faster with
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FIGURE 5 The effect of corridor quality, drought severity, and increase in drought patches affected on the maximum rate of population

decline. For annotations, see the legend for Figure 3.

increased severity. Indeed, extreme environmental stressors such
as drought have been shown to shape the population dynamics and
persistence of many species (e.g., Johansson et al., 2020).

The amount of the favorable habitats within a landscape has
been shown to be important for maintaining the persistence of
metapopulations (Dytham, 1995; Meli et al., 2014). Surprisingly,
we found that increasing the number of patches affected by
drought at different speeds only negatively affect the maximum
rate of metapopulation decline, rather than the timing of ex-
tinctions, which may suggest a tipping point for environmental
conditions as a result of increased drought habitats destabiliz-
ing populations. The reasons underlying this pattern are largely
unexplored though. One possible explanation is that Collembola
were able to accumulate sugar and polyols when experiencing dry
conditions, temporarily prolonging their survival from dehydra-
tion (Fountain & Hopkin, 2005; Waagner et al., 2012). Hence, it
is possible that individuals living in a habitat patch under drought
manipulation (i.e., no water added for a week in our case) might
not experience an immediate local extinction due to the accumu-
lation of polyols and sugars, though drought was shown suppress-
ing the viability of populations based on our results (Figure 2).
Adjusting their body conditions may allow them to temporarily
survive over a short drought period; however, it may also con-
tribute to a fast decline when the environmental conditions reach

to tipping points (Dai et al., 2012). More empirical evidence is
needed to examine how increased environmental stress, associ-
ated with tipping points, impacts the resilience of spatially struc-
tured populations.

In summary, our analyses add to the growing literature describ-
ing how increasing corridor quality among habitats can buffer meta-
populations against decline and extinction. However, we also show
that increased corridor quality may increase the variability of pop-
ulations between patches in a landscape, as individuals can move
more easily into patches with more favorable conditions, potentially
increasing the effects of density dependence in these highly utilized
patches. As habitat fragmentation creates a mosaic of landscapes
hosting a variety of spatially structured populations, maintaining
spatial connectivity by good quality of corridors allows species to
move out the dangerous area, and/or allows conservation actions
to be taken to avoid mass extinctions when facing extreme climatic
events. Ultimately, our work highlights the importance of corridor
quality in maintaining metapopulation viability in the face of climate
change. Field evidence is needed to better understand the role of

corridor quality in persisting metapopulations.

AUTHOR CONTRIBUTIONS
Dongbo Li: Data curation (equal); formal analysis (equal); fund-
ing acquisition (equal); investigation (equal); methodology (equal);

85U8017 SUOLILLIOD BAFes1D 3|qedljdde 8Ly Aq pausenob ale sapiie VO ‘8sN 4O Sa|nu Joj AReiq )T 8Ul|UO AB|1/M UO (SUO I pUOD-pUe-SWLB) 00" AB | 1M Afeiq 1 Bul|UO//:SANY) SUORIPUOD PUe swie | 8L} 88S *[£202/TT/ST] Uo Areiq)TauliuO A8|IM ‘99T0T €899/200T 0T/I0P/W00 A8 1M Aiq1jeuluo//Sdiy Wwoly papeojumod ‘9 ‘€202 ‘852.G702



LI ET AL.

100f 11 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

Open Access,

writing - original draft (equal). Jane Memmott: Supervision (equal).

Christopher F. Clements: Supervision (equal).

ACKNOWLEDGMENTS
Dongbo Li was funded by the China Scholarship Council (grant no.
20186190011).

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interests.

DATA AVAILABILITY STATEMENT
Data are available to access in Dryad (https://doi.org/10.5061/
dryad.xsj3tx9mh) and GitHub repository (https://github.com/Dongb

oli/experimental-data.git).

ORCID
Dongbo Li " https://orcid.org/0000-0003-0471-7917
REFERENCES

Altermatt, F., Fronhofer, E. A., Garnier, A., Giometto, A., Hammes, F.,
Klecka, J., Legrand, D., Machler, E., Massie, T. M., Pennekamp, F.,
Plebani, M., Pontarp, M., Schtickzelle, N., Thuillier, V., & Petchey, O.
L. (2015). Big answers from small worlds: A user's guide for protist
microcosms as a model system in ecology and evolution. Methods in
Ecology and Evolution, 6, 218-231.

Atkinson, C. L., Julian, J. P., & Vaughn, C. C. (2014). Species and function
lost: Role of drought in structuring stream communities. Biological
Conservation, 176, 30-38.

Ault, T. R. (2020). On the essentials of drought in a changing climate.
Science, 368, 256-260.

Bayley, M., & Holmstrup, M. (1999). Water vapor absorption in arthro-
pods by accumulation of myoinositol and glucose. Science, 285,
1909-1911.

Bennett, A. F., Henein, K., & Merriam, G. (1994). Corridor use and the el-
ements of corridor quality: Chipmunks and fencerows in a farmland
mosaic. Biological Conservation, 68, 155-165.

Benton, T. G., Solan, M., Travis, J. M. J., & Sait, S. M. (2007). Microcosm
experiments can inform global ecological problems. Trends in
Ecology & Evolution, 22, 516-521.

Cady, S. M., O'Connell, T. J, Loss, S. R., Jaffe, N. E., & Davis, C. A. (2019).
Species-specific and temporal scale-dependent responses of birds
to drought. Global Change Biology, 25, 2691-2702.

Cayuela, H., Arsovski, D., Bonnaire, E., Duguet, R., Joly, P., & Besnard, A.
(2016). The impact of severe drought on survival, fecundity, and pop-
ulation persistence in an endangered amphibian. Ecosphere, 7,€01246.

Chisholm, C., Lindo, Z., & Gonzalez, A. (2011). Metacommunity diversity
depends on connectivity and patch arrangement in heterogeneous
habitat networks. Ecography, 34, 415-424.

Choat, B., Brodribb, T. J., Brodersen, C. R., Duursma, R. A,, Lépez, R,,
& Medlyn, B. E. (2018). Triggers of tree mortality under drought.
Nature, 558, 531-539.

Ciais, P., Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard, V,,
Aubinet, M., Buchmann, N., Bernhofer, C., Carrara, A., Chevallier,
F., de Noblet, N., Friend, A. D., Friedlingstein, P., Grinwald, T.,
Heinesch, B., Keronen, P., Knohl, A., Krinner, G., ... Valentini, R.
(2005). Europe-wide reduction in primary productivity caused by
the heat and drought in 2003. Nature, 437, 529-533.

Crooks, K. R., Burdett, C. L., Theobald, D. M., King, S. R. B., Di Marco,
M., Rondinini, C., & Boitani, L. (2017). Quantification of habi-
tat fragmentation reveals extinction risk in terrestrial mammals.

Proceedings of the National Academy of Sciences of the United States
of America, 114, 7635-7640.

Dai, A. G. (2011). Drought under global warming: A review. Wiley
Interdisciplinary Reviews-Climate Change, 2, 45-65.

Dai, L., Vorselen, D., Korolev, K. S., & Gore, J. (2012). Generic indicators
for loss of resilience before a tipping point leading to population
collapse. Science, 336, 1175-1177.

Damschen, E. |, Brudvig, L. A., Burt, M. A, Fletcher, R. J., Jr., Haddad, N.
M., Levey, D. J., Orrock, J. L., Resasco, J., & Tewksbury, J. J. (2019).
Ongoing accumulation of plant diversity through habitat connec-
tivity in an 18-year experiment. Science, 365, 1478-1480.

Dytham, C. (1995). The effect of habitat destruction pattern on species
persistence: A cellular model. Oikos, 74, 340-344.

Eversham, B. C., & Telfer, M. G. (1994). Conservation value of roadside
verges for stenotopic heathland Carabidae: Corridors or refugia?
Biodiversity and Conservation, 3, 538-545.

Ferrin, M., Marquez, L., Petersen, H., Salmon, S., Ponge, J.-F., Arnedo,
M., Emmett, B., Beier, C., Schmidt, I. K., Tietema, A., de Angelis, P.,
Liberati, D., Kovacs-Lang, E., Kréel-Dulay, G., Estiarte, M., Bartrons,
M., Pefuelas, J., & Peguero, G. (2022). Trait-mediated responses to
aridity and experimental drought by springtail communities across
Europe. Functional Ecology, 37, 44-56.

Fountain, M. T., & Hopkin, S. P. (2005). Folsomia candida (Collembola):
A “standard” soil arthropod. Annual Review of Entomology, 50,
201-222.

Gilarranz, L. J., Rayfield, B., Lindn-Cembrano, G., Bascompte, J., &
Gonzalez, A. (2017). Effects of network modularity on the spread
of perturbation impact in experimental metapopulations. Science,
357,199-201.

Gonzalez, A., Lawton, J. H,, Gilbert, F. S., Blackburn, T. M., & Evans-Freke,
1. (1998). Metapopulation dynamics, abundance, and distribution in
a microecosystem. Science, 281, 2045-2047.

Habel, J. C., Ulrich, W., & Schmitt, T. (2020). Butterflies in corridors:
Quality matters for specialists. Insect Conservation and Diversity, 13,
91-98.

Haddad, N. M., & Tewksbury, J. J. (2005). Low-quality habitat corri-
dors as movement conduits for two butterfly species. Ecological
Applications, 15(1), 250-257.

Hale, R., & Swearer, S. E. (2016). Ecological traps: Current evidence
and future directions. Proceedings of the Royal Society B-Biological
Sciences, 283, 20152647.

Hale, R., Treml, E. A., & Swearer, S. E. (2015). Evaluating the metapop-
ulation consequences of ecological traps. Proceedings of the Royal
Society B-Biological Sciences, 282, 20142930.

Harrison, R. D. (2000). Repercussions of El Nino: Drought causes extinc-
tion and the breakdown of mutualism in Borneo. Proceedings of the
Royal Society B-Biological Sciences, 267, 911-915.

Hilligsoe, H., & Holmstrup, M. (2003). Effects of starvation and body
mass on drought tolerance in the soil collembolan Folsomia candida.
Journal of Insect Physiology, 49, 99-104.

Holmstrup, M. (2019). Water relations and drought sensitivity of
Folsomia candida eggs (Collembola: Isotomidae). European Journal of
Entomology, 116, 229-234.

Johansson, V., Kindvall, O., Askling, J., & Franzén, M. (2020). Extreme
weather affects colonization-extinction dynamics and the per-
sistence of a threatened butterfly. Journal of Applied Ecology, 57,
1068-1077.

Johnson, D. L., & Wellington, W. G. (1983). Dispersal of the collembolan,
Folsomia candida Willem, as a function of age. Canadian Journal of
Zoology-Revue Canadienne De Zoologie, 61, 2534-2538.

Kingsland, S. (1982). The refractory model: The logistic curve and the his-
tory of population ecology. Quarterly Review of Biology, 57, 29-52.

Li, D. B, Clements, C. F,, Shan, I. L. G., & Memmott, J. (2021). Corridor
quality affects net movement, size of dispersers, and population
growth in experimental microcosms. Oecologia, 195, 547-556.

85U8017 SUOLILLIOD BAFes1D 3|qedljdde 8Ly Aq pausenob ale sapiie VO ‘8sN 4O Sa|nu Joj AReiq )T 8Ul|UO AB|1/M UO (SUO I pUOD-pUe-SWLB) 00" AB | 1M Afeiq 1 Bul|UO//:SANY) SUORIPUOD PUe swie | 8L} 88S *[£202/TT/ST] Uo Areiq)TauliuO A8|IM ‘99T0T €899/200T 0T/I0P/W00 A8 1M Aiq1jeuluo//Sdiy Wwoly papeojumod ‘9 ‘€202 ‘852.G702


https://doi.org/10.5061/dryad.xsj3tx9mh
https://doi.org/10.5061/dryad.xsj3tx9mh
https://github.com/Dongboli/experimental-data.git
https://github.com/Dongboli/experimental-data.git
https://orcid.org/0000-0003-0471-7917
https://orcid.org/0000-0003-0471-7917

LI ET AL.

Magnusson, A., Skaug, H., Nielsen, A., Berg, C., Kristensen, K., Maechler,
M., van Bentham, K., Bolker, B., & Brooks, M. (2017). Package ‘gim-
mTMB’. R package version 0.2. 0. https://github.com/glmmTMB/
glmmTMB

Mallard, F., le Bourlot, V., & Tully, T. (2013). An automated image analysis
system to measure and count organisms in laboratory microcosms.
PLos One, 8, e64387.

Meli, M., Palmqvist, A., & Forbes, V. E. (2014). Implications of interact-
ing microscale habitat heterogeneity and disturbance events on
Folsomia candida (Collembola) population dynamics: A modeling
approach. Environmental Toxicology and Chemistry, 33, 1508-1516.

Mukherijee, S., Mishra, A., & Trenberth, K. E. (2018). Climate change and
drought: A perspective on drought indices. Current Climate Change
Reports, 4, 145-163.

Oliver, T. H., Brereton, T., & Roy, D. B. (2013). Population resilience to an
extreme drought is influenced by habitat area and fragmentation in
the local landscape. Ecography, 36, 579-586.

Peterson, E. K., Jones, C. D., Sandmeier, F. C., Arellano Rivas, A. P., Back,
C. A, Canney, A., Fender, J., Gomez, M., Gorski, J., Heintzelman,
N., Healey, K., Kester, M., Klinger, D., Liao, A., Varian-Ramos, C. W.,
& Heuvel, B. V. (2021). Drought influences biodiversity in a semi-
arid shortgrass prairie in southeastern Colorado. Journal of Arid
Environments, 195, 104633.

R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Reed, D. H. (2004). Extinction risk in fragmented habitats. Animal
Conservation, 7, 181-191.

Ritz, C., Baty, F., Streibig, J. C., & Gerhard, D. (2015). Dose-response anal-
ysis using R. PLos One, 10, e0146021.

Robertson, B. A., & Hutto, R. L. (2006). A framework for understanding
ecological traps and an evaluation of existing evidence. Ecology, 87,
1075-1085.

Schindelin, J., Arganda-Carreras, |., Frise, E., Kaynig, V., Longair, M.,
Pietzsch, T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B.,
Tinevez, J. Y., White, D. J., Hartenstein, V., Eliceiri, K., Tomancak, P.,
& Cardona, A. (2012). Fiji: An open-source platform for biological-
image analysis. Nature Methods, 9, 676-682.

Ecology and Evolution 110f 11
=t e W1 LEY- 1o

Swart, J., & Lawes, M. J. (1996). The effect of habitat patch connectiv-
ity on samango monkey (Cercopithecus mitis) metapopulation per-
sistence. Ecological Modelling, 93, 57-74.

Tilman, D., & Elhaddi, A. (1992). Drought and biodiversity in grasslands.
Oecologia, 89, 257-264.

Vander Vorste, R., Obedzinski, M., Nossaman Pierce, S., Carlson, S. M.,
& Grantham, T. E. (2020). Refuges and ecological traps: Extreme
drought threatens persistence of an endangered fish in intermittent
streams. Global Change Biology, 26, 3834-3845.

Waagner, D., Bayley, M., & Holmstrup, M. (2011). Recovery of reproduc-
tion after drought in the soil living Folsomia candida (Collembola).
Soil Biology & Biochemistry, 43, 690-692.

Waagner, D., Bayley, M., Marién, J., Holmstrup, M., Ellers, J., & Roelofs,
D. (2012). Ecological and molecular consequences of pro-
longed drought and subsequent rehydration in Folsomia candida
(Collembola). Journal of Insect Physiology, 58, 130-137.

Wolfe, E., Cerini, F., Besson, M., O'Brien, D., & Clements, C. F. (2023).
Spatiotemporal thermal variation drives diversity trends in experi-
mental landscapes. Journal of Animal Ecology, 92, 430-441.

Wolfe, E., Hammill, E., Memmott, J., & Clements, C. F. (2022). Landscape
configuration affects probability of apex predator presence and
community structure in experimental metacommunities. Oecologia,
199, 193-204.

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Li, D., Memmott, J., & Clements, C. F.
(2023). Corridor quality buffers extinction under extreme
droughts in experimental metapopulations. Ecology and
Evolution, 13, €10166. https://doi.org/10.1002/ece3.10166

85U8017 SUOLILLIOD BAFes1D 3|qedljdde 8Ly Aq pausenob ale sapiie VO ‘8sN 4O Sa|nu Joj AReiq )T 8Ul|UO AB|1/M UO (SUO I pUOD-pUe-SWLB) 00" AB | 1M Afeiq 1 Bul|UO//:SANY) SUORIPUOD PUe swie | 8L} 88S *[£202/TT/ST] Uo Areiq)TauliuO A8|IM ‘99T0T €899/200T 0T/I0P/W00 A8 1M Aiq1jeuluo//Sdiy Wwoly papeojumod ‘9 ‘€202 ‘852.G702


https://github.com/glmmTMB/glmmTMB
https://github.com/glmmTMB/glmmTMB
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1002/ece3.10166

	Corridor quality buffers extinction under extreme droughts in experimental metapopulations
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Model organism
	2.2|Experimental landscapes
	2.3|Treatments
	2.4|Metapopulation monitoring
	2.5|Data analysis

	3|RESULTS
	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


