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Resumen. La biodiversidad se encuentra seriamente amenazada por la destruccion del
habitat. Como consecuencia de esta destruccion, el habitat remanente se vuelve mas
fragmentado. Esto resulta en extirpaciones poblacionales retardadas dentro de los fragmentos
restantes cuando éstos son muy pequefios para mantener a las poblaciones a largo plazo. Si se
ignoran estos efectos retardados, se subestimaran los impactos a largo plazo de la pérdida del
héabitat y la fragmentacion. Cuantificamos la magnitud de los efectos retardados de la
fragmentacion del habitat para 157 especies de mamiferos terrestres no voladores en
Madagascar, uno de los puntos calientes de biodiversidad con las tasas mas elevadas de
pérdida del hébitat y fragmentacion. Depuramos las extensiones geograficas de las especies
con base en las preferencias de hébitat y los limites de elevacion y después estimamos cudles
fragmentos de habitat eran muy pequefios para mantener una poblacion durante al menos cien
anos dadas las fluctuaciones estocasticas de las poblaciones. También analizamos si los
efectos retardados cambiarian el estado de amenaza de la especie de acuerdo con el programa
de evaluacion de la Lista Roja de la UICN. Usamos relaciones alométricas para obtener los
pardmetros poblacionales requeridos para simular las dinamicas poblacionales de cada
especie y cuantificamos las consecuencias de la incertidumbre en estos pardmetros estimados
mediante analisis repetidos con una gama de valores plausibles de los parametros. Con base
en los resultados promedio, descubrimos que para 34 especies (22% de las 157 especies) al
menos el 10% de su habitat actual tiene poblaciones inviables. Ocho especies (5%)
cambiaron a un estado mas elevado de amenaza cuando se consideraron los efectos
retardados. Con base en los valores del centil 0.95, adherido a un principio precautorio, para
108 especies (32%) al menos el 10% de su habitat tiene poblaciones inviables y 51 especies
(32%) cambiaron negativamente su estado de amenaza. Nuestros resultados resaltan la
necesidad de conservar la continuidad de los hébitats y mejorar la conectividad entre los
fragmentos. Ademas, nuestros hallazgos pueden ayudar a identificar especies para las cuales
los efectos retardados son mas serios y que podrian beneficiarse mas con las acciones de
conservacion.

Time-lagged effects of habitat fragmentation on terrestrial mammals in Madagascar

Maarten J.E. Broekman'", Jelle P. Hilbers', Aatke M. Schipper'?, Ana Benitez-Lopez’, Luca

Santini*’, Mark A.J. Huijbregts'

'Department of Environmental Science, Institute for Wetland and Water Research, Faculty of

Science, Radboud University, P.O. Box 9010, NL-6500 GL, Nijmegen, The Netherlands

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/cobi.13942.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1111/cobi.13942
https://doi.org/10.1111/cobi.13942
https://doi.org/10.1111/cobi.13942

Accepted Article

PBL Netherlands Environmental Assessment Agency, P.O. Box 30314 NL-2500 GH, The

Hague, The Netherlands

JIntegrative Ecology Group, Estacién Biologica de Dofiana (EBD-CSIC), Av. Américo

Vespucio 26, 41092 Sevilla, Spain

*Department of Biology and Biotechnologies “Charles Darwin”, Sapienza University of

Rome, Rome, Italy

*National Research Council, Inst. of Research on Terrestrial Ecosystems (CNR-IRET),

Monterotondo (Rome), Italy
*email: m.broekman@science.ru.nl

KEYWORDS allometric relationships, biodiversity, extinction debt, fragmentation, habitat

destruction, [IUCN Red List, population persistence
ARTICLE IMPACT STATEMENT

For 22% of endemic terrestrial mammals in Madagascar, at least 10% of the remaining

habitat is too fragmented to support viable populations.
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ABSTRACT

Biodiversity is severely threatened by habitat destruction. As a consquence of habitat
destruction, the remaining habitat becomes more fragmented. This results in time-lagged
population extirpations in remaining fragments when these are too small to support
populations in the long term. If these time-lagged effects are ignored, the long-term impacts
of habitat loss and fragmentation will be underestimated. We quantified the magnitude of
time-lagged effects of habitat fragmentation for 157 nonvolant terrestrial mammal species in
Madagascar, one of the biodiversity hotspots with the highest rates of habitat loss and
fragmentation. We refined species’ geographic ranges based on habitat preferences and
elevation limits and then estimated which habitat fragments were too small to support a
population for at least 100 years given stochastic population fluctuations. We also evaluated
whether time-lagged effects would change the threat status of species according to the
International Union for the Conservation of Nature Red List assessment framework. We used
allometric relationships to obtain the population parameters required to simulate the
population dynamics of each species, and we quantified the consequences of uncertainty in
these parameter estimates by repeating the analyses with a range of plausible parameter
values. Based on the median outcomes, we found that for 34 species (22% of the 157 species)
at least 10% of their current habitat contained unviable populations. Eight species (5%) had a
higher threat status when accounting for time-lagged effects. Based on 0.95-quantile values,
following a precautionary principle, for 108 species (69%) at least 10% of their habitat
contained unviable populations, and 51 species (32%) had a higher threat status. Our results
highlight the need to preserve continuous habitat and improve connectivity between habitat
fragments. Moreover, our findings may help to identify species for which time-lagged effects

are most severe and which may thus benefit the most from conservation actions.
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INTRODUCTION

Habitat destruction is currently one of the greatest threats to biodiversity (Maxwell et al.,
2016; IPBES, 2019; Munstermann et al., 2021). Several recent studies have quantified the
magnitude of habitat loss due to current and potential future habitat destruction, especially for
mammals (e.g. Powers & Jetz, 2019; Beyer & Manica, 2020; Gallego-Zamorano et al., 2020).
However, habitat destruction results not only in habitat loss, but also in the fragmentation of
the remaining habitat into small, isolated patches that host small, isolated populations
(Fahrig, 2003; Ewers & Didham, 2006; Didham, 2010). When a population decreases below
a certain threshold (i.e., minimum viable population size [MVP]), it is unlikely to persist in
the long term (Shaffer, 1981; Boyce, 1992). Some of the remaining habitat patches might
thus be too small to support populations in the long run. Indeed, species responses to habitat
conversion may not be immediate, and populations may persist for decades to centuries in
habitat remnants before being extirpated (Halley et al., 2016; Figueiredo et al., 2019). If these
time-lagged effects are ignored, the ultimate effect of habitat loss on species persistence

could be underestimated.

Time-lagged extirpations are often referred to as extinction debt, which is defined as the
number or proportion of species expected to become extinct in the future as the community
reaches a new equilibrium after an environmental disturbance, such as habitat destruction and
fragmentation (Tilman et al., 1994; Kuussaari et al., 2009). A recent literature review reports
estimates of extinction debts ranging from 9% to 90% of current species richness (Figueiredo
et al., 2019), highlighting the relevance of the phenomenon. However, most studies of
extinction debt focus only on community-level metrics, such as species richness (e.g.
Cowlishaw, 1999; Wearn et al., 2012; Chen & Peng, 2017; Semper-Pascual et al., 2021). To

the best of our knowledge, no one has attempted to identify which species constitute the
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extinction debt. Identifying these species will provide a more complete picture of extinction
debt and improve large-scale conservation assessments. For example, one of the most
commonly applied criteria in International Union for the Conservation of Nature (IUCN) Red
List assessments, criterion B2, concerns area of occupancy (AOO) (i.e., area occupied by a
species, excluding areas where vagrants occur) (Brooks et al., 2019; [IUCN Standards and
Petitions Committee, 2019). Because estimating occupancy at large geographic scales is
rarely possible, typically the area of habitat (AOH) (i.e., the area of habitat within a species’
range [Brooks et al., 2019]) is taken as the upper bound of the AOO, under the assumption
that the entire available habitat is occupied (Tracewski et al., 2016; Brooks et al., 2019;
Santini et al., 2019). Yet, species are unlikely to fully occupy fragmented habitat because
some fragments might be too small to host viable populations. Identifying these fragments
may help refine assessments of species’ threat status. Knowledge of time-lagged effects of
habitat fragmentation may also help identify opportunities to take targeted conservation
actions and prioritize conservation actions toward species that may benefit the most (Wearn

et al., 2012).

We estimated the proportion of habitat area that is too small to host viable populations for
157 nonvolant terrestrial mammals of Madagascar. Madagascar is a biodiversity hotspot that
has seen extensive habitat destruction over the last decades (Harper et al., 2007; Vieilledent et
al., 2018) and hosts a large number of endemic species persisting in small fragments (Myers
et al., 2000; Goodman & Benstead, 2005; Schwitzer et al., 2014). We therefore expected
large time-lagged effects of habitat fragmentation on Malagasy mammals. Further, we
expected the time-lagged effects to be particularly severe for forest specialist species because
habitat destruction in Madagascar has resulted in large reductions and fragmentation of the

original forest (Harper et al., 2007; Vieilledent et al., 2018).
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METHODS

General approach and species selection

We considered 157 species (96% of all endemic, nonvolant, terrestrial mammal species living
in Madagascar), of which the majority were lemurs (93 species). We focused on nonvolant
mammals because the allometric relationships included in our calculations would not be valid
for bats (Duncan et al., 2007; Santini et al., 2013; Santini et al., 2018). We used habitat
preferences published by IUCN (2021) to distinguish between forest specialist species and
habitat generalist species. We defined forest specialists (124 species) as species occurring
exclusively in forest habitat types and considered the remaining species (33) habitat
generalists. For each species, we delineated AOH within its geographic range and then
estimated which habitat fragments were too small to support a population for at least 100

years, given stochastic population fluctuations (Fig. 1).

We used allometric relationships between required population parameters (i.e., initial
population density, population density at carrying capacity, intrinsic population growth rate,
environmental stochasticity, and median dispersal distance) and body mass to derive the input
data required for the population simulations. The use of allometric relationships makes it
possible to simulate population trajectories for a large number of species, which is otherwise
not possible because the required population parameters are often unavailable and require
detailed long-term studies to estimate (Beissinger & Westphal, 1998; Ak¢akaya & Sjogren-

Gulve, 2000; Lacy, 2019).

Based on the population simulations, we quantified for each species the proportion of habitat
that is too small to hold a viable population. We further used the results of the simulations to

classify the species into [IUCN Red List categories based on their area of occupancy (criterion
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B2). As a third output, we produced a map of extinction debt based on the number of species
committed to extirpation (Fig. 1). Using this approach, we quantified time-lagged effects in
remaining habitat fragments specifically, ignoring potential extinction debt of species still

occurring in areas that recently lost habitat.

Area of habitat

To estimate the species” AOH, we refined species’ geographical range as obtained from the
IUCN (IUCN, 2021) based on their elevation limits and habitat preferences listed in the
species’ assessments (e.g., Crooks et al., 2017; Santini et al., 2019; Gallego-Zamorano et al.,
2020). We used a global map of IUCN habitat types from 2015 at an ~100-m resolution (Jung
et al., 2020) and the MERIT DEM elevation raster (Yamazaki et al., 2017) at 3 arc-sec
resolution (~90 m). We resampled the latter to the resolution of the IUCN habitat types raster.
We started from the assumption that existing habitat is entirely occupied; hence, our
estimated AOH equaled the AOO (Tracewski et al., 2016; Brooks et al., 2019; Santini et al.,

2019).

Delineating populations

The AOH for a species often consists of several structurally disconnected habitat patches.
Whether multiple patches host a single population depends on the movements of animals
through the matrix. The majority of Malagasy mammals are forest specialists. For example,
many lemurs are strictly arboreal, hence unlikely to cross, for example, nonforested areas. As
a default, we therefore assumed that animals cannot disperse across structurally disconnected
habitat patches (i.e., each habitat patch hosted a different population). However, because
some species might be able to traverse the matrix to move between different habitat patches,

we also considered a dispersal scenario. In this scenario, we assumed that patches within the
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median dispersal distance of a species host a single population, whereas patches farther away
host different populations (Santini et al., 2019). To delineate populations in the dispersal
scenario, we estimated the median dispersal distance of the species based on allometric

relationships for carnivores and noncarnivores (Appendix S1).
Population projections

We used the Ricker logistic growth equation to simulate the development of each population
for 100 years, a commonly used time frame to estimate extinction probabilities in population

viability analyses (Brook et al., 2006; Hilbers et al., 2017):
N
N,,1 ~ Poisson (Nt - erm'(l_%)wr'st) : 6]

where N; and N, are the population sizes in number of individuals at time ¢ and #+1,
respectively, K is the population size at carrying capacity, 7;, is the intrinsic population
growth rate per year, o, is the standard deviation of 7;,, (hereafter environmental
stochasticity), and €, is a term representing Gaussian white noise (mean = 0, variance = 1),
which is randomly sampled at each time step. Because €, is multiplied by the environmental
stochasticity parameter, the random sampling of €; simulates environmental stochasticity
(Brook et al., 2006; Hilbers et al., 2017). We assumed that the sampled &, value was similar
for all populations of the same species because the species’ populations are generally close to
each other and can therefore be assumed to be affected by environmental conditions in a
similar way. To account for demographic stochasticity, we sampled the population size at
time ¢ + 1 from a Poisson distribution, taking the outcome of the Ricker logistic growth
equation as lambda (Melbourne & Hastings, 2008). Following Hilbers et al. (2017), we

assumed that populations could increase up to a maximum of 10% above their carrying
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capacity because higher values would result in highly negative values of the population

growth rate and thus a collapse of the population.

We obtained N, (initial population size) and K by multiplying the AOH for each population
by the initial population density and the population density at carrying capacity, respectively.
We assumed a constant population density for species across their area of habitat, thus
ignoring potential edge effects. We consider this assumption justified because evidence
suggests that Malagasy mammals (especially lemurs) are not edge sensitive (e.g. Lehman et
al., 2006; Quemere et al., 2010; Wilmet et al., 2019). Because information on the population
parameters (initial population density, population density at carrying capacity, intrinsic
population growth rate, environmental stochasticity, and median dispersal distance) is lacking
for many Malagasy mammals, we estimated these parameters based on allometric

relationships (Appendix S1).
Proportion of habitat area hosting populations committed to extirpation

For each species, we simulated all populations simultaneously and assumed that a population
is lost when its size decreases below 2 individuals, the minimum number of individuals
required to produce offspring in dioecious species. We then calculated the proportion of

habitat area that hosts populations committed to extirpation as

AOH g9

AOHey = 1 -8 , (2)

where AOH,y is the proportion of habitat area that hosts a population committed to
extirpation, AOHy is the initial area of habitat, and AOH is the area of habitat that still

hosts populations after 100 years.
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To put our results on time-lagged effects of habitat fragmentation into perspective, we
compared them with projected future habitat losses in 2050 in 3 different habitat conversion
scenarios corresponding to the shared socioeconomic pathways SSP1, SSP3, and SSP5
(O'Neill et al., 2017) (details on the quantification of future habitat loss in Appendix S2).
This gives an indication of the magnitude of the time-lagged effects of habitat fragmentation

relative to expected future habitat losses.
Red List classification

To evaluate the importance of time-lagged effects of habitat fragmentation in terms of
species’ threat status, we determined the red-list category for each species according to
criterion B2. To classify a species according to this criterion, the AOO of a species should be
calculated as the area of 2 x 2 km grid cells in a species’ geographic range that contain
habitat. A species is vulnerable (VU) if the AOO is <2,000 km®, endangered (EN) if AOO is
<500 km?, critically endangered (CR) if AOO is <10 km?, extinct (EX) if there is no occupied

area, and least concern (LC) otherwise (IUCN Standards and Petitions Committee, 2019).

We assumed the AOO of species was equal to either AOHy or AOH;¢ and compared the
resulting red-list categories. Following the IUCN guidelines, we resampled the habitat rasters
at a 2 x 2 km resolution and assumed that a grid cell was occupied if it intersected any habitat
(IUCN Standards and Petitions Committee, 2019). In reality, the AOO alone was not
sufficient to assign a red-list category because additional subcriteria had to be met (i.e.
severely fragmented, continuing decline, extreme fluctuations). However, to illustrate the
effect of considering time-lagged effects in the red-list assessments, we focused only on the

AOO.

Quantifying uncertainty
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To quantify the uncertainty resulting from using the allometric models, we ran 10,000
simulations based on 100 different sets of population parameters (100 simulations for each
set of population parameters). For the intrinsic population growth rate, environmental
stochasticity, and the median dispersal distance, we randomly sampled 100 log)¢-transformed
values from a normal distribution with the value predicted by the allometric model as the
mean and the root mean square error (RMSE) of the model as the standard deviation
(Appendix S1). For the initial population densities and the population densities at carrying
capacity, we randomly sampled 100 log;o-transformed values of both parameters
simultaneously from a multivariate normal distribution because the residuals of the models
predicting these densities were correlated (Spearman rank correlation coefficient of 0.70).
We used the parameter values predicted with these models as the mean and the RMSE as the
standard deviation. Furthermore, we used the Spearman rank correlation coefficients between
the residuals of the density models as the covariance. We preferred the Spearman rank
correlation coefficient over other correlation coefficients because it does not assume a linear
relationship between variables and can therefore account for possible nonlinear relationships

between the 2 sets of residuals.

To cover as much of the parameter space as possible while limiting the computational time,
we first sampled 10° random values for each of the population parameters as described above
and then used a conditioned Latin hypercube sampling (Minasny & McBratney, 2006) to
sample 100 combinations of population parameters from the original set of parameter
combinations. To account for the correlation structure between the initial population density
and the population density at carrying capacity, we based the conditioned Latin hypercube

sampling on all population parameters, except the population density at carrying capacity.
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To summarize the results of the 10,000 simulations for each species, we calculated for each
species the median value of AOH¢ and determined the most frequent red-list category.
Following a precautionary principle, we also studied the 0.95 quantiles of AOH and the

highest red-list category reached in at least 5% of the simulations.

To assess the contributions of the different model parameters to the uncertainty in the results,
we calculated Spearman rank correlation coefficients between AOH,y and each of the
parameter values, separately for each species. We then scaled these correlation coefficients
for each species (i.e., divided the squared correlation coefficient for each parameter by the
sum of the squared correlation coefficients of all parameters, so their sum would equal 1).
The larger the influence of a parameter on the result, the higher the correlation between the
values of that parameter and the AOH results. The resulting scaled correlation coefficients
thus indicate the contribution of each parameter to the total variation in the proportion of
habitat area that hosts population committed to extirpation due to time-lagged effects. Finally,

we averaged these relative contributions across all species.

Hotspots of extinction debt

To identify potential spatial patterns in the magnitude of the time-lagged effects of habitat
fragmentation, we mapped for each species the populations with a probability of extirpation
>5%. We then stacked the species maps to create a map of extinction debt (i.e., the number of
species committed to extirpation). To account for spatial variation in species richness, we

also generated a map with the extinction debt relative to the number of species initially
present (based on their AOH). We decreased the resolution of these maps to 0.02 x 0.02
degrees by taking the maximum value of the smaller grid cells to improve visibility of areas

with high absolute and relative numbers of populations committed to extirpation.
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RESULTS

Proportion of habitat area hosting populations committed to extirpation

Based on median values for each species, we found that 5% of the 157 nonvolant mammal
species were expected to lose at least 20% of their habitat area due to time-lagged effects of
habitat fragmentation (Fig. 2, Appendices S3-S4). In addition, 22% of the species were
expected to lose at least 10% of their habitat area. For a considerable number of species, these
time-lagged effects of habitat fragmentation were larger than projected future habitat losses:
78%, 24%, and 29% of the species had larger time-lagged effects of habitat fragmentation
than projected future habitat loss in 2050 in scenarios SSP1, SSP3, and SSP5, respectively.
For some species, time-lagged effects of habitat fragmentation were more than 10 times

larger than projected future habitat losses (Appendix S3).

The time-lagged effects of habitat fragmentation were comparable for forest specialists (22%
of the species expected to lose at least 10% of their habitat area) and habitat generalists (21%
of the species expected to lose at least 10% of their habitat area), but differed among
taxonomic orders (Fig. 3a). The largest proportions of habitat area hosting populations
committed to extirpation were for species from the orders Carnivora and Primates. For
example, for the grandidier’s vontsira (Galidictis grandidieri), we predicted that the time-
lagged effects of habitat fragmentation would lead to the extinction of the species because all
of its remaining habitat patches were expected to be too small to sustain a viable population.
For the petter's sportive lemur (Lepilemur petteri), 42% of its habitat area hosted populations
committed to extirpation. When we assumed that species can disperse through the matrix, the
proportions of habitat area hosting populations committed to extirpation were much lower,
and only 2% of the species were expected to lose at least 10% of their habitat area

(Appendices S3-S4). However, even in the dispersal scenario for some species the time-
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lagged effects of habitat fragmentation were considerable (e.g. a median value of 100% for
grandidier’s vontsira and 19% for petter's sportive lemur). Also in the dispersal scenario,
there was no difference between forest specialists and habitat generalists, and the largest
proportions of habitat area hosting populations committed to extirpation were still found for

species from the orders Carnivora and Primates (Appendix S4).

Following a precautionary principle, by studying the 0.95 quantiles of AOH¢ (i.e. the upper
whiskers of Fig. 2), we found much larger time-lagged effects of habitat fragmentation: 69%
of species were expected to lose at least 10% of their habitat area. In addition, 32 species
were likely to become globally extinct based on a precautionary interpretation of the
predicted AOHc. The spread in the AOH, within each species was mostly attributed to
uncertainty in the environmental stochasticity parameter (on average 39% across all species)
and the density at carrying capacity (37%), followed by uncertainty in the initial population

density (20%) and intrinsic population growth rate (4%).

Red-list classification

Eight species (5%), including six forest specialist species, were categorized in a higher red-
list category when we used their habitat area hosting viable populations as the area of
occupancy, instead of the total initial habitat area (Fig. 4). In the dispersal scenario, this was

the case for 4 species (3%, Appendices S3-S4), including 2 forest specialist species.

When we followed a precautionary principle and used the highest red-list category that could
be reached in at least 5% of the simulations, the numbers of species with higher red-list

categories changed to 51 (32%).

Hotspots of extinction debt
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The largest time-lagged effects were in eastern Madagascar, especially around the edges of
the remnant rainforest and littoral forest (Fig. 5). Areas with >50% of the species having
populations committed to extirpation occurred almost everywhere in Madagascar, except the
southern and central regions. Spatial patterns of extinction debt were similar for the dispersal

scenario (Appendix S4).

DISCUSSION

For 34 of the 157 (22%) Malagasy mammals in our study, we found considerable time-lagged
effects of habitat fragmentation (>10% of current area of habitat contains unviable
populations), possibly much larger than projected future habitat losses. The areas with the
largest time-lagged effects of habitat fragmentation were mostly in eastern Madagascar
around the edges of the remnant rainforest and littoral forest and largely corresponded to
areas where deforestation is taking place (Vieilledent et al., 2018). These results are
concerning because Madagascar’s biodiversity is already severely threatened by habitat loss
without considering time-lagged effects of habitat fragmentation (e.g. Schwitzer et al., 2014;
Vieilledent et al., 2018; Habel et al., 2019; Morelli et al., 2020). For example, the critically
endangered northern sportive lemur (Lepilemur septentrionalis) and crowned sifaka
(Propithecus coronatus) have lost over 80% of their individuals to habitat loss during their
last 3 generations (IUCN, 2021). We estimated that these species may lose an additional 27%

and 32%, respectively, of their remaining population due to time-lagged effects.

We further found that time-lagged effects of habitat fragmentation are not limited to forest
specialist species. For example, the habitat of grandidier's vontsira, which is expected to lose
all its habitat due to time-lagged effects, consists of shrubland. However, for all habitat
generalist Malagasy mammals included in the analyses, forest is also part of their habitat

(IUCN, 2021). In general, the largest time-lagged effects of habitat fragmentation were for
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Primates and Carnivora. These orders contain the largest mammal species in Madagascar,
which have the lowest population densities (Santini et al., 2018). The resulting low
population sizes of these species make them prone to extirpation, which might explain why
species from these orders have the largest time-lagged effects due to habitat fragmentation. A
previous study also found that large-bodied species were more vulnerable to extinction

(Hilbers et al., 2016).

The evaluation of red-list categories according to criterion B2 underpins the importance of
understanding time-lagged effects of habitat fragmentation. For example, the Ankarana
special reserve tufted-tailed rat (Eliurus carletoni) is classified as least concern based on all
habitat area, but when we considered only the habitat area that hosts viable populations, it
was classified as vulnerable in 70% of the simulations. Our findings imply a potentially high
pay-off of conservation actions for this particular species because such actions could prevent
the time-lagged effects of habitat fragmentation. This example highlights the importance of
considering which habitat fragments are able to support viable populations in [IUCN Red List

assessments and of identifying related conservation actions.

Our results were associated with relatively large uncertainty. For example, the number of
species for which >10% of the habitat will be lost due to time-lagged effects increased from
34 to 108 when we use the 0.95 quantile of AOH for each species, instead of the median
value. This uncertainty reflects the uncertainty in the allometric estimates of the population
parameters combined with the inherent stochasticity of the Ricker logistic model, which
includes Gaussian white noise. This uncertainty is the price of generality. Nevertheless,
despite this uncertainty, our results still allowed us to make some important conclusions. For

example, the results based on the median AOH values showed that almost one-quarter of the
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species will lose an additional 10% of habitat due to time-lagged effects. In addition, when

time-lagged effects were considered, 8 species were assigned higher red-list categories.

To estimate the sensitivity of the results to the use of allometric relationships to estimate
population parameters, instead of using empirical estimates, we also ran our models with
empirical, species-specific values of the population parameters for 24 species (Appendix S5).
For these species, an empirical value was available for at least 1 of the population parameters.
Running the models based on these species-specific parameters hardly affected our results
(Appendix S5), reflecting that the empirical data were typically well within the 90%
confidence interval of the allometric estimates (Appendix S5). Nevertheless, we could not

find empirical estimates for the most uncertain parameter (i.e. environmental stochasticity).

Our results complement the findings from other empirical and theoretical studies on
extinction debts that show time-lagged effects of habitat destruction and fragmentation can be
large and may be even larger than its immediate effects (e.g. Wearn et al., 2012; Halley et al.,
2014). Compared with methods used previously in studies of time-lagged effects, our method
offers the advantage of a focus on individual species, instead of community patterns. We
were therefore able to identify species expected to be most affected by time-lagged effects of
habitat fragmentation, such as the grandidier’s vontsira, petter's sportive lemur, and the
Ankarana special reserve tufted-tailed rat, in Madagascar. This information may inform
prioritization of species for more refined extinction risk assessments and conservations

actions.

The large time-lagged effects of habitat fragmentation we found imply that conservation
actions should not just involve conserving existing habitat. Even without any further direct
habitat losses, populations are expected to be lost due to time-lagged effects. Therefore, we

recommend restoration of fragmented habitat and improvement of connectivity between
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habitat fragments with wildlife corridors (e.g., implementation of forest regeneration
enhancement plans around small isolated patches). This may increase the habitat area for
species and thus their probability of survival. Secondary forests may not be as valuable for
biodiversity as primary forests (Gibson et al., 2011), but lemurs have been observed at high
densities in regenerating secondary forests (Miller et al., 2018) and are able to adapt to new
environments (Donati et al., 2020). Targeted conservation actions that account for potential
time-lagged effects of habitat fragmentation could thus contribute to the conservation of

Madagascar’s unique biodiversity.

ACKNOWLEDGMENTS

This work is part of project number 016.Vici.170.190, which is financed by The Netherlands

Organisation for Scientific Research (NWO).

SUPPORTING INFORMATION

Additional supporting information may be found in the online version of the article at the publisher’s

website.

REFERENCES

Akcakaya H.R., Sjogren-Gulve P. (2000) Population viability analyses in conservation
planning: an overview. Ecological bulletins, 9-21.

Beissinger S.R., Westphal M.I. (1998) On the use of demographic models of population
viability in endangered species management. Journal of Wildlife Management, 62,
821-841.

Beyer R.M., Manica A. (2020) Historical and projected future range sizes of the world's

mammals, birds, and amphibians. Nature Communications, 11, 8.

This article is protected by copyright. All rights reserved.
19



Boyce M.S. (1992) Population Viability Analysis. Annual Review of Ecology and
Systematics, 23, 481-506.

Brook B.W., Traill L.W., Bradshaw C.J.A. (2006) Minimum viable population sizes and
global extinction risk are unrelated. Ecology Letters, 9, 375-382.

Brooks T.M., Pimm S.L., Akcakaya H.R., Buchanan G.M., Butchart S.H.M., Foden W.,
Hilton-Taylor C., Hoffmann M., Jenkins C.N., Joppa L., Li B.B.V., Menon V.,
Ocampo-Penuela N., Rondinini C. (2019) Measuring Terrestrial Area of Habitat
(AOH) and Its Utility for the IUCN Red List. Trends in Ecology & Evolution, 34,
977-986.

Chen Y.H., Peng S.S. (2017) Evidence and mapping of extinction debts for global forest-
dwelling reptiles, amphibians and mammals. Scientific Reports, 7, 10.

Cowlishaw G. (1999) Predicting the pattern of decline of African primate diversity: an
extinction debt from historical deforestation. Conservation Biology, 13, 1183-1193.

Crooks K.R., Burdett C.L., Theobald D.M., King S.R.B., Di Marco M., Rondinini C., Boitani
L. (2017) Quantification of habitat fragmentation reveals extinction risk in terrestrial
mammals. Proceedings of the National Academy of Sciences of the United States of
America, 114, 7635-7640.

Didham R.K. (2010) Ecological consequences of habitat fragmentation. Enyclopedia of Life
Science. John Wiley & Sons, Chichester.

Donati G., Campera M., Balestri M., Barresi M., Kesch K., Ndremifidy K., Rabenantoandro

Accepted Article

J., Racevska E., Randriatafika F., Ravaolahy M., Ravoahangy A.M., Roma M., Rowe
F., Santini L., Serra V., Zander S.L., Tsagnangara C., Vincelette M., Ramanamanjato
J.B. (2020) Life in a fragment: Evolution of foraging strategies of translocated
collared brown lemurs, Eulemur collaris, over an 18-year period. American Journal of

Primatology, 82, 16.

This article is protected by copyright. All rights reserved.
20



Accepted Article

Duncan R.P., Forsyth D.M., Hone J. (2007) Testing the metabolic theory of ecology:
Allometric scaling exponents in mammals. Ecology, 88, 324-333.

Ewers R.M., Didham R.K. (2006) Confounding factors in the detection of species responses
to habitat fragmentation. Biological Reviews, 81, 117-142.

Fahrig L. (2003) Effects of habitat fragmentation on biodiversity. Annual Review of Ecology
Evolution and Systematics, 34, 487-515.

Figueiredo L., Krauss J., Steffan-Dewenter 1., Cabral J.S. (2019) Understanding extinction
debts: spatio-temporal scales, mechanisms and a roadmap for future research.
Ecography, 42, 1973-1990.

Gallego-Zamorano J., Benitez-Lopez A., Santini L., Hilbers J.P., Huijbregts M.A., Schipper
A.M. (2020) Combined effects of land use and hunting on distributions of tropical
mammals. Conservation Biology, 34, 1271-1280.

Gibson L., Lee T.M., Koh L.P., Brook B.W., Gardner T.A., Barlow J., Peres C.A., Bradshaw
C.J.A., Laurance W.F., Lovejoy T.E., Sodhi N.S. (2011) Primary forests are
irreplaceable for sustaining tropical biodiversity. Nature, 478, 378-+.

Goodman S.M., Benstead J.P. (2005) Updated estimates of biotic diversity and endemism for
Madagascar. Oryx, 39, 73-77.

Habel J.C., Rasche L., Schneider U.A., Engler J.O., Schmid E., Rodder D., Meyer S.T.,
Trapp N., del Diego R.S., Eggermont H., Lens L., Stork N.E. (2019) Final countdown
for biodiversity hotspots. Conservation Letters, 12, 9.

Halley J.M., Monokrousos N., Mazaris A.D., Newmark W.D., Vokou D. (2016) Dynamics of
extinction debt across five taxonomic groups. Nature Communications, 7, 6.

Halley J.M., Sgardeli V., Triantis K.A. (2014) Extinction debt and the species-area

relationship: a neutral perspective. Global Ecology and Biogeography, 23, 113-123.

This article is protected by copyright. All rights reserved.
21



ccepted Article

Harper G.J., Steininger M.K., Tucker C.J., Juhn D., Hawkins F. (2007) Fifty years of
deforestation and forest fragmentation in Madagascar. Environmental Conservation,
34, 325-333.

Hilbers J.P., Santini L., Visconti P., Schipper A.M., Pinto C., Rondinini C., Huijbregts
M.A.J. (2017) Setting population targets for mammals using body mass as a predictor
of population persistence. Conservation Biology, 31, 385-393.

Hilbers J.P., Schipper A.M., Hendriks A.J., Verones F., Pereira H.M., Huijbregts M.A.J.
(2016) An allometric approach to quantify the extinction vulnerability of birds and
mammals. Ecology, 97, 615-626.

IPBES. (2019) Global assessment report on biodiversity and ecosystem services of the
Intergovernmental Science- Policy Platform on Biodiversity and Ecosystem Services.
Secretariat I, Bonn, Germany.

TUCN. (2021) The IUCN Red List of Threatened Species.

IUCN Standards and Petitions Committee. (2019) Guidelines for using the IUCN Red List
categories and criteria. Version 14. Gland, Switzerland.

Jung M., Dahal P.R., Butchart S.H.M., Donald P.F., De Lamo X., Lesiv M., Kapos V.,
Rondinini C., Visconti P. (2020) A global map of terrestrial habitat types. Scientific
Data, 7, 8.

Kuussaari M., Bommarco R., Heikkinen R.K., Helm A., Krauss J., Lindborg R., Ockinger E.,
Partel M., Pino J., Roda F., Stefanescu C., Teder T., Zobel M., Steffan-Dewenter 1.
(2009) Extinction debt: a challenge for biodiversity conservation. Trends in Ecology
& Evolution, 24, 564-571.

Lacy R.C. (2019) Lessons from 30 years of population viability analysis of wildlife

populations. Zoo Biology, 38, 67-77.

This article is protected by copyright. All rights reserved.
22



Accepted Article

Lehman S.M., Rajaonson A., Day S. (2006) Edge effects and their influence on lemur density
and distribution in southeast Madagascar. American Journal of Physical
Anthropology, 129, 232-241.

Maxwell S., Fuller R.A., Brooks T.M., Watson J.E.M. (2016) The ravages of guns, nets and
bulldozers. Nature, 536, 143-145.

Melbourne B.A., Hastings A. (2008) Extinction risk depends strongly on factors contributing
to stochasticity. Nature, 454, 100-103.

Miller A., Mills H., Ralantoharijaona T., Volasoa N.A., Misandeau C., Chikhi L., Bencini R.,
Salmona J. (2018) Forest Type Influences Population Densities of Nocturnal Lemurs
in Manompana, Northeastern Madagascar. International Journal of Primatology, 39,
646-669.

Minasny B., McBratney A.B. (2006) A conditioned Latin hypercube method for sampling in
the presence of ancillary information. Computers & Geosciences, 32, 1378-1388.

Morelli T.L., et al. (2020) The fate of Madagascar's rainforest habitat. Nature Climate
Change, 10, 89-96.

Munstermann M.J., Heim N.A., McCauley D.J., Payne J.L., Upham N.S., Wang S.C., Knope
M.L. (2021) A global ecological signal of extinction risk in terrestrial vertebrates.
Conservation Biology.

Myers N., Mittermeier R.A., Mittermeier C.G., da Fonseca G.A.B., Kent J. (2000)
Biodiversity hotspots for conservation priorities. Nature, 403, 853-858.

O'Neill B.C., Kriegler E., Ebi K.L., Kemp-Benedict E., Riahi K., Rothman D.S., van Ruijven
B.J., van Vuuren D.P., Birkmann J., Kok K., Levy M., Solecki W. (2017) The roads
ahead: Narratives for shared socioeconomic pathways describing world futures in the
21st century. Global Environmental Change-Human and Policy Dimensions, 42, 169-

180.

This article is protected by copyright. All rights reserved.
23



Accepted Article

Powers R.P., Jetz W. (2019) Global habitat loss and extinction risk of terrestrial vertebrates
under future land-use-change scenarios. Nature Climate Change, 9, 323-+.

Quemere E., Champeau J., Besolo A., Rasolondraibe E., Rabarivola C., Crouau-Roy B.,
Chikhi L. (2010) Spatial Variation in Density and Total Size Estimates in Fragmented
Primate Populations: The Golden-Crowned Sifaka (Propithecus tattersalli). American
Journal of Primatology, 72, 72-80.

Santini L., Butchart S.H., Rondinini C., Benitez-Lépez A., Hilbers J.P., Schipper A.M.,
Cengic M., Tobias J.A., Huijbregts M.A. (2019) Applying habitat and population-
density models to land-cover time series to inform IUCN Red List assessments.
Conservation Biology, 33, 1084-1093.

Santini L., di Marco M., Visconti P., Baisero D., Boitani L., Rondinini C. (2013) Ecological
correlates of dispersal distance in terrestrial mammals. Hystrix-Italian Journal of
Mammalogy, 24, 181-186.

Santini L., Isaac N.J.B., Maiorano L., Ficetola G.F., Huijbregts M.A.J., Carbone C., Thuiller
W. (2018) Global drivers of population density in terrestrial vertebrates. Global
Ecology and Biogeography, 27, 968-979.

Schwitzer C., Mittermeier R.A., Johnson S.E., Donati G., Irwin M., Peacock H.,
Ratsimbazafy J., Razafindramanana J., Louis E.E., Chikhi L., Colquhoun I.C.,
Tinsman J., Dolch R., LaFleur M., Nash S., Patel E., Randrianambinina B.,
Rasolofoharivelo T., Wright P.C. (2014) Averting Lemur Extinctions amid
Madagascar's Political Crisis. Science, 343, 842-843.

Semper-Pascual A., Burton C., Baumann M., Decarre J., Gavier-Pizarro G., Gomez-Valencia
B., Macchi L., Mastrangelo M.E., Potzschner F., Zelaya P.V., Kuemmerle T. (2021)

How do habitat amount and habitat fragmentation drive time-delayed responses of

This article is protected by copyright. All rights reserved.
24



Accepted Article

biodiversity to land-use change? Proceedings of the Royal Society B-Biological
Sciences, 288, 10.

Shaffer M.L. (1981) Minimum population sizes for species conservation. BioScience, 31,
131-134.

Tilman D., May R.M., Lehman C.L., Nowak M.A. (1994) Habitat destruction and the
extinction debt. Nature, 371, 65-66.

Tracewski L., Butchart S.H.M., Di Marco M., Ficetola G.F., Rondinini C., Symes A.,
Wheatley H., Beresford A.E., Buchanan G.M. (2016) Toward quantification of the
impact of 21st-century deforestation on the extinction risk of terrestrial vertebrates.
Conservation Biology, 30, 1070-1079.

Vieilledent G., Grinand C., Rakotomalala F.A., Ranaivosoa R., Rakotoarijaona J.R., Allnutt
T.F., Achard F. (2018) Combining global tree cover loss data with historical national
forest cover maps to look at six decades of deforestation and forest fragmentation in
Madagascar. Biological Conservation, 222, 189-197.

Wearn O.R., Reuman D.C., Ewers R.M. (2012) Extinction Debt and Windows of
Conservation Opportunity in the Brazilian Amazon. Science, 337, 228-232.

Wilmet L., Beudels-Jamar R.C., Schwitzer C., Rakotondrainibe H., Devillers P., Vermeulen
C. (2019) Use of space and home range characteristics of Lepilemur mittermeieri, an
endangered sportive lemur endemic to the Ampasindava peninsula, north-west
Madagascar. American Journal of Primatology, 81, 12.

Yamazaki D., Ikeshima D., Tawatari R., Yamaguchi T., O'Loughlin F., Neal J.C., Sampson
C.C., Kanae S., Bates P.D. (2017) A high-accuracy map of global terrain elevations.

Geophysical Research Letters, 44, 5844-5853.

This article is protected by copyright. All rights reserved.
25



JIONIY Pa1daddy

right. All rights reserv

tected by copy



Species’ trait values (Body mass, diet)

/ z
! . Use allometric models i
to calculate population |€4—
IUCN species range parameters
| IUCN habitat raster |—> Refine IUCN T T T T
) 1 2 3 a4 5 8
species range
| Elevation raster '—’ based on IUCN 08 (Body mass)
habitat Allometric models
IUCN f?abitat and R preferences and
elevation »| elevation limits
preferences v
A
v [ |
Identify Habitat - Initial population - Fmax
different patches g density - Stochasticity
populations hosting - Population density at
(structurally different carrying capacity
disconnected | populations
e habitat (different
; patches) colors)

»
>

Refined IUCN species ranges

Calculate habitat area for each population l

Habitat area (AOH,) |

Calculate initial population size
(Ng) and carrying capacity (K)

Initial population size (N,) and carrying capacity (K) |

Determine red list category Simulate population growth for 100 years:

N .
based on criterion B2 N¢yq ~ Poisson (Nr . erm-(l K)Mr s:)

v

red list category Habitat patches
(based on AOH,) hosting viable E
populations (green)

and habitat patches &‘

hosting extirpated

populations (red) g

Accepted Article

Calculate habitat area
for viable populations
Habitat area that hosts viable populations Map Iocatlo-n s of
(AOH o) the populations
100 committed to
Calculate pro_portron of f‘mbltat arga th_crt Determine red list category extinction
hosts populations committed to extinction: .
OH._ = 0 p based on criterion B2
v AOH,, = 1 - AOH,p,/AOH, v v v
Proportion of habitat area that hosts populations red list category Map with populations
committed to extinction (AOH,,) (based on AOH ) committed to extinction

This article is protected by copyright. All rights reserved.
27



Accepted Article

Fig. 1. Overview of the analyses of time-lagged effects of habitat fragmentation (white boxes,
data; arrows, flow of data; italic text , short description of the analyses; [IUCN, International
Union for the Conservation of Nature). The IUCN and refined species range for the ring-
tailed lemur (Lemur catta) are shown. For illustrative purposes, only a subset of habitat

patches are shown.
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Fig. 2. Proportion of habitat area that hosts populations committed to extirpation (AOH)
based on 10,000 model simulations for forest specialist species and habitat generalists (boxes,

25th and 75th percentiles vertical line in boxes, median; whiskers, 5th and 95th percentiles).
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Fig. 3. Variation in the (a) median and (b) 0.95 quantile value of the proportion of habitat
area that hosts populations committed to extirpation (AOH,) for species from different
taxonomic orders and for forest specialist and habitat generalist species (boxes, 25th and 75th

percentiles; vertical line in boxes, median; whiskers, 5th and 95th percentiles).
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Fig. 4. Proportion of the 10,000 simulations in which a species is assigned a different
International Union for the Conservation of Nature (IUCN) Red List category based on [IUCN
criterion B2, assuming the area of occupancy is equal to the habitat area that hosts viable
populations (AOH| ). Categories in parentheses indicate a species’ category based on [UCN
criterion B2, assuming the area of occupancy is equal to the total habitat area (AOH,) (green
type, forest specialist species; orange type, habitat generalist species; LC, least concern; NT,

near threatened; VU, vulnerable ; EN, endangered; CR, critically endangered ; EX, extinct ).
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Fig. 5. In Madagascar (a) absolute and (b) relative number of species committed to
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extirpation (probability of extirpation within 100 years >5%).
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