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Addressing the worldwide biodiversity crisis in fragmented landscapes
requires considering both immediate and delayed extinctions—the
extinction debt. This debt arises from the gradual loss of species
following habitat fragmentation. Additionally, species interactions may
also experience an extinction debt, affecting ecosystem structure and
function. However, the extinction debt for species interactions has received
little attention. We studied the lasting effects of habitat fragmentation
on plants, herbivore insects of four trophic guilds, parasitoids and their
trophic interactions in a dryland landscape in central-western Argentina.
Assuming a paid debt in long-fragmented habitats, we examined the
potentially unpaid debt in recently fragmented habitats as the difference
between the current richness of species and interactions and their expected
richness based on area and connectivity from long-fragmented habitats.
We found a higher extinction debt for herbivores and plant-herbivore
interactions in small, isolated habitats and a lower extinction debt for plants
only in small habitats. By contrast, the extinction debt of parasitoids was
higher in large, well-connected habitats, while there was no extinction
debt detected for herbivore-parasitoid interactions. Understanding the
magnitude of extinction debts for species and interactions offers guidance
for mitigating future extinctions of species and interactions to curb the
degradation of ecosystems and preserve their long-term function.

1. Introduction

Understanding the drivers of the current biodiversity crisis is among the most
urgent challenges for ecologists. Most of the evidence identifies habitat loss
owing to land use changes as the main driver of biodiversity loss, while
the effects of habitat fragmentation per se have stirred debate [1,2]. Habitat
destruction involves both habitat loss and fragmentation operating simulta-
neously, resulting in progressively smaller, more isolated habitat fragments
[3]. As a result of decreased fragment area and connectivity, local species
extinctions can be either immediate or delayed [4]. Delayed extinctions
result in an apparent excess of richness in local communities that have
experienced habitat fragmentation in the past—the extinction debt, defined
as the difference between current and expected species richness after the
delayed extinctions have occurred [5]. However, empirical quantification of
the delayed extinctions of ecological interactions themselves have received
little attention. Thus, the extinction debt implies that some extant species
and their interactions will go extinct owing to past habitat destruction,
even without new habitat loss or fragmentation. Therefore, quantifying the
extinction debt of species and their interactions in fragmented landscapes
would help to address both current and future biodiversity loss and its
potential consequences for ecosystems [6].
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The future loss of species interactions could influence ecosystem dynamics and stability, as they support crucial ecological [ 2 |

functions such as herbivory, predation and pollination [7]. Although several studies suggest that species interactions are
often lost before the interacting species themselves [8], implying a shorter extinction debt for interactions, it remains unclear
how delayed extinctions of ecological interactions occur in fragmented habitats [9]. If interaction extinctions precede species
extinctions, the extinction debt of interactions could be paid faster than the extinction debt of species, accelerating ecosystem
decline by co-extinction cascades and loss of ecosystem functions [10]. Therefore, assessing the extinction debt of interactions
in recently fragmented habitats would help prevent future co-extinction cascades and mitigate the lasting effects of habitat loss
and fragmentation on ecological communities.

Estimating extinction debts of both species and interactions requires assessing the time elapsed since the beginning of habitat
loss and fragmentation [11]. Once habitats have been fragmented, local communities typically experience a relaxation process
over time governed by colonization—extinction dynamics [12]. During this process, species (especially habitat specialists) [13]
become gradually extinct until the community reaches a new colonization-extinction equilibrium corresponding to the current
fragment area and connectivity, leading to a lower species richness. Thus, in recently fragmented habitats, the number of
delayed extinctions will be proportionally higher than in long-fragmented habitats, where the relaxation process probably has
already occurred [14]. Likewise, the extinction debt will initially be larger just after the habitat loss in small, isolated habitats
than in large, well-connected habitats that have lost a lower proportion of area and connectivity. However, over time, small
and isolated fragments should lose species faster than larger, well-connected fragments because they have a higher extinction
risk and lower recolonization rates [15], so they will pay the extinction debt first. Therefore, both fragmentation history at a
landscape scale and changes in area and connectivity at the fragment scale could affect community dynamics [16,17].

In addition to time since the beginning of fragmentation, and changes in fragment area and connectivity, the magnitude
of the extinction debt will depend on trophic level and species traits [4,18]. This variation in time to extinction results from
traits influencing the persistence abilities of species, such as longevity and clonality in plants [19], and traits related to dispersal
ability in both plants and animals, which probably promote rescue effects of small threatened populations contributing to
metapopulation persistence [20,21]. However, thresholds for functional connectivity are considerably different for mobile and
less mobile species, suggesting that rescue effects could be faster for the former. Therefore, a particular fragment may have an
extinction debt of a certain trophic level or guild, but not of another [22]. Few studies have compared the extinction debt across
different trophic levels or guilds [23]; instead, most studies have focused on a particular guild, especially plant communities in
European grasslands [24]. These studies have shown that delayed extinctions may range from decades to hundreds of years for
plants [25] and animal taxa [15,26], and usually a shorter time for microorganisms in microcosms [27]. These generalizations are
especially valid for habitat specialist species, as habitat fragmentation can result in the immigration of generalist and ruderal
species into fragments [2].

Here, we studied the response of plants, herbivore insects of four trophic guilds, parasitoids and their trophic interactions
to lasting effects of habitat loss and fragmentation in 14 dryland habitat fragments surrounded by an agricultural matrix in
central-western Argentina. We hypothesized that: (1) as time since fragmentation decreases and the magnitude of fragmentation
increases, the extinction debt in a habitat fragment increases, such that the extinction debt is greatest in recently fragmented
habitats that have lost more area and connectivity (figure 1); (2) the magnitude of the extinction debt differs among trophic
levels because long-lived species (perennial plants) require a longer time to become extinct than short-lived species (insects
and annual plants), and higher trophic levels (parasitoids) are more sensitive to habitat changes than lower trophic levels
(plants and herbivores) so they should become extinct first [28]; (3) if hypothesis 2 is supported, the extinction debt should
be paid faster for herbivore—parasitoid interactions than for plant-herbivore interactions. Assuming a paid extinction debt in
long-fragmented habitats, we examined the potentially unpaid extinction debt in recently fragmented habitats, as the difference
between the observed current richness of species and trophic interactions in recently fragmented habitats and the expected
richness for area and connectivity relationships in long-fragmented habitats. In this context, we expected: (i) for both species
and trophic interactions, weaker or strongly negative current richness-area and richness-connectivity relationships in recently
than in long-fragmented habitats, especially for recently fragmented habitats with higher proportion of area and connectivity
loss (differences in current and past area and connectivity); (ii) a greater extinction debt in current small, isolated habitats
with higher proportion of area and connectivity loss than large, well-connected habitats with lower proportion of area and
connectivity loss exhibiting a greater proportion of extinction debt for insects than for plants, and a greater proportion of
extinction debt for herbivores than for parasitoids; and finally (iii), a greater proportion of extinction debt for plant-herbivore
interactions than for herbivore—parasitoid interactions.

2. Methods
(a) Study area

To assess the extinction debt of species and trophic interactions, we selected 14 remnant habitat fragments of Monte Desert in
an agricultural region of central-western Argentina (Valle de Uco, Mendoza Province) within an area of approximately 50 000
ha (electronic supplementary material, figure S1 [29]). This ecoregion is characterized by a semi-arid climate with precipitation
dominating during spring and summer, and mean annual precipitation around 150-350 mm [30]. Monte native vegetation is
predominantly xerophytic, constituted by shrubs (e.g. Larrea spp.), cacti (e.g. Opuntia sulphurea), perennial grasses (e.g. Stipa
spp.) and herbs (e.g. Oenothera odorata) and a small proportion of annual herbs (e.g. Gamochaeta spicata) (electronic supplemen-
tary material, figure S2a). The matrix surrounding Monte fragments is a mostly homogeneous agricultural cover constituted by
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Figure 1. Conceptual representation of hypotheses and predictions evaluated in this study. (a) Schematic representation of habitat destruction over time. A
hypothetical habitat undergoes an initial fragmentation event (red oval), resulting in three habitat fragments. In a subsequent fragmentation event (blue oval),
fragments 2 and 3 lose area and connectivity. Fragment 2 further splits, resulting in a new fragment (habitat 4), and fragment 1 loses connectivity owing to changes
in the surrounding habitat, even though its area remains unchanged. Thus, fragment 1, which remains unaltered over time, represents a long-fragmented habitat.
By contrast, fragments 2—4, which have changed by the last fragmentation event, represent recently fragmented habitats. (b) Methodology used to estimate the
magnitude of extinction debt in recently fragmented habitats, as the positive difference between the current richness of species and interactions and the expected
richness based on area and connectivity relationships in long-fragmented habitats, while negative differences might indicate an immigration credit () Expected
relationships between extinction debt and fragment area and connectivity for studied species and interactions in recently fragmented habitats.

vineyards and to a lesser extent by other crops (e.g. walnut orchards) or urbanized cover (e.g. roads, rural streets or human
settlements; electronic supplementary material, figure S2b). Species of the Monte Desert are typically habitat specialist species,
although exceptionally some species such as native herbs (e.g. Oe. odorata) may prosper in vineyard borders, while some ruderal
and generalist species (e.g. Portulaca oleracea) thrive in vineyards and occasionally get into the Monte vegetation. We defined
a habitat fragment as any patch of remnant native vegetation with more than 70% of its perimeter surrounded by strongly
modified habitat and without indication of strong human disturbance within the fragment area. Selected fragments span 3.1-
371.2 ha (s.d. = 136.2 ha), and are separated from each other by approximately 0.1-20 km (s.d. = 4.87 km) (for more details see
[25])-

(b) Fragmentation time

To distinguish between long-fragmented habitats and recently fragmented habitats, we used the timelapse tool in GoogleEarth-
Pro to track cover changes over the past approximately 30 years (1984-2017). A visual analysis of the oldest map (1984) revealed
initial habitat loss and fragmentation spreading from east to west. A long-term analysis of changes in our study area showed
high cropland persistence in the east between 1986 and 2018 [31], confirming that Monte desert habitats located in the east
were fragmented before 1986. Therefore, the rationale of this categorization is that long-fragmented habitats have started the
relaxation process earlier, regardless of how much area has been lost. The low resolution of available images prevented precise
measurement of landscape features from 1984 to 2003. Consequently, we defined long-fragmented habitats as fragments that
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experienced significant changes before 2003, and recently fragmented habitats, after 2003 (electronic supplementary material, n

figure S1). This classification implies that long-fragmented habitats have remained constant in area since 2003 to the present
(but they are much older), while their connectivity has changed owing to ongoing surrounding landscape changes. By contrast,
recently fragmented habitats have experienced changes in both area and connectivity from 2003 to the present (figure 1a). As
a result of this classification, we distinguished two subsets of five long-fragmented habitats representing the stable habitats of
reference, and nine recently fragmented habitats representing the unstable habitats with a presumably unpaid debt.

(c) Area and connectivity of fragmented habitats

We measured current areas and connectivities using the 2015 map, while for past areas and connectivities we used the 2003
map (electronic supplementary material, figure Sla,b). To calculate areas and distances, we used st_area and st_distance of the
sf package in R [32], respectively, providing a vectorized map of present and past landscape. We considered the distances
edge-to-edge among both sampled and unsampled fragments in the landscape and distance to continuous habitat. In the past
landscape, for habitats that currently still have an adjacent border to continuous habitat, we maintained the borders with the
continuous habitat identified in the present, to avoid overestimating the past areas. To estimate fragment connectivity, we
calculated the sum of the shortest geographical distances between neighbouring fragments, i.e. ) djj, where d;; represents the
distance between fragments i and j. We used this basic structural metric instead of distance weighted by area of neighbouring
fragments because, as mentioned above, in the past landscape, some of the recently fragmented habitats were connected to the
continuous habitat. However, for the current landscape, we also tested connectivity considering distance weighted by area of
neighbouring fragments. To estimate area loss and connectivity loss, we calculated the difference between past and current area
and connectivity.

(d) Species and interaction sampling

To estimate current richness of plants, herbivorous insects, parasitoids and their trophic interactions in the habitat fragments,
we sampled at the centroid of each fragment in the austral spring and summer between 2015 and 2017 (electronic supplemen-
tary material, figure S2a). For plants, we applied the point-intercept method along four 50 m transects defining a square centred
at fragment centroids, with sampling points every 2 m. For herbivorous insects and their interactions with plants, we collected
galls on leaves and stems, mined leaves, aphid colonies (family Aphididae) and scale insects (superfamily Coccoidea) on all
shrubs and herbs, along two 50 x 2 m transect bands. We measured interaction richness as the number of individual interactions
of plant-gall, plant-mine, plant-aphid colony and plant-scale insect observed in the field. For parasitoids and their interactions
with herbivores, we raised insects into galls and mines and parasitized aphids (‘mummies’) and scale insects. After 1 year, we
identified all species and morphospecies emerged from galls, mines and parasitized insects, then with the help of experts, we
assigned individuals to the most likely trophic guild: gall maker or mine maker, inquiline of gall or mine, or parasitoid. Finally,
we measured the richness of herbivore-parasitoid interactions as the number of individual interactions of gall-parasitoid,
mine—parasitoid, aphid colony—parasitoid and scale insect-parasitoid observed in the laboratory (for more details see table S1 in
[29D)-

(e) Statistical analyses

(i) Current richness-area and richness-connectivity relationships of species and interactions in fragmented habitats

To compare slopes of current richness-area and richness-connectivity relationships of species and interactions between recently
and long-fragmented habitats, we built separate area and connectivity models for each trophic level (plants, herbivores,
parasitoids) and interaction type (plant-herbivore and herbivore—parasitoid interactions) including all studied fragments. We
built generalized linear models (GLMs) with the effects of current area or connectivity interacting with fragmentation time
(al and cl), the effects of current area or connectivity loss interacting with fragmentation time (a2 and ¢2) and the effects of
area and area loss, or connectivity and connectivity loss interacting with fragmentation time (a3 and c3, respectively). These
last models test whether the proportion of area and connectivity loss intensifies the current area and connectivity effects. In
all these six models, we included fragmentation time as a categorical variable and richness of species and interactions as a
response variable. We standardized predictor variables as z-scores (mean of zero and s.d. of 1) to obtain standardized regression
coefficients, which can be directly comparable to each other. In addition, we used Akaike’s information criterion (AIC) to select
the best-fitting area and connectivity model, considering that models with differences of AIC values less than two have similar
fits.

(ii) Extinction debt of species and interactions in recently fragmented habitats based on area and connectivity relationships in long-
fragmented habitats

To estimate the extinction debt of species and interactions in recently fragmented habitats, we followed [33], who built GLMs
for stable habitats (here categorized as long-fragmented habitats) to predict richness in unstable habitats (here categorized as
recently fragmented habitats). We assumed that long-fragmented habitats have already paid their extinction debt or at least
have started to pay it before, thus both species and interaction richness tend to be at or closer to equilibrium with current
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Figure 2. (a) Relationships between species and interaction richness and fragment area, and (b) fragment connectivity. (c) The strength of the relationship
(standardized regression coefficient + s.e.) between extinction debt for plants, herbivores, parasitoids, plant—herbivore interactions and herbivore—parasitoid
interactions and area, or (d) connectivity in recently fragmented habitats. Labels in the abscissa match those in the same positions in the bottom panels. Extinction
debt was quantified as the difference between the observed richness in recently fragmented habitats and the expected richness based on relationships observed in
long-fragmented habitats.

area and connectivity. We first performed two separate GLMs for long-fragmented habitats using either current area and
connectivity as predictors and the observed current richness as the response. Then, we calculated the difference between the
current observed richness in recently fragmented habitats and the predicted richness using the estimated parameters based on
area and connectivity models in long-fragmented habitats, and divided by observed richness. Therefore, a richness difference
greater than zero indicates an extinction debt in a habitat fragment. To calculate predicted richness in recently fragmented
habitats, we used the predict function from the stats package in R. As we aimed to compare the magnitude of extinction debt
among trophic levels and interaction types, we calculated the proportion of species and interactions that will go extinct, divided
by total richness at each trophic level and interaction type. Thus, to assess whether all recently fragmented habitats exhibited
an extinction debt, we tested the departure of the extinction debt mean from zero using Student’s t-test after checking the fit
of the data to the normal distribution. Finally, to assess whether the extinction debt in recently fragmented habitats increases
as the magnitude of habitat fragmentation increases, we built alternative GLMs using current area or connectivity, and area
or connectivity loss as standardized variables. We built individual models to maintain simplicity, to interpret separately each
predictor and to avoid issues arising from the potential collinearity among variables. Finally, to compare the strength of the
relationships, we employed standardized regression coefficients (+s.e.). We carried out all statistical analysis with R software.

3. Results

(a) Current richness-area and richness-connectivity relationships for species and interactions in fragmented habitats

Our first hypothesis posits that as time since fragmentation decreases and the magnitude of fragmentation increases, the
extinction debt in a habitat fragment increases, such that the extinction debt is greatest in recently fragmented habitats that
have lost more area and connectivity. Thus, we predicted for both species and trophic interactions in recently fragmented
habitats, weaker or strongly negative current richness-area and richness-connectivity relationships than in long-fragmented
habitats, especially for recently fragmented habitats with a higher proportion of area and connectivity loss. According to
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the best-fitting models detailed below, we observed strongly negative richness-area and richness-connectivity relationships in n

recently fragmented habitats than in long-fragmented habitats for herbivores and plant-herbivore interactions (figure 2a,b).
Furthermore, we observed weaker richness-area and richness-connectivity relationships in recently fragmented habitats than in
long-fragmented habitats for parasitoids and herbivore—parasitoid interactions, regardless of negative relationships. However,
for plants, we observed no differences between slopes of recently and long-fragmented habitats for richness-area and richness-
connectivity relationships (electronic supplementary material, table S1). Annual plant species represented only 15% species and
were recorded in low abundances.

The best-fitting area model for both plant-herbivore interaction richness and herbivore richness, included the triple
interaction between the variables area loss that intensified the effect of current area and fragmentation time, leading to increased
richness in smaller recently fragmented habitats which have lost more area (electronic supplementary material, table S1;
triple interaction intercept = —1.423, p-value = 0.004). Similarly, for the same trophic level and interaction type, the best-fitting
connectivity model included the triple interaction among the variables connectivity loss, current connectivity and fragmentation
time, but it was not significant (electronic supplementary material, table S1; triple interaction = -0.3599, p-value = 0.1757);
instead, the effect of current connectivity was more strongly positive as connectivity loss increased regardless of fragmentation
time.

In addition, the best fitting area model for parasitoids included the interaction between area loss and current area (electronic
supplementary material, table S1; parasitoids, model c3), but we selected the model including only current area because it
includes significant predictors and clearer interpretability, while the best fitting connectivity model included only current
connectivity (electronic supplementary material, table S1; parasitoids, model al and c1). Furthermore, the same selected models
were observed for herbivore—parasitoid interactions, leading to a more negative effect with connectivity loss (electronic
supplementary material, table S1; herbivore—parasitoid interactions, model c3).

(b) Extinction debt of species and interactions in recently fragmented habitats

Mean extinction debt in recently fragmented habitats overlapped with zero, which indicates that not all fragments had an
extinction debt (electronic supplementary material, figure S3). In fact, the extinction debt of herbivores and plant-herbivore
interactions decreased with current area, and current and past connectivity, while for plants it decreased only with current
area (figure 2c,d; electronic supplementary material, figure 54). Furthermore, the magnitude of extinction debt was higher for
herbivores and plant-herbivore interactions than for plants (figure 2c,d). In addition, the extinction debt of parasitoids increased
with current area and current and past connectivity, while the extinction debt of herbivore—parasitoid interactions marginally
increased with current area and connectivity (figure 2¢,d; electronic supplementary material, figure S4).

4. Discussion

In this study, we found that richness-area and richness-connectivity relationships for species and trophic interactions were
weaker or strongly negative in recently fragmented habitats than in long-fragmented habitats. This finding suggests delayed
extinctions—an extinction debt for species and interactions. However, these relationships did not differ significantly between
recently and long-fragmented habitats for plants, suggesting that delayed extinctions will still occur in long-fragmented
habitats. Additionally, we observed that area loss and connectivity loss in the last 30 years intensified effects of current area
and connectivity for plant-herbivore interactions, meaning that greater historical habitat loss leads to a greater current habitat
effect. Specifically, we found a higher extinction debt of herbivorous insects and plant-herbivore interactions in small, isolated
fragments, than for plants, which occurred only in small fragments. Conversely, large, well-connected fragments exhibited
an extinction debt for parasitoids, but not for herbivore—parasitoid interactions, which may have already been paid. Overall,
our findings reveal that current and historical area and connectivity drive the extinction debt in recently fragmented habitats
differently across trophic levels and interaction types.

(a) An extinction debt for plants?

Habitat loss and fragmentation in the Monte Desert have intensified over the last 30 years in the study area, mainly owing to
the expansion of agriculture towards the west, particularly vineyards [31]. However, the typical woody, xerophytic vegetation
of this ecoregion exhibits a slower relaxation after habitat changes compared to the associated herbivore and parasitoid insects,
driving the current weaker species-area and species-connectivity relationships. As expected, plant richness in long-fragmented
habitats had steeper area and connectivity relationships than in recently fragmented habitats, although these differences were
not statistically significant. This weak effect of area and connectivity on plant richness may indicate that large, well-connected
long-fragmented habitats have not fully paid their extinction debt, leading to a plant richness similar to that of recently
fragmented habitats of equivalent area and connectivity. Thus, we should expect that the unpaid extinction debt is actually
higher for plants, because it is still running in both recently and long fragmented habitats.

However, we identified an extinction debt for plants in small, recently fragmented habitats, which makes sense given that
perennial plants tend to persist for long periods in small fragments below their extinction thresholds [34]. We hypothesized
that long-lived species (perennial plants) require a longer time to become extinct than short-lived species (insects and annual
plants); thus after 30 years of habitat fragmentation, we expected a higher proportion of extinctions for short-lived species
than for long-lived species in long-fragmented habitats, creating a larger proportion of extinction debt for short-lived than
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long-lived species in recently fragmented habitats. Aligning with this, we found a lower extinction debt for plants than their [ 7 ]

associated herbivore insects in small recently fragmented habitats, but instead no debt related to present connectivity. This lack
of effect of current connectivity on extinction debt of plants probably results from the stronger effects of isolation on plants,
which as sessile organisms should experience faster isolation effects than insects, which can often move through the landscape
and colonize neighbouring habitats. Alternatively, we found a similar current connectivity effect in both long fragmented
and recently fragmented habitats because of small seeded species, seeds adapted to wind or animal dispersal can be very
effective dispersal agents (regardless of fragmentation time in habitats), thus maintaining the habitat fragments functionally
connected; alternatively, this non-directional but effective dispersal can result in a significant loss of propagules, as they may
land in habitats (e.g. arable land or sealed surfaces) unsuitable for seedling establishment. Therefore, the unpaid extinction
debt in small, recently-fragmented habitats offers the opportunity to prevent future plant extinctions with efficient landscape
management, such as maintaining functional connectivity.

(b) The extinction clock ticks faster for parasitoids than herbivores

Habitat loss and fragmentation affected parasitoids and their interactions with herbivores more strongly than herbivores,
especially in small, isolated fragments. Surprisingly, however, richness of parasitoids and their interactions decreased with
area and connectivity in both long- and recently fragmented habitats. Thus, richness may not have reached an equilibrium
with current area and connectivity, allowing populations to persist in small and isolated habitats over time. One potential
explanation for this observation involves the decoupling of extinctions of herbivores and parasitoids in long-fragmented
habitats, followed by compensatory dynamics driving immigration credits. These immigration credits refer to immigration
of new species owing to habitat loss or fragmentation [30], or to newly available habitat (e.g. reforested area, increasing
connectivity between habitat fragments, environmental change such as climatic shift and so on). As higher trophic levels are
more susceptible to habitat changes than lower trophic levels, this may lead to faster local parasitoid extinctions (mainly
of specialists) and increased local herbivore density creating favourable new conditions to potential immigrants from the
surrounding habitats. In turn, parasitoid immigration from neighbouring fragments and the non-fragmented habitat should
gradually increase local richness (mainly generalists) and compensate for parasitoid extinctions [35, 36]. This scenario seems
quite plausible, as this region harbours large tracts of natural vegetation in the west as a potential source of migrants (electronic
supplementary material, figure S1b). As a result, this kind of metacommunity dynamics, called mass effect [37], may lead to
flatter, or even negative, richness-area relationships in the long fragmented habitats such as we observed [38].

For herbivores and their interactions with plants, richness increased with current area and connectivity in long-fragmented
habitats, suggesting that richness may have reached an equilibrium; by contrast, richness decreased with area and connectivity
in recently fragmented habitats, suggesting an extinction debt. Furthermore, similar to plants, richness is no longer at equili-
brium with past connectivity for long-fragmented habitats (electronic supplementary material, figure S3), suggesting a paid
extinction debt. Additionally, area and connectivity loss over the last 30 years has exacerbated the current effects of area and
connectivity in recently fragmented habitats, therefore, recent small fragments that have lost more area are richer than those
that have lost less, and current isolated fragments that have lost little connectivity are richer than those that have lost more. This
result suggests that fragments with smaller areas or lower connectivity over long periods have experienced more species and
interaction extinctions. Failing to consider these interacting effects between current and historical area and connectivity may
result in inconsistent evidence of an extinction debt.

(c) Do trophic interactions pay extinction debts faster than interacting species?

Based on previous studies, which suggest that species interactions are often lost before the interacting species themselves,
we hypothesized that the extinction debt should be paid faster for herbivore—parasitoid interactions than for plant-herbivore
interactions because higher trophic levels (parasitoids) are more sensitive to habitat changes than lower trophic levels (plants
and herbivores). Our results support this hypothesis given that we found a greater extinction debt for plant-herbivore interac-
tions than for herbivore-parasitoid interactions (which was marginally significant) in recently fragmented habitats. This finding
suggests that trophic interactions involving higher trophic levels may indeed be lost more rapidly following habitat fragmenta-
tion, while interactions at lower trophic levels can persist longer, accumulating a greater extinction debt. In addition, it means
there is still a time window to prevent future plant-herbivore interactions which may help to recover herbivore-parasitoid
interactions.

5. Conclusions

Extinction debt offers an opportunity to stem biodiversity loss before it is gone. However, understanding extinction debt
remains a challenge for biodiversity conservation. In this study, we addressed three important limitations to quantifying
extinction debt [14]: we focussed mainly on habitat specialists, considered both area and connectivity as lasting effects of habitat
fragmentation, and used long-fragmented habitats as reference rather than continuous habitat. However, the availability of
appropriate high-quality historical data from long-term monitoring of landscape changes and biodiversity remains a limiting
factor for accurately estimating the extinction debt. Nevertheless, we identified an extinction debt in recently fragmented
habitats whose magnitude differed across trophic levels and interaction types. Importantly, this study represents, to our
knowledge, the first empirical attempt to estimate the magnitude of the extinction debt not only of species but also of species
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interactions in fragmented landscapes. Specifically, we found a higher extinction debt for herbivores and plant-herbivore
interactions in small, isolated habitats, but a lower extinction debt for plants only in small habitats. The extinction debt of
parasitoids was higher with respect to the other groups but in large, well-connected habitats, while there was no extinction debt
detected for herbivore—parasitoid interactions. Our findings have implications for the conservation of plants, herbivores, and
natural enemies in drylands surrounded by vineyards, which represent the main driver of land use change in the central-west-
ern of Argentina. We found that current and historical area and connectivity drive the extinction debt in recently fragmented
habitats differently across trophic levels and interactions. Our results underscore the conservation value of recently fragmented
small, isolated habitats which, if managed correctly, may help prevent future species and interaction extinctions, mitigating the
negative effects of habitat fragmentation. Conservation actions to this end include the maintenance and restoration of functional
connections among recently and long-fragmented habitats through corridors and encouragement for landowners to preserve
remaining habitats.
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