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Natural and seminatural habitat remnants play a crucial ecological role in intensified
agroecosystems. Assumptions on the conservation value of small and poorly connected
fragments in a hostile matrix come from generalization obtained from a limited number
of taxa, mostly plants, and vertebrates. To date, few studies have analyzed the effect
of fragmentation on ant communities in Mediterranean agroecosystems, despite the
importance of this group of animals on several key ecosystem functions and services.
Here, we analyze the effects of fragment area and connectivity on ant communities in
gypsum outcrops in a large cereal agroecosystem of Central Spain. Ant communities
were described by their species composition, abundance (total number of occurrences),
and number of species, standardized both by area (species density), and abundance
(species richness). Observed number of species was relatively high in comparison with
other studies in the Mediterranean, and we found no effects of fragment characteristics
on species density, species richness and species composition, which implies that
even small and isolated patches do have a value for ant conservation. Moreover, total
number of occurrences were higher for smaller and more isolated fragments. This finding
contrasts with the results reported for other taxa in similar gypsum habitats and suggests
that certain ant traits and strategies make them particularly resistant to fragmentation and
capable to take advantage of small habitat patches. Given the important ecological role
played by ants, we recommend the preservation of these small habitat fragments in the
management plans of agroecosystems in these drylands, especially in those cases in
which intensification of agricultural practices greatly diminish natural habitat availability.

Keywords: agroecosystems, ants, biodiversity conservation, drylands, fragmentation, gypsum habitats

INTRODUCTION

There is consensus on the necessity of maintaining a certain amount of remnants of natural or
semi-natural habitats in extensive agroecosystems, which act as reservoirs of biodiversity and
provide key ecosystem services (Altieri, 1999; Tscharntke et al., 2008; Kennedy et al., 2013). It is
not clear, however, to what extent small, isolated fragments can fulfill these functions. According to
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the most classical view of fragmentation, there is a threshold
in which remnants are too small and isolated from each other,
inducing population declines, increasing extinction risk, and
exacerbating species loss (Andrén, 1994; Ewers and Didham,
2006). Fragmentation is therefore considered by many authors
one of the most pervasive drivers of biodiversity loss (Fletcher
et al, 2018). Some of the mechanisms proposed to explain
these negative processes are related to the higher vulnerability
to environmental and demographic stochasticity for small and
poorly connected populations, or the reduction in colonization
and rescue events, under a metapopulation perspective, which
can become too infrequent to overcome local extinctions
(Andrén, 1994; Ewers and Didham, 2006). These negative effects
would emerge as a function of the specific characteristics of
the landscapes, the habitat configuration and the biological
groups involved (Villard and Metzger, 2014). Thus, for example,
megafauna requires large patches to maintain viable populations,
while in the case of invertebrates very small patches could be
enough to host viable populations (Ewers and Didham, 2006).

Recently, however, it has been questioned whether
fragmentation necessarily means a real loss of species. Fahrig
(2003, 2017) considers that we should only attribute to the
so-called fragmentation per se, those effects on populations and
communities independent of the effects of habitat amount and,
definitively, resource availability. The controversy is significant
for conservation, since the lower conservation value assigned to
small patches have derived in the protection of few large rather
than many small fragments (“single large vs. several small,” or
SLOSS debate; Fahrig et al., 2019). Much of the controversy has
to do with the difficulties of distinguishing between the effects
expected by simple species—area relationships or sampling
effects, and those produced by mechanisms of another nature
(Gotelli and Colwell, 2001; Whittaker et al., 2001). To face these
confounding effects, Whittaker et al. (2001) propose to fix by
design the sampling area, and recommend the use of species
density to make comparisons, while (Gotelli and Colwell, 2001,
2011) propose the use of rarefaction curves to standardize
datasets to a common number of samples, individuals or
occurrences to assess species richness. Both species density and
species richness are worth to be explicitly considered in this
context, since while species density is of interest for conservation
purposes, species richness is appropriated for testing models
and theoretical predictions, and along with species abundance,
is critical for determining species density (Gotelli and Colwell,
2001).

Agriculture intensification and maintenance of large and
homogeneous agricultural fields has induced a critical and
massive destruction of habitat and biodiversity loss (Emmerson
et al.,, 2016). In this context, the value in conservation terms, but
also as providers of ecosystem services of habitat remnants, is
critical (Haddad et al., 2015). Although it exists a wide consensus
that agroecosystems should maintain and extend the number
and extension of natural and seminatural habitats fragments for
maximizing the services provided, there is no information of the
role these fragments have for many biological groups.

Despite their enormous biomass and importance in the
functioning of terrestrial ecosystems (Folgarait, 1998; Del Toro

et al., 2012), ants as a group have been rarely studied in relation
to fragmentation. This is significant since ground dwelling ants,
as invertebrates living in sessile colonies, probably respond to
fine-scale effects better than larger or more mobile organisms.
To our knowledge, however, there are no published studies
specifically aimed to evaluate the effect of fragmentation on
ants in Mediterranean agroecosystems, despite the ecological
importance of ants in Mediterranean regions (Baraibar et al.,
2009; Silvestre et al., 2019) where they provide important
ecosystem services (Comas et al., 2016; Baraibar et al., 2017).
Most of the existing studies on fragmentation and ants have
been conducted in tropical regions (Armbrecht et al., 2001; Assis
et al., 2018; Santos et al., 2018), forests (Melliger et al., 2018), or
grasslands (Golden and Crist, 2000; Brascheler and Baur, 2003;
Dauber et al., 2006). Few generalizations can be obtained from
them, since apart from their variability in the target ecosystem,
they also differ greatly in the spatial scale, ranging from < 1 m
(Brascheler and Baur, 2003) to several thousand square meters
(Melliger et al., 2018).

Here, we aim to evaluate the effects of patch size and
connectivity on ant biodiversity in an extensive cereal
agroecosystem in the drylands of Central Spain. We assume that
larger patches have a higher total number of species because
of a simple random sampling effect, therefore this variable will
not be measured in this study. Instead, we fix sampling area in
each patch, and focus on species density, species richness and
total abundance. If small or isolated patches add negative effects
for ant populations other than simple random sampling effects,
then we expect to find lower values of species density, richness
and abundance. Conversely, if low and isolated patches are
not affected by negative affects additional to random sampling
effects, ant species richness, abundance and density should be
similar to larger and better connected patches.

Our approach will provide additional conservation criteria for
these valuable ecosystems, contributing to preserve their diversity
and therefore their functionality and ecosystem services.

MATERIALS AND METHODS
Study Area

The study area is in central Spain, near the locality of Belinchon
(Cuenca, Spain), at an altitude of ~700a.s] (Figure 1). The
climate is continental Mediterranean, with an average annual
temperature of ca 14°C, rainfall of ca 500mm per year,
severe summer drought and cold winters. The lithology of
the area is mostly composed of tertiary evaporites, and the
relief is gentle, with alternating hills and plains. Soils are
gypseous (i.e. soils which main component is gypsum; Herrero
and Porta, 2000), which imposes harsh conditions for the
development of vegetation (Escudero et al.,, 2015). In spite of
this, and especially from the mid-20th century (Matesanz et al.,
2009), the expansion of rain-fed agriculture has progressively
fragmented the landscape, which now consists of a mosaic
of natural vegetation remnants interspersed in a matrix of
dry herbaceous croplands, mostly cereal (Figure 1). Natural
vegetation in these remnants is composed by dwarf shrublands
dominated by creeping and cushion-like specialized gypsophytes
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field in the middle.

FIGURE 1 | (A) Map showing the distribution of gypsum outcrops of the Iberian Peninsula, re-drawn from Escavy et al. (2012), and the study area location (black dot).
(B) Studied habitat remnants. The black dots indicate the centroid of each remnant, and the yellow star indicates the village of Belinchdn. Note that the area includes
other habitat remnants that were not sampled. However, all remnants were considered for the calculation of the connectivity index of the sampled ones. (C) General
view of the study area showing a habitat remnant on the forefront with typical gypsum shrubby vegetation, another habitat remnant in the background, and a fallow

(e.g., Helianthemum squamatum (L.) Dum.-Cours., Lepidium
subulatum L., Centaurea hyssopifolia Vahl., Gypsophila struthium
L) and the tussock-forming grass Stipa tenacissima L. Perennials
cover is around 30% and alternates with clearings partially
covered by a biological soil crust, dominated by crustose lichens
and fairly diverse annual plant communities (Luzuriaga et al.,
2018).

Data Collection
Twenty natural habitat remnants were selected, separated from
each other by a continuous cropland matrix (Figure 1, Table 1)
and including a representative sample of existent range of size
and connectivity in the study area. Fragment characteristics (area,
connectivity) were measured on orthophotos from 2018, using
the software QGIS 3.2.1. Bonn (QGIS.org, 2018). Fragment area
ranged from 1,065 to 290,828 m?, and was log-transformed for
all the analysis, given the strong skewness of its distribution. Log
(area) ranged from 3.03 to 5.46 (mean = 4.07, s.d. = 0.72).
Connectivity was estimated using the index C proposed
by Tremlova and Miinzbergova (2007), which accounts for
the number of surrounding fragments, considering their area
weighted by their distance to the target fragment. Because of the
highly dispersed values obtained, we log; transformed the index,
following a modification by Matesanz et al. (2015). The modified
index can adopt negative values for lowly connected remnants,
and is calculated as follows:

n
Ci=logso ) (Pu/d3,) . j # k

k=1

where C; is fragment j connectivity, k the fragments surrounding
fragment j (in our case, within a radius of 1 km from the center of
fragmentj), Py is fragment k area (in square meters), and dj is the
distance between the centroids of fragments j and k (in meters).
Connectivity index ranged from —0.42 to 0.80 (mean = 0.41, s.d.
=0.35).

Ant sampling was carried out in July 2018. In each habitat
remnant a 10 x 15m plot was located in a homogeneous
vegetation area at a distance of 10 m from the cultivated area, so
fixing the possible edge effect (Golden and Crist, 2000; Brascheler
and Baur, 2003). On each plot, we placed 12 pitfall traps of 2.5 cm
in diameter and 5 cm deep, forming a grid of 3 x 4 rows, with a
separation of 5 m between traps. The traps contained a solution
composed of 70% ethanol and 30% ethylene glycol (Azcarate and
Peco, 2012; Silvestre et al., 2019). The traps were kept in the field
for 7 days, and after their collection, all ant workers were sorted
in the laboratory, and identified to the species level.

Data Analysis

We characterized each plot by its species density, species richness
and overall abundance, following Gotelli and Colwell (2011).
Species density per plot was assimilated to the total number
of species captured in the set of 12 pitfall traps. Total number
of occurrences was used as an indicator of overall abundance
(Longino et al., 2002). Each species present in one trap was
counted as one occurrence, regardless the number of workers
captured in the trap, and total number of occurrences was
calculated as the sum of the occurrences of all the species present
in one plot. We preferred the total number of occurrences instead
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TABLE 1 | Fragment characteristics and ant community metrics obtained for the
20 sampling units considered in this study.

TABLE 2 | Ant species identified in this study, with information on their subfamily,
and general data on the frequency & abundance observed in this study.

Area (m?) Connectivity W O S Sy ICE S/ICE
F1 2466.70 —-0.11 476 92 14 13.24 14 99.9%
F2 6700.50 —-0.42 642 96 13 12.01 1347 96.5%
F3 18403.37 —-0.25 221 59 13 11.61 2399 54.2%
F4 2682.67 0.40 600 60 11 10.65 1154 953%
F5 2395.05 0.77 340 52 9 8.75 1254 71.8%
F6 9299.88 0.79 329 51 10 992 10.33 96.8%
F7 279539.94 —-0.02 391 55 10 9.82 1045 95.7%
F8 3097.74 0.38 316 69 11 10.31 1212 90.8%
F9 1065.62 0.80 254 70 12 1146 1253 95.8%
F10 38232.22 0.70 249 70 13 1191 1474 88.2%
F11 14106.15 0.71 208 53 11 10.33 16.25 67.7%
F12 5619.14 0.74 228 75 13 11.67 1525 852%
F13  177775.24 0.47 279 65 11 107 11.3  97.3%
F14 24792.99 0.45 261 63 12 1115 1453 82.6%
F15 11841.91 0.39 258 63 11 1045 12.15 90.5%
F16 9318.67 0.58 289 66 14 1247 17.43 80.3%
F17  290828.16 0.35 198 44 9 9 10.18 88.4%
F18 41693.84 0.38 283 65 17 1515 2581 65.9%
F19 6920.26 0.48 243 53 10 9.64 1140 87.7%
F20 1469.28 0.52 464 81 12 11.3 1253 95.8%
Total 6,529 23

Area considers the whole remnant surface. Connectivity was estimated using the C index
(Tremlova and Mtinzbergova, 2007) modified by Matesanz et al. (2015). Ant community
metrics were measured from 12 pit-fall traps arranged regularly in a 10 x 15m plot within
the remnant. W, Total number of workers; O, Total number of occurrences; S, Species
density; S44, Species richness estimated for 44 occurrences; ICE, Incidence-based
coverage estimator.

of the total number of individuals, because in ants the number
of workers captured by pitfall traps is extremely influenced by
slight differences in the distance to foraging trails or nests, which
results in a strong spatial clumping of individuals within traps.
Anyhow, some analyses were replicated using total number of
individuals, obtaining similar results to those reported in this
study (Supplementary Table 1). Species richness was estimated
as the expected number of species for a given number of
randomly sampled occurrences. To assess it, we built occurrence-
based rarefaction curves (Gotelli and Colwell, 2011), averaging
500 resamples with replacement, and then estimated for each
plot the mean species richness expected for the lowest number
of occurrences observed in any of the 20 plots. As a complement
to these variables, and to check the capacity of our sampling
to cover a representative proportion of the assemblage richness,
we calculated the incidence-based coverage estimator (ICE), an
asymptotic estimator of species richness based on incidence
data (Gotelli and Colwell, 2011). Rarefaction analysis and ICE
estimation were done using the software EstimateS v. 9.1.0
(Colwell, 2013).

We built generalized linear models for species density, total
number of occurrences and species richness, as function of log
(area) and connectivity, including their interaction. We used

Subfamily Plots Traps N°
(0-20) (0-240) workers

7 36 90
14 123 540
19 114 246
20 206 955

Aphaenogaster iberica Emery. 1908
Aphaenogaster senilis Mayr. 1853
Camponotus foreli Emery. 1881
Cataglyphis iberica (Emery. 1906)

Crematogaster auberti Emery. 1869 18 142 1,117
Goniomma blanci (André. 1881) 5 5 6
Goniomma hispanicum (André. 1883) 1 3 6

18 93 429
16 69 212

Messor barbarus (Linnaeus. 1767)
Messor bouvieri Bondroit. 1918

Messor capitatus (Latreille. 1798) 4 10 18
Oxyopomyrmex saulcyi Emery. 1889 4 6 7
Pheidole pallidula (Nylander. 1849) 9 56 1,024
Plagiolepis pygmaea (Latreille. 1798) 8 12 24

15 39 116
19 123 302

Plagiolepis schmitzii Forel. 1895
Proformica sp1

Solenopsis sp1 1 1 1
Tapinoma erraticum (Latreille. 1798) 1 3 20
Tapinoma gr. nigerrimum Nylander. 1856 1 ih 87
Temnothorax formosus (Santschi. 1909) 13 43 96
Temnothorax universitatis (Espadaler. 1997) 3 4 10

18 122 697
11 58 399
11 23 127

Tetramorium gr. caespitum (Linnaeus. 1758)

L L LD O T ML LIS T TS

Tetramorium forte Forel. 1904

<

Tetramorium semilaeve André. 1883

Subfamilies: D, Dolichoderinae; F, Formicinae; M, Myrmicinae. Plots, total number of plots
in which the species occurred; Traps, total number of traps in which the species occurred,
considering the 20 plots; N° of workers, total number of workers collected in the set of
20 plots.

Poisson errors and log link functions for species density and total
number of occurrences, and Gaussian errors and identity link
function for species richness. This latter variable is non-integer,
due to the fact that it is estimated from the rarefaction curves.
We identified the best descriptive models using the Akaike
information criterion corrected for small samples (AICc). Models
were estimated with package MuMIn (Barton, 2009) of R 4.0.0.

We performed a PERMANOVA analysis in order to check
whether there were differences in species composition related to
area, connectivity and/or their interaction. We used frequency
data to estimate species composition in each habitat fragment and
calculated dissimilarity matrices based on Bray Curtis distance.
Significance of the model was tested using a Monte-Carlo test
with 9,999 permutations. Finally, we performed non-metric
multidimensional scaling (NMDS) to visualize the differences in
the species compositions. PERMANOVA and NMDS analyses
were performed with the vegan package in R 4.0.0 (Oksanen et al.,
2015).

RESULTS

We collected 6,529 ant workers belonging to 23 species, all of
them native (Table 2). The recorded number of species per plot
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TABLE 3 | Parameter estimates and P-values for the GLM (Poisson distribution,
log link function) built for species density as a function of Log (Area), Connectivity
and the interaction Log (Area) x Connectivity.

Estimate Std. error  z-value Pr(>|z])
Intercept 3.025 0.651 4.646 <0.0001
Log (Area) —0.126 0.158 —-0.797 0.425
Connectivity —-1.110 1.387 —0.800 0.424
Log (Area) x Connectivity, 0.252 0.351 0.720 0.472

N = 20 fragments.

TABLE 4 | Akaike Information Criterion corrected for small sample sizes (AICc)
assessed for the models estimated for species density, total number of
occurrences and species richness (for 44 occurrences) as function of the different
combinations of the predictors Log (Area) Connectivity and Log (Area) x
Connectivity.

Predictors Species density Total number Species richness
occurrences

Log (Area), Connectivity, 101.69 154.28 81.88

Log (Area) x Connectivity

Log (Area), Connectivity 99.06 155.44 80.53

Log (Area) 96.66 164.98 78.95
Connectivity 96.41 166.33 77.91

Null model (no predictors) 76.30 172.24 76.39

In bold the AICc indiicating the most plausible models estimated for the different dependent
variables. N = 20 fragments. Models were GLM with Poisson distribution and log link
function for Species density and Total number of occurrences, and Gaussian distribution
and identity function for Species richness.

TABLE 5 | Parameter estimates and P-values for the GLM (Poisson distribution,
log link function) built for total number of occurrences as a function of Log (Area),
Connectivity and the interaction Log (Area) x Connectivity.

Estimate Std. error  z-value Pr(>|z|)
Intercept 5.339 0.278 19.167 <0.0001
Log (Area) —0.262 0.069 —3.821 0.0001
Connectivity —1.492 0.595 —2.507 0.0122
Log (Area) x Connectivity 0.312 0.152 2.057 0.0397

(species density) was, on average, 86% of the species richness
expected by the ICE estimator (Table 1). The ratio between the
number of detected and expected species showed no correlation
with connectivity (Pearson r = 0.01) or with the area of the
remnant (Pearson r = 0.17), so we can assume no sampling bias
associated with the fragmentation condition of the remnants.

Species density ranged from 9 to 17 species per plot (average
11.80, s.d. = 1.94), and did not respond to any of the predictors
(Table 3). None of the combinations of the predictors produced
a plausible model, according to the AICc (Table 4).

The total number of occurrences per plot ranged from 44 to 96
(mean = 65.10, s.d. = 13.33), and responded significantly to log
(Area) and connectivity both in in the complete model (Table 5)
and in the model without interaction. AICc was very similar for
the two models (Table 4). The percentage of explained residual

deviance (D?) was 52.7% for the complete model and 44.1%
for the model without interaction. Opposite to our expectations,
the effects of both connectivity and Log (Area) were negative
(Figure 2), suggesting that neither the reduction of fragment
size nor the increase in isolation imply a loss of habitat quality
for ants. Moreover, the significant interaction suggested that
the increase in total number of occurrences observed for small
remnants was greater if they were more isolated.

Species richness was estimated for a sample size rarefied down
to 44 occurrences (the lowest observed value for any of the plots),
using individual-based rarefaction curves (Figure 3). Estimated
values ranged between 8.75 and 15.15 species (mean = 11.08, s.d.
= 1.49). Similarly to species density, rarefied species richness did
not respond to any of the considered predictors (Table 6), and the
null model was the one that showed the smallest AICc (Table 4)

The NMDS/PERMANOVA approaches also did not reveal
any trend in relation to patch size or connectivity (Table 7,
Supplementary Figure 1).

DISCUSSION

According to the expectations of the classical theory of ecological
fragmentation, too small and isolated habitat remnants should
undergo an accelerated species loss (Andrén, 1994; Ewers and
Didham, 2006). In our case study, however, neither ant species
density, nor richness or community composition, responded to
fragment size or connectivity. A possible first explanation could
be related to the fact that processes causing species loss in habitat
remnants (Levins, 1969; Andrén, 1994; Ewers and Didham, 2006)
are not necessarily linear, and, even more, they could appear
below certain thresholds of size or isolation or combination
(Villard and Metzger, 2014). Therefore, the hypothetical negative
effects of fragmentation on ant communities would only be
detectable in remnants smaller and more isolated than those here
considered. Furthermore, the total number of occurrences not
only did not decrease but tended to increase in small and less
connected patches, making clear that these fragments do not
undergo any loss of quality as ant habitats.

These results contrast with those obtained for other organisms
in the same region and type of agroecosystem. For example,
Matesanz et al. (2009) and Matesanz et al. (2015) observed
clear population-level effects for plants, and at the community
level, other studies have reported reductions in species density
for plants (Luzuriaga et al, 2018) and lichens (Concostrina-
Zubiri et al., 2018). Fragmentation in gypsum agroecosystems
also seems to negatively affect species richness of pollinator
communities, as well as the frequency, diversity and topology of
pollination interactions and network metrics (Santamaria et al.,
2018). Fragmentation in this type of agroecosystem in drylands
also influenced the risk of seed predation, although its effect was
not straightforward and it appeared as highly dependent on each
plant-animal interaction (Rabasa et al., 2005, 2009; Moncalvillo
etal,, 2021). Although we do not have studies specifically aimed at
analyzing the effects of fragmentation on ants in Mediterranean
agroecosystems, it has been observed that the presence of certain
keystone structures is sufficient to provide a high number of ant
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FIGURE 2 | Effects of Log (Area) (A) and Connectivity (B) on Total number of occurrences estimated by the complete model (including the interaction; see Table 5).
Shaded regions represent 95% confidence intervals. The model was a GLM with Poisson distribution and log link function.
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species (Hevia et al., 2013; e.g., grassland corridors in agricultural
landscapes: Azcarate et al.,, 2013). In other environments, such
as forest remains in urban matrices (Melliger et al., 2018) or
grassland remnants in forest matrices (Dauber et al., 2006), the
capacity of ants to maintain relatively rich communities in small
fragments has also been highlighted. Ants, therefore, would show
less vulnerability to fragmentation than other groups.

This apparently surprising ability to resist in small, relatively
isolated patches may be related to some ant features. Possibly,
the eusocial organization provides mechanisms to manage
the greater environmental stochasticity of small patches. For
example, most ant colonies are long-lived, and can maintain
food reserves that buffer fluctuations in resource availability
(Davidson, 1977), as well as regulate the size of their colonies, or
modify the task allocation of workers depending on conditions
(Gordon and Mehdiabadi, 1999). Ants are in general central-
place foragers (Harkness and Maroudas, 1985), so their resource-
catching strategy is based on the use of a particular territory, not
necessarily a large one (Azcdrate and Peco, 2003). It is likely,
therefore, that the patch size threshold below which negative
population effects appear will be lower for ants than for other
animal groups such as bees, whose foraging depends on spatial
scales that can be very large (Greenleaf et al., 2007). Moreover,
most ant species produce winged sexuals, which gives them
a dispersal ability that may be enough to minimize isolation
between fragments (Dauber et al., 2006). Dispersal ability is often
complemented by other effective strategies to deal with habitat
patchiness, like poligyny or multiple queening (e.g., Plagiolepis,
Proformica, Solenopsis, Tapinoma) or flexible modalities of
nuptial flights (Bourke and Heinze, 1994). In addition, foraging

strategies may be completed in the apparently hostile matrix
(especially in the case of granivores) were weeds and crops can
provide some valuable resources (Baraibar et al., 2009, 2017).
Matrices in fragmented landscapes are not necessarily hostile
for all species, and in fact, management of the matrix has
often been pointed out as a key factor for the conservation of
the biodiversity within fragments (e.g., Armbrecht et al., 2001).
Lastly, resistance to habitat loss can be higher for generalist
species (Armbrecht et al.,, 2001; Marvier et al., 2004), and we
should not discard that the regional species pool is impoverished
since long ago, so that today it is dominated by generalist ants,
more tolerant to fragmentation. We think, however, that this
explanation is unlikely, given the elevated species densities found
in this study (higher than those observed in nearby locations,
Flores et al., 2018), and the fact that some of the species recorded
in our samplings are not so common in the Iberian context
(Temnothorax formosus, T. universitatis, and Goniomma blanci).

Particularly noteworthy is the unexpected negative effect
exerted by fragment area and connectivity on the total number
of occurrences per plot, a result that was also observed when
repeating the analysis with the total number of workers per
plot (Supplementary Table 1). Interestingly, this increase in
abundance for small and poorly connected patches was not
linked to any change in species composition, suggesting a general
effect favoring ants as a group. One possible explanation could
be that these remnants have a higher edge effect, which may
have more positive than negative consequences on ants (e.g.,
possibility of foraging in matrix habitats, higher productivity of
edges especially in agroecosystems where farmlands are fertilized,
etc.; Brascheler and Baur, 2003; Fahrig, 2017; Fahrig et al., 2019).
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FIGURE 3 | Species richness estimated from rarefaction curves for each remnant. Species richness (horizontal lines) was estimated as the expected number of
species for 44 occurrences (vertical lines), which was the minimum number of occurrences observed in any of the 20 plots (F17). Occurrence-based rarefaction
curves (Gotelli and Colwell, 2011) were estimated by averaging 500 resamples with replacement. Bars are £95%confidence intervals.

However, this explanation should be taken with caution since  be related to the existence of refuge effects of small and isolated
plots were located at the same distance from the field edge (10m)  patches against predators or parasites (Fahrig, 2017). In any
regardless of fragment size. Other plausible explanation would  case, the observed effect would be limited to the range of sizes
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TABLE 6 | Parameter estimates and P-values for the GLM (Gaussian distribution,
identity link function) built for species richness rarefied to 44 occurrences as a
function of Log (Area), Connectivity and the interaction Log (Area) x Connectivity.

Estimate Std. error t-value Pr(>[t])
Intercept 16.404 3.261 5.030 0.0001
Log (Area) —1.196 0.782 —1.528 0.1460
Connectivity —10.589 6.848 —1.546 0.1416
Log (Area) x Connectivity 2.390 1.722 1.388 0.1842

N = 20 fragments.

TABLE 7 | Parameter estimates and P-values for the Permanova analysis built to
test the effect of area and connectivity on ant species community composition in
20 habitat remnants.

Df F. Model R? Pr(>F)
Area 1 0.79 0.04 0.553
Connectivity 1 2.01 0.09 0.129
Area x Connectivity 1 2.51 0.12 0.063
Residuals 16 0.75

We used frequency data to estimate species composition and calculated dissimilarity
matrices based on Bray Curtis distance.

analyzed here, and we cannot exclude a hypothetical unimodal
response if smaller and more isolated remnants were included in
the study. Finally, it is also interesting that the increase in ant
abundance in small and isolated patches did not translate into an
increase in species density, suggesting that the rise in abundance
is experienced mostly by common species.

In the context of a generalized loss of habitat and
fragmentation exacerbation, protection of small and isolated
habitat remnants has traditionally been rarely considered in
favor of large patches (SLOSS debate), even though the same
amount of habitat spread over many small patches can result in
more biodiversity than when it is grouped into one or very few
large areas (Fahrig, 2017; Fahrig et al., 2019). Recently, however,
several studies have highlighted the important role of small
reserves and habitats in harboring biodiversity (Wintle et al.,
2019; Volenec and Dobson, 2020), which advises revisiting the
SLOSS debate. While there is no doubt that larger patches host
higher numbers of species in absolute terms, this effect is at least
in part a consequence of random sampling effects and species—
area relationships, and does not necessarily imply negative effects
attributable to fragmentation per se (Fahrig, 2017; Fahrig et al.,
2019), nor a higher conservation value for the area gathered
in large patches. There are also other mechanisms by which
habitat distribution in many smaller patches can provide positive
effects for biodiversity conservation and ecosystem services.
These mechanisms include the provision of spatial subsidies
by the matrix (Ewers and Didham, 2006), positive edge effects
(Ewers and Didham, 2006; Fletcher et al., 2018), landscape or
habitat complementarity (Fahrig, 2017) or a general increase
of beta diversity in heterogeneous landscapes (Andrén, 1994),
which ultimately means that fragmented landscapes often have
more diversity than non-fragmented ones when considered as
a whole. A higher fragmentation (therefore, a higher habitat

patchiness) can also produce positive effects at the population
level, by spreading the risk of extinction over a large number
of sites, thus reducing the risk of simultaneous extinction
of all local populations, stabilizing predator—prey or host—
parasitoid systems, or by reducing intraspecific and interspecific
competition (Fahrig, 2017). In addition, the existence of a high
number of small fragments in the territory can contribute to
overall landscape connectivity by acting as key “stepping stones”
for species able to move long distances (Herrera et al., 2017).

Finally, it should be noted that the small, poorly connected
patches of the dry agroecosystem studied here were not only
effective in maintaining ant communities, but also showed
high diversity values when compared to geographically close
areas. Thus, for example, Flores et al. (2018) analyzed ant
communities in grassland ecosystems of central Spain along a
wide environmental gradient using the same protocol as the
one followed here, and found that species density ranged from
2 to 15 species per plot, well below the 9-17 species per plot
found in our area. The cited study estimated the expected species
density as a function of altitude, obtaining values from 7 to
8 species per plot for the altitude corresponding to our study
area (700m), also below the mean value of 11.8 found here.
Therefore, as with other groups (Escudero et al, 2015), the
high conservation value of gypsum ecosystems must also be
highlighted in the case of ants. Furthermore, this group plays
a central role in the functioning of terrestrial ecosystems, and
participates in the delivery of a number of ecological services
(Del Toro et al.,, 2012), so maintaining an appropriate mix of
species rich fragments interspersed with croplands is of particular
interest. In Mediterranean agroecosystems, the service of weed
control stands out, and is mainly performed by ants of the
genus Messor (Baraibar et al., 2009), which are very present
in the communities studied here. Other important services of
direct interest to agriculture are pest control, soil movement,
decomposition and nutrient cycling (Del Toro et al., 2012, 2015).

In summary, this study corroborates that the ecological
phenomena related to landscape configuration are complex and
can give rise to very different outcomes depending on the group
and the type of environment. It is therefore necessary to pay
attention to the particularities of each case, and to be aware of
the possible importance for biodiversity conservation of small
ecological fragments or structures, even though at first sight they
may not seem important, and especially when we are talking
about organisms that are valuable for the provision of ecosystem
services. This seems to be the case of ants in Mediterranean
gypsum agroecosystems, where we have observed that small and
weakly connected patches do not present losses of diversity with
respect to larger patches and higher connectivity. As a take home
message, we also want to recommend the maintenance of the
smallest remnants of natural habitats because they can shelter
important levels of biodiversity completing the list of services of
any agroecosystem.
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