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ARTICLE INFO ABSTRACT

Keywords: Local species assemblages are likely the result of habitat and landscape filtering. However, there is still limited
Community assemblage knowledge on how landscape functional connectivity complements habitat attributes in mediating local species
Metacommunity

assemblages in real-world fragmented landscapes. In this study, we set up a non-manipulative experimental
design in a standard production forest to demonstrate how functional connectivity determines the spatial dis-
tribution of a bird community. We test single- and multispecies spatially explicit, landscape functional con-
nectivity models framed within the circuit theory, considering also patch attributes describing habitat size and
quality, to weight their effects on species occurrence and community assemblage. We found that single-species
functional connectivity effects contributed positively for occurrence of each species. However, they rarely pro-
vided competing alternatives in predicting community parameters when compared to multispecies connectivity
models. Incorporating multispecies connectivity showed more consistent effects for all community parameters,
than single-species models, since the overlap between species’ dispersal abilities in the landscape shows poor
agreement. Habitat size and quality, though less important, were also determinant in explaining community
parameters while possibly relating to the provision of suitable nesting and foraging conditions. Both habitat and
landscape filters concur to govern community assembly, though likely influencing different processes: while
landscape connectivity determines which species can reach a patch, habitat quality determines which species
settle in the patch. Our results also suggest that surrogating multispecies connectivity from single species has
potential to source bias by assuming species perceive landscape and its barriers similarly. Inference on this issue
must be gathered from as much species as possible.

Production forests
Forest management
Habitat quality
Landscape filtering

1. Introduction (structural connectivity, Calabrese and Fagan, 2004), and the ability of a

species to engage in such dispersal movements (functional connectivity,

The ongoing decline of biological diversity in present landscapes is
mostly driven by the loss and fragmentation of habitats (Haddad et al.,
2015). As landscapes change, natural or semi-natural habitat patches are
increasingly scattered and isolated, with wildlife populations becoming
increasingly disconnected in the remnant suitable patches.

Landscape connectivity relates to both the capacity of the landscape
to hold viable routes for dispersal through an inhospitable matrix

Tischendorf and Fahrig, 2000). Enhancing and restoring landscape
connectivity (Taylor et al., 1993) may facilitate dispersal movements
(Haddad et al., 2003), the colonization of newly available patches
(Haddad et al., 2015), and gene flow between populations (Whitlock
et al., 2000), thus reducing the risk of local extinction (Gonzalez et al.,
1998; Bennet et al., 2006; Staddon et al., 2010). Yet, the assessment of
functional connectivity remains challenging (Correa Ayram et al., 2016)
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if only to incorporate the movement ability of species, neglected in
structural connectivity approaches. In particular, there is still limited
insight on how landscape connectivity mediates local multispecies as-
semblages in highly fragmented landscapes (Ryberg and Fitzgerald,
2016; Fletcher et al., 2016).

Identifying the mechanisms governing multi-species assemblages
may allow ecologists to understand the spatial and temporal variation of
the diversity and composition of local communities (Cornell and Har-
rison, 2014). These mechanisms may be dependent on a set of habitat
filters that operate locally selecting against certain species, thus deter-
mining the set of species likely to occur at a given patch. For birds, these
features are often related with vegetation structure (e.g., Lindenmayer
et al., 2012; Martin and Proulx, 2016; Salgueiro et al., 2018a), inter-
specific interactions (Klingbeil and Willig, 2016), or human disturbance
(e.g., herbicide use, Kroll et al., 2017). However, landscape effects are
expected to also play a relevant role in a context of high fragmentation
or isolation (Fahrig, 2002; Antongiovanni and Metzger, 2005; Stouffer
etal., 2006). Because landscapes offer different permeability to different
species, local assemblages in isolated patches should vary according to
species dispersal ability (Liu et al., 2018) and sensitivity to barriers
(Breckheimer et al., 2014). If patches are highly connected for most
species, we should expect higher species richness or diversity, as most
species are able to reach those patches. Otherwise, landscape will filter
out species for which the unsuitable matrix restricts their movements,
and the number of species will be a subset of the regional pool of species.
Yet, disentangling the effects of landscape connectivity from other key
factors for species occurrence (e.g., habitat quality) is still lacking in
literature (Fletcher et al., 2016).

Many studies on multispecies connectivity struggle with limitations
and much of the evidence today is unclear (Frey-Ehrenbold et al., 2013;
Kang et al., 2015), and mostly relying on indirect inference (Jgnsson
et al., 2016). For instance, studies often approach the structural con-
nectivity of the landscape to measure how it shapes the spatial structure
of metacommunities (e.g., Velazquez et al., 2019; Lindenmayer et al.,
2020). Because these approaches solely lie on the spatial arrangement of
habitat elements, they often assume that different species have the same
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ability to move between patches of suitable habitat, which offers a
simplified and sometimes unrealistic view of the effects of connectivity.

In this study, we used a non-manipulative experimental design tak-
ing advantage of the patchiness of a landscape subjected to long-
standing forestry activity. The main aim is to examine how functional
connectivity determines the spatial distribution of a bird community
inhabiting a fragmented landscape. We focus on a single, most scattered
habitat and its distinctive bird community to test single- and multispe-
cies connectivity models on species occurrence and community assem-
blage. By depicting patch size and habitat quality from all patches and
mapping landscape attributes, we compare habitat attributes and land-
scape filtering effects on local communities (environment and dispersal
filters, respectively, sensu Cadotte and Tucker, 2017). We expect that
functional connectivity will be able to define species-specific dispersal
abilities, thus proving effective predictors of spatial distribution for
species. We hypothesize that local community composition and diversity
will respond to the cumulative ability of the species (multispecies con-
nectivity) to reach a patch (landscape filtering hypothesis). We test this
hypothesis by comparing models accounting for multispecies connec-
tivity and models retaining only single-species connectivity or neglect-
ing this component. Overall, we discuss the effectiveness of multispecies
connectivity over single-species approaches, as most species show
different dispersal abilities or habitat requirements.

2. Material and methods
2.1. Study area

The study was carried out in Center-West Portugal (centroid:
39°38'N 9°02'W), covering an area of 11,121 ha (Fig. 1). The landscape
is dominated by standard production forest involving intensive forestry
activities (e.g., logging, plantation, thinning, and understory manage-
ment) of maritime pine (Pinus pinaster) and non-native plantations
(Eucalyptus sp.). Each patch is managed under a rotational scheme of
clear-cut patches where shrubs prevail (normally persisting for 5 years;
11.1% cover), newly planted forests subjected to regular thinning

38.0°N 39.0°N 40.0°N 41.0°N 42.0°N
Z

37.0°N

@ Open-shrub points
¢ Other land uses points

I Shrubland

I Mature forest

" Young plantations

[ Urban areas
Other land uses

Fig. 1. Location and detailed land uses of the total and central study areas where open shrubland habitats are embedded in a forest dominated matrix.
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(18.0% cover), and mature forests (with stands reaching 50-80 years for
pines — 41.7% cover; and 9-10 years for eucalypts — 7.6% cover). This
resulted in a heterogeneous landscape mosaic of well-defined even-aged
stands, which vary in composition, density, and age. Because forest is
the dominant land use in the landscape, open-shrub patches exhibit a
scattered distribution embedded within the forest matrix (Fig. 1).
Consequently, open-shrub patches are highly susceptible to fragmenta-
tion and isolation effects, presenting the ideal conditions to test for the
effects of connectivity on species distribution. Furthermore, they sustain
a specialized bird community confined to shrublands that may perceive
forest as a barrier to dispersal due to visual obstruction (e.g., Prevedello
etal., 2011). Consequently, bird species must rely mostly on habitat cues
to engage in dispersion.

2.2. Focal species surveys

We focused our effort in sampling the shrubland bird community.
Bird data was obtained through 10 min point counts (Bibby et al., 2000)
with a distance limit of 100 m. A total of 203 point counts were per-
formed on the most representative land uses for the entire study area
(Supplementary Material A), 120 of which covered every open-shrub
patch (minimum patch size: 0.226 ha) located at the center of the
study area (central area totaling 3500 ha, Fig. 1).

Sampling took place during the breeding season (between April and
May 2014), when both resident and migratory species are more con-
spicuous. Surveys were carried out by one observer (PAS) during the
period of highest detectability (6:00-11:00 a.m., Palmeirim and Rabaca,
1994) and with favorable weather conditions (Bibby et al., 2000). Bird
abundance was gathered for each species seen or heard, but fly-over
individuals were not included in the analysis.

We visited each survey point once to enhance the statistical power
and representativeness of the study area (e.g., Loos et al., 2015). To
avoid bias from false absences, we calculated the detectability by means
of single visit occupancy models (Lele et al., 2012) using the package
“detect” (Solymos et al., 2016) (see details in Supplementary Material
A). After this procedure, we retained four bird species showing high
detectability and representativeness in the study area for subsequent
analyses: Linnet (Linaria cannabina), Stonechat (Saxicola rubicola),
Dartford Warbler (Sylvia undata) and Wren (Troglodytes troglodytes).

2.3. Environmental variables

We used two types of environmental variables: (1) a set of spatially
explicit landscape variables, and (2) a set of local vegetation structure
and composition to assess habitat quality (see Supplementary Material B
for a detailed description).

2.3.1. Landscape variables

Landscape variables relate to landscape composition and configu-
ration metrics acquired from GIS software (version 2.2., Quantum GIS
Development Team, 2013). A patch-based conceptualization was used
since it provides a suitable and informative description of landscape
attributes (Salgueiro et al., 2018b). We produced a thorough land use
map (minimum patch size: 100 m?) using Bing Maps aerial photography
(year: 2014; resolution: 30 cm) with field ground validation. We
extracted variables describing both landscape composition and
configuration. Compositional parameters regarded the proportions of
the main land uses (open shrubland, mature pine forest, non-native
forest, and young plantations) and distance to other land uses (urban
areas) or roads, and Shannon’s landscape diversity index. Configuration
patterns were determined by calculating the number of patches and edge
length (considering different edge contrast between the vertical struc-
ture of the vegetation of adjacent patches; Ries et al., 2004). Each
candidate variable (except for distances) was measured in two buffer
widths centered around the point count (100 m and 250 m) to consider
different spatial scales to which species may respond (Morelli et al.,
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2.3.2. Habitat quality

We described habitat quality as the characteristics of the patch
(patch size) and vegetation that relate with the provision of appropriate
environmental conditions (sensu Mortelliti et al., 2010) for bird species
to nest and forage. Density (cover) and structure (height and variation of
height) of vegetation layers (shrubs and trees) were sampled from field
measurements (see details in Supplementary Material B).

Additionally, we identified shrub and tree species occurring at each
site, thus providing information on the composition of vegetation. We
applied a hierarchical clustering technique weighing trait similarity
among plant species using package “vegan” (Oksanen et al., 2017) to
reduce the amount of plant species with similar traits into groups
providing similar ecological functions to birds (Soderstrom et al., 2001)
(Supplementary Material B). We estimated vegetation density by pool-
ing together all species belonging to the same group, the most relevant
being: Trees, Calluna-Erica heath shrublands, Thick thorny shrubs, Sand
dunes shrubs.

2.4. Functional connectivity modelling

All modelling procedures were performed in R (version 3.0.2., R
Development Core Team, 2013) unless stated otherwise.

2.4.1. Species distribution models

We built spatially explicit, functional connectivity models for each
species based on circuit theory (McRae et al., 2008). We relied on species
distribution models (SDM) to infer landscape permeability. This
approach has been proved to perform well as a cost-effective method to
build functional connectivity models when data on movement or
dispersal ability is lacking (Keeley et al., 2016; Ahmadi et al., 2017;
Valerio et al., 2019).

For SDM, we modelled the occurrence (presence/absence) of each of
the four focal species in response to the set of spatially explicit landscape
variables (GLM with binomial error distribution, logistic link function)
for the entire study area. All variables were standardized (mean of 0 and
standard deviation of 1), in order to reduce the order of magnitude
between them and have comparable regression coefficients. Each vari-
able fit was initially screened individually (univariated models) while
considering the linear and quadratic predictor for each of the two buffer
distances. We also evaluated interactions between shrub understory
height and main land uses, since we expected that responses would
change according to understory’s vertical structure. Variables were
selected for the most parsimonious model (lowest AICc) following a
stepwise selection approach using MASS library (Venables and Ripley,
2002). The model ran on a training subset of data (66%), and was tested
on the remaining subset. The area under the curve (AUC) was calculated
in the testing subset for model validation. We repeated this procedure
100 times, and averaged the results (coefficients) of all models. All four
species showed a close relation to shrubland habitats, as we found
positive responses of the species to either shrub cover or height (see
Supplementary Material D). The spatially explicit SDM (10 m resolution)
was the interpolation of the averaged predicted values for the entire
landscape.

All models revealed a reasonably high ability to predict species
occurrence (AUCpinnet = 0.86 + 0.06; AUCsionechat = 0.84 + 0.05;
AUCpwarbler = 0.82 + 0.04; AUCwren = 0.74 + 0.04), indicating that
selected variables were good predictors in describing potential suitable
areas for each species.

2.4.2. Landscape resistance estimation

Landscape resistance (the degree to which a landscape restricts
movements) was computed as an inverse linear function of predicted
probability of occurrence. However, because such approaches are
generally too conservative and species tend to be less demanding
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regarding habitat requirements when dispersing, we additionally
considered two negative exponential functions to transform SDM into a
resistance matrix, following Trainor et al. (2013):

R=100 99+ ¢ " )]
1—ec

The resistance (R) is an exponential transformation of the predicted
probability of occurrence from the spatially explicit SDM (H) deter-
mined by a factor (c¢) which defines the non-linearity of the relation
between resistance and habitat suitability. As c¢ increases, the steepness
of the curve increases, meaning that resistance is lower at low suitability
values. We generated three resistance surfaces for each species, using
three transformation values: ¢ = 0.25 for a linear inverse proportion, ¢ =
2 for a slight non-linear relation, and ¢ = 8 for a steeper non-linear
relation (e.g. Valerio et al., 2019).

2.4.3. Modelling procedure

We created dispersal models based on circuit theory, which repre-
sents animal movement in the form of an electrical network (McRae
et al., 2008) by simulating multiple pathways for movement between
nodes over a resistance surface.

For connectivity modelling purposes, we defined the nodes inde-
pendently from our samples by extracting patches from the SDM with
high probability of occurrence. This avoided high estimates of connec-
tivity around point samples, which could bias our results. We initially
determined the cut-off point by looking for the threshold that maximized
the percentage of correct classifications (presence/absence) (Manel
et al., 2001; Liu et al., 2005). We then extracted the core areas — high
quality habitat patches, excluding patches greatly subjected to edge
effects due to their shape (e.g. elongated patches; Lindenmayer, 1994).
We followed Puddu and Maiorano (2016) on these calculations by
operating a Morphological Spatial Pattern Analysis on the cutoff map in
the Guidos software (Vogt, 2016). The resulting habitat patches were
transformed into centroids while retaining the patch size attribute.
Minimum patch size was set as the minimum area needed to hold a
bird’s territory (see Supplementary Material C).

Before connectivity modelling, we filtered the number of possible
node interactions to reduce overestimation of connectivity by neglecting
unlikely links. We inferred functional distances constrained by each of
the resistance matrices using the package “gdistance” (van Etten, 2017)
and used them to calculate the probability of connectivity (PC, Saura
and Pascual-Hortal, 2007) between all pairs of nodes using the ‘distance’
parametrization in the Conefor software (version 2.2, Saura and Torné,
2009). Node location weighed by its size, and median distance of
dispersal of each bird species (Supplementary Material C) were used as
set-ups for the calculation of PC. All pairwise nodes showing PC > 0.5
were considered connected, i.e., we assumed that a node was reachable
from its pair. All remaining links (PC < 0.5) were discarded from further
analysis.

Finally, to map species-specific functional connectivity we used the
Gflow software (version 0.1.7, Leonard et al., 2016). Current was set to
flow between each pair of connected nodes, while weighing the
conductance (the inverse of resistance matrices). After the combinations
of likely connected nodes were calculated, current density was summed
into a single cumulative map representing the probability of successful
dispersal of an organism (McRae et al., 2008; Koen et al., 2014). This
procedure was performed for each of the four focal species times the
three resistance matrices (exponential functions), leading to 12 func-
tional connectivity models.

2.5. Data analysis

Firstly, we compared the effectiveness of the three functional con-
nectivity models (FCM) accounting for each scenario of resistance (c) in
explaining each species distribution. We used bird abundance data
gathered from open-shrub patches within the central area (Fig. 1) of the
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modelling range, thus avoiding several misconceptions of landscape
connectivity occurring at the limits of study areas (Koen et al., 2010; Liu
et al., 2018). We performed GLMs (Poisson error distribution, log link
function) to determine the effects of each functional connectivity sce-
nario on bird abundance, in comparison with habitat quality descriptors.
Four models were obtained for each of the four focal species, one just
composed of habitat quality descriptors selected through a univariated
modelling approach, and three others additionally holding a functional
connectivity scenario for each considered c (see Eq. (1)). For each spe-
cies, we compared AIC, explained deviance and r-squared values to
assess the fit of the models and determined which scenario improved the
model ability to predict bird abundance. Additionally, we calculated the
relative importance of each variable through a model averaging
approach (Burnham and Anderson, 2002).

Afterwards, we determined if connectivity would influence shrub-
land bird community-level parameters by testing its effects on species
richness, overall abundance, dominance of the most abundant species
(1st ranked), and Simpson’s diversity considering the entire shrubland
community. The effectiveness of single- and multispecies connectivity
models was tested for each case using GLM (Poisson error distribution
for the first two, and Gaussian for both the later). Single-species con-
nectivity models consisted on the best resistance scenarios selected from
the previous species-specific analyses. Multispecies connectivity model
was defined as the joint cost of shrubland bird species to cross a cell,
obtained by averaging the values of the best single-species connectivity
scenarios (the values were normalized to confer the same weight
regardless of the species). We also tested the influence of the coefficient
of variation between all four connectivity models to check the effects of
uneven values on community parameters. Lower values indicate that all
four species perceived a given cell with the same cost; otherwise, the
cells offered different resistance. We used the same modelling procedure
and analyzed the same parameters as for single species models.

We further examined if species showed similar dispersal abilities by
overlapping connectivity models. For two species sharing similar
dispersal abilities, a higher probability of having overlaid conductance
paths is expected, and thus a higher proportion of spatial overlap. We
measured spatial overlap firstly by calculating the correlation between
overlaying pairs of cells of the single-species, spatially explicit func-
tional connectivity model (our proxy for dispersal ability, Jacobson and
Peres-Neto, 2010) using Pearson correlation coefficients. Secondly, we
determined the spatial overlap by calculating the proportion of area
(cells) shared by two species in relation to the total amount of area
covered by both species, above a given conductance threshold. We have
only considered cells above the normalized 0.5 value for the multispe-
cies functional connectivity model. We compared the observed spatial
overlap coefficient for each pair of species with a set of 100 random
permutations of the data, ranging the conductance threshold between
0.2 and 1 (the lower and higher species-specific normalized values of
conductance for all species). If two species agree on the same locations
for dispersal at a given threshold, then the observed spatial overlap will
be above the expected random simulations, and species show synergistic
relation (Breckheimer et al., 2014). Otherwise, species may show con-
flicting dispersal ability, i.e., the dispersal routes for one species do not
fit the other and observed overlap will be below the expected. If spatial
overlap is the same as random, then both species show an independent
relation.

3. Results
3.1. Connectivity effects on single-species distribution

In eleven out of twelve models, the inclusion of functional connec-
tivity improved its ability to predict the occurrence of each of the four
shrubland bird species, regardless of the exponential function used to
describe it (Table 1). Nevertheless, the magnitude of exponential
transformation weighed differently for some species. For Stonechat and
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Table 1

Parameter estimates used to evaluate the fit of species abundance models
(Akaike’s information criterion — AIC, and respective variation — AAIC; pro-
portion of explained deviance — ExpDev; and r-squared value — Rsq). Four
models were tested, one composed of habitat quality descriptors, and three other
additionally with functional connectivity models (FCM) for each scenario of

resistance (c).

Model Habitat Habitat + FCM Habitat + FCM  Habitat + FCM
parameters (c =0.25) (c=2) (c=8)
Linnet
AIC 175.130  157.84 157.560 166.38
AAIC 17.570 0.280 0.000 8.820
ExpDev 0.159 0.310 0.312 0.243
Rsq 0.101 0.300 0.306 0.157
Stonechat
AIC 170.350  155.460 155.560 156.650
AAIC 14.890 0.000 0.100 1.190
ExpDev 0.230 0.370 0.370 0.370
Rsq 0.188 0.296 0.279 0.255
Dartford Warbler
AIC 234.61 229.99 228.81 233.2
AAIC 5.800 1.180 0.000 4.390
ExpDev 0.379 0.432 0.442 0.406
Rsq 0.382 0.462 0.475 0.413
Wren
AIC 258.090  250.750 251.400 258.41
AAIC 7.340 0.000 0.650 7.660
ExpDev 0.115 0.200 0.194 0.130
Rsq 0.151 0.256 0.238 0.162

Values in bold signal the best model.

Wren, functional connectivity based on a resistance matrix with a linear
inverse proportion (¢ = 0.25) provided the best-fitted results, while for
Linnet and Dartford Warbler, a slight non-linear relation (c = 2) offered
a better outcome. Steeper non-linear relations (c = 8) consistently pro-
vided lower fit and less parsimonious models with AAIC > 4 for all
species. Among the most conservative approaches (c = 0.25 and ¢ = 2)
only minor differences were detected (AAIC < 2 for all species), either
providing good alternatives as the best model.

Bird species response to functional connectivity (FCM) was un-
equivocally positive in all cases (Fig. 2). This was the only variable
present at all single species models, and it also revealed high relative
importance as well (mean RVI = 0.99, see Supplementary Material E for
detailed results on model estimates).

L. N
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Other variables included in the models regarded specific re-
quirements of the species. Patch size was relevant for all species, except
Wren for which no effect was detected. All other species’ abundance
increased with increasing patch size. Regarding habitat quality, Stone-
chats were more likely to occur in patches with lower shrub heights, but
also in areas with tall shrubs if shrub height was heterogeneous (inter-
action between ShrbHeight and ShrbHeightCV). Dartford Warbler,
however, was more abundant in patches with homogeneous shrub
height. Shrub cover (either as a single factor or in interaction) showed a
positive, but equivocal, relation to Dartford Warbler and Wren abun-
dances. Linnet did not show any particular relation to the structure of
the shrub layer, being related mostly to its composition. Shrub patches
dominated by Calluna/Erica (HeathShrb) and species typical dune
vegetation (DuneShrb) tended to have negative effects on Linnet abun-
dance. Nevertheless, this species was positively favored when thick,
thorny shrubs prevailed (ThornyShrb, namely Genista, Stauracanthus,
and Ulex species). In fact, the positive effects of this group of plants
extended to other species such as the Wren and Dartford Warbler.

3.2. Connectivity effects on community assemblages

Adding multispecies functional connectivity to habitat-only models
improved the ability to predict total abundance, species richness, 1st
rank dominance and Simpson’s diversity values (Table 2). Single-species
functional connectivity rarely provided competing alternatives to the
multispecies approach, as single models consistently produced higher
AIC values (AAIC > 4 in most cases), and lower fit. Stonechat and Linnet
showed the best results among single-species functional connectivity,
even though its influence was not consistent for all parameters: while
Stonechat functional connectivity could compete as an alternative for
multispecies connectivity model for total abundance, Linnet out-
performs in all other parameters. Both Dartford Warbler and Wren
functional connectivity were poor predictors, lowering the fit of the
model, in some cases to similar levels as the habitat-only model.

Multispecies functional connectivity (FCM) showed consistent re-
sults for all parameters (Fig. 3), exhibiting unequivocal positive effects
on total abundance, species richness (Fig. 4) and Simpson’s diversity.
Concurrently, it also revealed a negative effect on 1st rank dominance.
The coefficient of variation of the single-species functional connectivity
models (FCM_cv) signaling the discrepancy of conductance between
species, was only selected in the total abundance model, but with an

¥

Linnet Stonechat Dartford Warbler Wren
PatchSize e . le-
ShrbHeight e
ShrbHeightCV —e— |
ShrbCover e
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Fig. 2. Regression coefficients (dots) and respective confidence interval at 95% (horizontal lines) for the best-fit model (considering the best functional connectivity
model for each case). Unequivocal responses (whenever the confidence interval does not cross the zero limit) are shown in blue for positive relations, and in red for
negative. Otherwise, equivocal responses are drawn in black. The plot on the right shows the cumulative stacking of the relative importance (RVI) of each variable for
each of the species. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 2

Journal of Environmental Management 284 (2021) 112066

Estimated values for each of the parameters used to determine the fit of the model to community’s parameters (Akaike’s information criterion — AIC, and respective
variation — AAIC; proportion of explained deviance — ExpDev; and r-squared value — Rsq).

Model Parameters Habitat Habitat + FCMnnet Habitat + FCMsonechat Habitat + FCMp warbler Habitat + FCMwren Habitat + FCMyultispecies
Total abundance
AIC 419.70 408.65 406.82 413.12 420.78 403.88
AAIC 15.82 4.77 2.94 9.24 16.90 0.00
ExpDev 0.209 0.308 0.321 0.274 0.216 0.359
Rsq 0.203 0.308 0.317 0.274 0.206 0.360
Species richness
AIC 342.72 335.76 337.21 338.58 344.23 333.34
AAIC 9.38 2.42 3.87 5.24 10.89 0.00
ExpDev 0.153 0.293 0.270 0.249 0.161 0.331
Rsq 0.154 0.305 0.272 0.253 0.157 0.339
1st rank dominance
AIC 16.64 8.72 10.42 15.17 13.68 5.53
AAIC 11.11 3.19 4.89 9.64 8.16 0.00
ExpDev 0.102 0.183 0.169 0.131 0.144 0.207
Rsq 0.102 0.183 0.169 0.131 0.144 0.207
Simpson’s diversity
AIC 3291 26.83 27.20 31.86 30.64 23.33
AAIC 9.59 3.51 3.88 8.53 7.31 0.00
ExpDev 0.148 0.210 0.207 0.172 0.181 0.235
Rsq 0.148 0.210 0.207 0.172 0.181 0.235
Values in bold signal the best model.
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Fig. 3. Regression coefficients (dots) and respective confidence interval at 95% (horizontal lines) for the best-fit model (considering the multispecies connectivity
model for each case) for community parameters. Unequivocal responses (whenever the confidence interval does not cross the zero limit) are shown in blue for
positive relations, and in red for negative. Otherwise, equivocal responses are drawn in black. The plot on the right shows the cumulative stacking of the relative
importance (RVI) of each variable for each community parameter. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

equivocal meaning and a poor predictive power. The abundance of dune
(DuneShrb) and thorny shrubs (ThornyShrb) were also consistent be-
tween parameters, revealing the same trends as functional connectivity.
However, functional connectivity singled out as the most important
variable (RVI = 1.00 in all parameters, Supplementary Material F) while
dune shrubs exhibited lower importance (RVI ranged between 0.73 and
0.85) and thorny shrubs showed less consistent values (RVI = [0.87,
1.00]). The amount of habitat (PatchArea) was also an important feature
(RVI = [0.46, 1.00]) explaining community parameters, though it
showed inconsistency for species richness.

All other variables related to shrub structure (height, heterogeneity
and cover) and composition (abundance of trees and Calluna/Erica heath
species) showed equivocal (near-zero) effects. Accordingly, their rela-
tive importance for the models was modest, overall ranging between
0.24 and 0.46.

3.3. Species spatial overlap

While comparing dispersal abilities between pairs of species (Fig. 4),
we found that results varied between moderate (rs = 0.62 between
Linnet and Stonechat; and rg = 0.60 between Dartford Warbler and
Wren) and weak correlations (rs = 0.24 and 0.34 between Wren and
both Linnet and Stonechat, respectively). The proportion of spatial
overlap also showed poor agreement between dispersal abilities of the
species in some cases (Fig. 5). Wren, for instance, differs from Linnet and
Stonechat dispersal abilities, because the observed agreement between
their conductances is lower than expected. Dispersal abilities of these
species were, therefore, conflicting. Dartford Warbler observed pro-
portion of spatial overlap did not differ greatly from randomized sim-
ulations. Yet, Linnet and Stonechat agreed between them, so there is a
high chance that cells with high conductance may serve both species. In
fact, both species dispersal ability overlap in 50% when considering a
threshold of conductance = 0.50. At the same threshold, these species
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Fig. 4. Multispecies functional connectivity model: red shading signal the areas of higher connectivity for all species, while blue shading mark areas of greater
resistance to movement. Circles signal richness levels along the sampled shrub patches within the central area (delimited by a dashed line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

overlapped ca. 40% with Dartford Warbler’s dispersal ability and a
modest 20-30% with Wren.

4. Discussion

Our results clearly show that multispecies functional connectivity
had a strong and positive effect on local community diversity supporting
the importance of landscape filtering structuring shrub bird community.
Highly connected patches held richer and more diverse communities as
hypothesized and in line with most of the evidence (Fletcher et al.,
2016). It is likely that landscape connectivity allows birds to move and
colonize other suitable patches supporting larger populations and
diverse communities (Martensen et al., 2008). Conversely, isolated
patches held less species possibly because low connectivity hinders in-
dividuals to move freely within the matrix. Therefore, they were more
likely to be dominated by one or few species for which landscape matrix
is more permeable. Most importantly, we found the landscape filtering
effect to be very consistent and quite relevant when compared with
other measures of patch size and habitat quality, largely accounted as
utterly important for metacommunity structure (e.g., Ryberg and Fitz-
gerald, 2016; Lindenmayer et al., 2020).

However, this does not hinder that habitat filtering still plays a sig-
nificant role in shaping local communities in our landscape. In fact, we
also detected similar (though slightly smaller) effects of patch size: more
diverse communities occurred in larger patches. The response was not
conclusive for species richness, though a tendency for larger patches to
hold more species is observable as predicted by the species-areas re-
lationships theory (Arrhenius, 1921). In a reduced bird community like
this, it is conceivable that even small patches can hold most of the
species, but this effect may likely relate to the fact that effective patch
size may not be restricted to the patch itself, but to the overall network
of functionally connected patches (Martensen et al., 2008). Thus, con-
nectivity complements habitat amount, mitigating possible effects
derived from small patch size (the fragmentation threshold hypothesis,
Fahrig, 2003).

Regarding habitat quality, local bird communities tended to be richer
and diverse in patches where dune and thorny shrubs were more
abundant. This may be related to the provision of suitable nesting and
foraging conditions. For example, concealing nests in thorny or thick
shrubs may offer additional protection from nest predation. This relation
has been described for other bird communities (Soderstrom et al., 2001)
or species (Svendsen et al., 2015), and was further observed in this study
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Fig. 5. Pairwise comparisons of the dispersal abilities of the four shrubland bird species. Top-right corner plots show the Pearson correlation between the
conductance of each pair of species. Bottom-left plots signal proportion of spatial overlap between two species, measured at different thresholds of conductance. Red
lines show the observed relation in each case. Dashed lines in spatial overlap plots signal the theoretical relationship expected from a randomized relation. Species
show synergistic relation when the red line is above the expected; otherwise, species show conflicting dispersal ability.

for species usually nesting in such conditions (Linnet, Dartford Warbler
and Wren). Conversely, this relation was not detected in ground-nesting
species (Stonechat) (Catry et al., 2010; de Juana and Garcia, 2015).
Other dune shrubs (e.g., Corema album) often provide edible berries, an
alternative resource even for mainly insectivorous birds.

Our results also show that despite all four species are sympatric each
exploits its niche in different ways. For instance, Linnet is quite adverse
to forested areas, while Wren is more tolerant as it also occurs in young
pine plantations (Supplementary Material D). Stonechats usually nest
and forage on the ground, thus avoiding patches with tall shrubs,
whereas Dartford Warbler uses dense and thick shrubs for nesting (Catry
et al.,, 2010). This could explain the modest overlap between
single-species functional connectivity routes. One may argue that using
SDM to build resistance surfaces will mostly reflect the occupied niche of
each species and may not conveniently capture dispersal habitat char-
acteristics (Revilla and Wiegand, 2008; Vasudev et al., 2015), even
though we compensated for such effects by testing several negative
exponential transformations.

4.1. Theoretical implications

Our study provides evidence that community assembly is largely
dependent on both landscape connectivity and habitat quality. Both
these attributes, however, are likely to influence different processes of
the bird assembly (Lindenmayer et al., 2020). While landscape con-
nectivity determines which species are able to reach a patch (coloniza-
tion), habitat quality determines which species are expected to settle in
that patch (occupancy). Thus, the weight that each of these attributes
assumes on community assembly will strongly depend on the intrinsic
dispersal ability of each species to move across the landscape (functional
connectivity), as well as on the capacity of the patch to provide specific
resources for the settlement of different species. For instance, while
working with mobile species in highly connected landscapes, all of them
will have the same ability to reach a patch. Because landscape will not
offer enough resistance to filter species, it is unlikely that landscape
connectivity will play a significant role in structuring local communities
(Poniatowski et al., 2016). The same may hold true for impermeable
matrices where all species are filtered and only habitat characteristics
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will determine which species occur. Conversely, as species exhibit spe-
cific requirements while traversing the matrix, the likelihood of each
species reaching a patch differs as landscape offers uneven resistance. In
this study, as landscape matrix filtered out species with lower capability
to reach a suitable patch, the composition of local communities was
highly dependent on landscape connectivity.

In this context, endorsing one focal or umbrella species to represent
an entire community (i.e., assume multiple species perceive landscape
and its barriers similarly; e.g., Cushman and Landguth, 2012) will hold
potential bias, though may seem a cost-efficient solution (but see Dilkina
et al., 2016 for budget trade-offs in designing corridors for single spe-
cies) when empirical data on movement is lacking (Fagan and Calabrese,
2006; Jgnsson et al., 2016). Functional connectivity is species-specific
(Goodwin, 2003; Jacobson and Peres-Neto, 2010) and a suitable
dispersal habitat/corridor for one species may not favor others (Koen
et al., 2014; Wang et al., 2018). Our study supports the rationale that
umbrella or focal species’ connectivity is a poor proxy of multiple spe-
cies landscape connectivity (McClure et al., 2016; Wang et al., 2018).
Although some approaches show compelling evidence on the use of
umbrella species, our general recommendation is that approaches
dealing with communities should not rely only on measuring and
enforcing connectivity for a single species (see also McClure et al.,
2016), but rather gather inference from as much species as possible.

4.2. Management implications

Many studies devoted to understand patterns of biodiversity in
fragmented landscapes are performed under controlled conditions,
using manipulated landscapes (e.g., Ferraz et al., 2007; Haddad et al.,
2015; Damschen et al., 2019), while this investigation draws evidence
from real-world landscapes. For that reason, our results provide
important recommendations for management of production forests (e.g.,
Viljur and Teder, 2018).

On-the-ground management practices should compromise with both
landscape and habitat effects. Habitat conditions should relate to the
specific requirements of the species, mainly those related with the
provision of nesting/shelter and foraging conditions. In our case,
shrubland birds benefited from thick thorny shrubs such as Genista tri-
acanthos or Ulex sp. on which they may rely for nesting. Larger patches
can hold higher levels of diversity and forest managers should promote
them instead of smaller patches, thus avoiding small-estate manage-
ment. Nevertheless, even smaller patches can hold significant amounts
of diversity if properly connected to other suitable patches.

Our landscape is quite dynamic since patches are under a rotational
scheme between short fallow periods where shrubs dominate, and
elongated periods of forest stand (up to 80 years). This will likely affect
functional connectivity patterns between years by changing landscape
structure and, concomitantly, the ability of a species to engage and
succeed in dispersion movements. For example, our data shows a
spatially uneven distribution of connectivity that perhaps could change
by adopting different management practices locally. Because connec-
tivity can be a key factor for the persistence of animal communities,
creating and managing long-lasting shrub corridors that compartmen-
talize landscape should allow the dispersal of species into newly avail-
able areas as source patches evolve into forest stands. As a positive side
effect, this could also create discontinuities in the landscape that may
prevent the control of forest threats such as summer fires.
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