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ARTICLE INFO ABSTRACT
Keywords: In order to understand species’ sensitivity to habitat change, we must correctly determine if a species is asso-
Biodiversity loss ciated with a habitat or not, and if it is associated, its degree of specialization for that habitat. However, defi-

Relative habitat use

- nitions of species’ habitat association and specialization are often static, categorical classifications that coarsely
European birds

Monitoring d.eﬁne speci(?s as eith.er.habitat spec.iaysts. or generalists and can f.ail 'to accour.1t for potenti'fll temporal or spatial
Specialist species differences in association or specialization. In contrast, quantitative metrics can provide a more nuanced
Habitat specialization assessment, defining species’ habitat associations and specialization along a continuous scale and accommodate
for temporal or spatial variation, but these approaches are less widely used. Here we explore relative habitat use
(RHU) as a metric for quantifying species’ association with and degree of specialization for different habitat
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types. RHU determines the extent of a species’ association with a given habitat by comparing its abundance in
that habitat relative to its mean abundance across all other habitats. Using monitoring data for breeding birds
across Europe from 1998 to 2017; we calculate RHU scores for 246 species for five habitat types and compared
them to the literature-based classifications of their association with and specialization for each of these habitats.
We also explored the temporal variation in species’ RHU scores for each habitat and assessed how this varied
according to association and degree of specialization. In general, species’ RHU and literature-derived classifi-
cations were well aligned, as RHU scores for a given habitat increased in line with reported association and
specialization. In addition, temporal variation in RHU scores were influenced by association and degree of
specialization, with lower scores for those associated with, and those more specialized to, a given habitat. As a
continuous metric, RHU allows a detailed assessment of species’ association with and degree of specialization for
different habitats that can be tailored to specific temporal and/or spatial requirements. It has the potential to be a
valuable tool for identifying indicator species and in supporting the design, implementation and monitoring of
conservation management actions.

1. Introduction

There is growing recognition that continued biodiversity declines
and loss of species through land-use change and habitat degradation are
occurring in a non-random manner, with specialist species’ populations
declining at faster rates compared to generalist species (Devictor et al.,
2010). Accurately assessing species’ specialization is therefore vital to
better understand their potential sensitivity to changes in the quantity or
quality of available habitat and their vulnerability to population de-
clines. However, assessments of specialization are often categorical,
with species grouped into those that are associated with or are not
associated with a given habitat, and whether those that are associated
are habitat specialists or generalists (Fridley et al., 2007; Devictor et al.,
2008, 2010; Chazdon et al., 2011; Herrando et al., 2016; Morelli et al.,
2019). Specialism itself is also characterised in two dimensions -
specialist species are defined as those whose populations are restricted
to a smaller range of habitats and/or use a small portion of the resources
that are available in a habitat (Reid et al., 2005; Smart et al., 2006;
Devictor et al., 2008). By comparison, generalist species are defined as
those that are capable of exploiting a range of habitats, and/or use a
larger number of the available resources in a habitat (Morelli et al.,
2019); here we focus on definitions of specialization that are based on
the range of habitats a species uses rather than resource use within
habitats. Assessments of habitat association and specialization are often
derived from expert opinions, observations or small-scale field studies
(Thogmartin and Knutson, 2007; Redhead et al., 2016), and are gener-
ally applied at the species level. As a result, phenotypic plasticity in
response to temporal and spatial changes in environmental conditions,
which may cause variation in a species’ realized niche and therefore in
its association with and specialization for a given habitat, can be over-
looked (Devictor et al., 2010). In addition, categorical classifications
that simply define a list of species as specialized to a given habitat fail to
acknowledge that there is variation between species in their degree of
specialization for that habitat, and that this may have an important ef-
fect on their population trends over time (Reif et al., 2008).

A number of quantitative metrics that can account for temporal and
spatial variation in association and specialization and allow between-
species comparisons have been proposed (Julliard et al., 2006; Devic-
tor et al., 2008; Reif et al., 2008; Larsen et al., 2011; Renwick et al.,
2012; Rivas-Salvador et al., 2019). Simple metrics such as Simpson’s and
Shannon’s Diversity Indices (Levins, 1968), which follow Levins’ mea-
sure of niche breadth, quantify specialization as the number of habitats
used by a species, relative to the total number of habitats available
(Levins, 1968). These metrics are both easy to explain and calculate and
can accommodate presence/absence or abundance data (Devictor et al.,
2010). However, they can be subject to sampling biases and limitations,
particularly as both indices calculate specialization on the assumption
that all habitats are equally available (Petraitis, 1979). Julliard et al.
(2006) presented an alternative approach, the Species Specialization
Index (SSI), which quantifies species’ degree of specialization for a given
habitat as the coefficient of variation (standard deviation/mean) in

species’ abundance across habitats. Low SSI scores infer that there is
little variation in a species’ abundance between habitats, and that the
species is more general in its habitat use, while high SSI scores imply
that a species has a high abundance in a limited number of habitats and
is therefore more specialized (Julliard et al., 2006; Devictor et al., 2008).
This approach minimises the limitations of Simpson’s and Shannon’s
Indices by avoiding the assumption that habitats are equally available
(Hayward et al., 2006; Julliard et al., 2006). However, SSI only gives a
single score per species, defining its overall degree of specialization
rather than its specialization for individual habitats (Julliard et al.,
2006; Reif et al., 2010). Furthermore, while SSI calculates specialization
based on variation in species’ abundance across habitats, this can pre-
sent limitations if based on only a small number of sites for that habitat
or if there are differences in sample size of sites between habitats
(Morelli et al., 2019). Renwick et al. (2012) provide an alternative to SSI
that accounts for the sample size of sites by adapting Jacobs’ Preference
Index (Jacobs, 1974), which determines species’ specialization for a
habitat by comparing the proportion of habitat used to the proportion of
habitat available. Jacobs’ Index does not account for species’ abun-
dances across habitats, but Renwick et al. (2012) adapted the index by
comparing species’ counts on sampled transects in sites of a target
habitat to species’ counts that would otherwise be found from random
surveying of sites. Species with a significantly higher proportion of
counts in sites of the target habitat were classified as being specialized to
that habitat. Whilst accounting for the number of sites sampled improves
on SSI, Renwick et al.’s (2012) approach still only allows us to determine
if a species’ is specialized or not to a habitat of particular interest. It is
not calculated in such a way that allows us to explore the extent of
species’ specialization for each individual habitat.

The relative habitat use (RHU) metric was introduced by Larsen et al.
(2011) as an alternative approach to quantifying species’ habitat asso-
ciation and degree of specialization. RHU is derived from the SSI mea-
sure but is computed for each habitat in turn, allowing for cross-habitat
comparisons. Specifically, it measures a species’ association with a given
habitat as its abundance in that habitat relative to its mean abundance in
all other habitats, accounting for both the total number of sites and the
number of sites of that specific habitat surveyed. An RHU score of less
than one infers a weak association with a habitat, one to two as a
moderate association, and greater than two as a strong association with
the habitat (Eskildsen et al., 2013). The number of habitats a species is
identified as having an association with (RHU > 1) indicates its degree
of habitat specialization. This metric can be calculated at any temporal
and/or spatial scale, allowing comparisons in RHU scores to be made
across time and space. Larsen et al. (2011) applied this approach to the
Danish avifauna, identifying sets of specialist forest birds and farmland
birds that differed to those derived from categorical-based assessments
that relied on expert opinions. The index for forest habitat based on the
RHU approach saw an overall negative trend, while the index for the
categorical-based approach remained stable over time.

In this paper, we explore the performance of RHU as a metric for
quantifying species’ habitat association and degree of specialization
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more generally and explore variation in species’ RHU scores over time.
First, we assess the relationship between RHU and existing categorical
classifications of species’ habitat associations that are derived from the
literature. We predict that species’ RHUs should be higher for those
habitats that they have been reported in the literature as being associ-
ated with than those habitats with no reported association. Second, we
assess the performance of RHU in quantifying degree of habitat
specialization by comparing RHU scores for more specialist species i.e.,
those reported in the literature as only being associated with one habitat
to more generalist species i.e., those reported in the literature as being
associated with that habitat plus one or two others, hypothesising that
species more specialized to a given habitat will have a higher RHU for
that habitat than more generalist species. We then assess the influence of
habitat association and degree of specialization on temporal variation in
RHU scores to examine its stability and consistency.

We use long-term monitoring data for breeding birds across Europe,
collected and collated under the Pan-European Common Bird Moni-
toring Scheme (PECBMS: https://pecbms.info/about-us/; Brlik et al.,
2021), to calculate RHU scores for each species. Birds are commonly
used as indicator species due to their sensitivity to environmental
changes and well-studied ecology, physiology and behaviours (Gregory
et al., 2005; BirdLife International, 2020). PECBMS data are used to
produce i) individual species population trends at Pan-European levels,
and ii) multi-species composite indices for all common bird species, and
for subsets of species categorized as being associated with forest and
farmland habitats (Gregory et al., 2005; Gregory et al., 2019). These
indices in turn support EU biodiversity targets across national, regional,
and European spatial scales (EEA, 2012; Fraixedas et al., 2020), and can
be used to monitor the effects of management practices on bird species
(Wade et al., 2013, 2014; Gamero et al., 2017). Objectively quantifying
the extent of species’ association with and degree of specialization for
different habitats could advance our understanding of individual spe-
cies’ vulnerability to environmental changes and management practices.
Furthermore, these metrics could be used to underpin the selection of
species for inclusion in multi-species indicators, for monitoring biodi-
versity health and measuring progress towards biodiversity conserva-
tion targets (Pereira and Davidcooper, 2006; Niemeijer and de Groot,
2008; Walpole et al., 2009; Larsen et al., 2011).

2. Methods
2.1. Count data

We use annual, site-level count data for breeding birds from 19
monitoring schemes in 17 countries across Europe collated by PECBMS.
In each scheme, species are surveyed using one of three possible tech-
niques; point count, line transect or territory mapping (Brlik et al.,
2021). The geographical coordinates of the centroids of each survey site
(22,710 sites in total) are known, with count data from 1998 to 2017
used here to ensure coverage from a representative suite of countries. Of
the 426 species recorded by the national monitoring schemes during this
period, we removed introduced species i.e., those introduced outside of
its historical distribution range through direct or indirect human activity
(23), and locally specific species i.e., those only found in a small area of
one country (7). Subspecies were grouped at species level (Handbook of
the Birds of the World and BirdLife International, 2020).

2.2. RHU calculation

We extracted Level three habitat data from Corine Land Cover (CLC)
2012 (Copernicus Land Monitoring Service, 2012) for circular 1 km?
areas centred on each PECBMS survey site; the habitat encompassed was
taken as representative of that covered during bird surveys at that site.
Open marine habitat was not the focus of this study, therefore any sites
containing lagoons, estuaries, and/or sea/ocean habitats (822 in total)
were removed from further analysis. In the remaining sites, habitats
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were aggregated into five broad types; forest, farmland, urban, wetland
(including inland freshwater and coastal and inland wetlands) and semi-
natural (including natural grasslands, moors, heathland, sclerophyllous
vegetation and sparsely vegetated areas) (Further details in Table A1.).
The total areas of each of these five habitat types present at each site
were calculated and sites were classified according to the dominant
habitat type, i.e., that which covered the largest area within each site.
For each species in turn, RHU in each year t was calculated as:

RHU,;, — N1 /Dis
(Nr - ”i.r)/(Pz —Pist)

where i is the ith habitat, n; = number of individuals in the ith habitat, p; =
number of sites of the ith habitat, N; = total number of individuals and P; =
total number of sites surveyed in year t (Larsen et al., 2011). To ensure only
data from potentially available sites were included in each species’ RHU
calculations, P; was calculated as the sum of all sites surveyed in year t that
fell within a 50 km radius buffer of sites occupied by a given species in year t.

For each species, RHU for each of the five habitat types were calculated
at the European level. RHU scores can be sensitive to changes in p;;
especially when P is small, so we imposed minimum site thresholds, both
across and within habitats, for a species’ inclusion in subsequent analyses.
RHU scores were only calculated for a given species in a given year if that
species was recorded in at least 35 sites in that year, with RHU for an
individual habitat only calculated if the species was recorded in at least
seven sites of that habitat type in that year (p;;). We also specified that
these site thresholds had to be met in at least three years across the 20-year
period for a species to be included in our analyses. This excluded 150
species from further analyses. For the remaining 246 species, if a species
was recorded in a given habitat in a given year, but at fewer than seven
sites, it was assigned an “n/a” RHU score for that habitat in that year. If a
species was recorded in at least 35 sites in a given year but was not
recorded at all in a given habitat, the species received an RHU score of zero
for that habitat in that year. Very high RHU scores can potentially arise if
the relative number of individuals recorded in ith habitat is particularly
high, especially if the proportion of ith habitat sites is low. We therefore
imposed a maximum RHU of five, with any scores above this assigned this
value. Setting this maximum identified species with a very strong associ-
ation with a given habitat without extremely high RHU scores skewing
results. RHU scores cannot be calculated if a species is only recorded in one
habitat type in a given year. In such instances, if the species was recorded
in at least 35 sites of that habitat type in a given year, an RHU score of five
was assigned to that species for that habitat in that year, with an RHU
score of zero for all other habitats.

We recognise that classifying sites by the dominant habitat type does
not necessarily capture the association of individual birds with specific
patches of habitat, which may or may not be the dominant habitat type.
It is therefore important to emphasise that the habitat associations re-
ported here represent associations with landscapes dominated by a
given land cover type. Habitat is a complex multidimensional concept
(Kirk et al., 2018), but CLC classes, based on remote sensing to deter-
mine land cover types is commonly used as a proxy for habitat (Lum-
bierres et al., 2021). Given the spatial and temporal scale of the data
used and that the average area covered by the dominant habitat type
was, for forest sites: 78.4% + 0.251%, farmland sites: 86.2% + 0.158%,
urban sites: 82.7% =+ 0.384%, wetland sites: 77.9% + 0.545% and semi-
natural sites: 80.0% + 0.419% (Fig. Al), any associations with a
particular land cover type identified here infer that a substantial pro-
portion of a species population is likely to be influenced by processes
and management associated with that dominant habitat. For example,
forest specialists are unlikely to be recorded in large numbers in sites
dominated by habitats other than forest, relative to their counts in forest
sites, so high RHU scores will only be derived for forest habitats. If,
however, a species is found both in large tracts of forest and smaller
forest plots or hedgerows within farmland dominated landscapes, as-
sociations with both forest and farmland habitat may be identified.
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Fig. 1. Species’ mean relative habitat use (RHU) scores for habitat(s) they were reported in the species-habitat database (Roscher et al., 2015) as being associated
with, versus their mean RHUs for habitats they were not reported as being associated with. Lines connect scores for individual species. Panels show results for species
grouped according to their reported degree of habitat specialization i.e. reported as being associated with a single habitat (Reported degree of specialization = 1),
associated with two habitats (Reported degree of specialization = 2) or associated with three habitats (Reported degree of specialization = 3).

Nonetheless, the farmland RHU score for such a species would still only
exceed one (inferring at least a moderate association) if the proportion
of total individuals found on farmland sites was greater than the pro-
portion of total sites surveyed that were defined as farmland. Thus, a
farmland RHU > 1 would only be generated i) if the species is wide-
spread across farmland sites and ii) occurs in sufficient numbers in
farmland sites containing patches of suitable habitat to offset its absence
from farmland sites that do not contain any suitable habitat. The species
is therefore likely to also be vulnerable to management or environ-
mental changes occurring in farmed landscapes (Boutin and Jobin,
1998; Gove et al., 2007).

2.3. Existing categorical classifications of habitat association

Categorical habitat associations for each species were extracted from
a database built to support the European Environment Agency’s goal to
report on the state and trends of biodiversity from an ecosystem
perspective, with ecosystems defined at the scale of habitat/biotope or
landscape and classified by Level three CLC habitats (Maes et al., 2020;
Roscher et al., 2015). This database reports species’ associations with
urban, cropland, grassland, woodland & forest, heathland & shrub,
sparsely vegetated land, wetlands and rivers & lakes, with associations
reported at the European scale and derived from multiple published
sources; Hagemeijer and Blair (1997); Tucker and Evans (1997); Mul-
larney, Svensson and Zetterstrom (2009). From this, each species was
reported as associated with a maximum of three of these habitat types.
To allow direct comparison with RHU scores, we aggregated reported
associations into the five over-arching habitat types outlined in section
2.2 and for which species’ RHUs were calculated. Specifically, we
combined grassland and cropland as farmland habitat, heathland &
shrub and sparsely vegetated land as semi-natural and wetlands and
rivers & lakes as wetland. Urban and woodland & forest (hereafter
forest) remained as they were. The number of habitats each species was

recorded as being associated with was used to define its degree of habitat
specialization. Hereafter, we refer to these associations as ‘reported’. For
example, middle-spotted woodpecker (Leiopicus medius) is reported as
only being associated with forest, great tit (Parus major) is reported as
being associated with both forest and urban habitats, and serin (Serinus
serinus) is reported as being associated with forest, urban, and farmland.
Whilst all three are reported as associated with forest, middle-spotted
woodpecker is taken as the most specialized and serin as the most
generalist of the three due to their additional habitat associations.

2.4. Data analysis

All calculations of RHU and statistical analyses were conducted using
R version 4.0.1 (R Core Team, 2020).

2.4.1. RHU versus literature-based measures for habitat association

Species” RHU scores for each habitat were calculated annually using
European-level data and averaged across all years to produce mean RHU
scores for each habitat. We first identified all species reported in the
species-habitat database (Roscher et al., 2015) as being associated with
only one habitat i.e., most specialist species and compared their mean
RHU for that habitat with their mean RHU across the other habitats for
which scores were available. We then identified all species reported in
the database (Roscher et al., 2015) as being associated with i) two
habitats and ii) three habitats and compared their mean RHU scores
across those associated habitats with their mean RHU across the other
habitats. Data were not normally distributed, so paired sample Wilcoxon
tests were used to compare species’ mean RHUs for “associated” and
“not-associated” habitat(s).

Second, for species reported as associated with only one habitat we also
quantified how often this habitat also had the highest mean RHU score. For
species reported as being associated with two habitats, we quantified how
often their mean RHUs for those habitats filled the first and second positions
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Fig. 2. Species mean relative habitat use (RHU) scores for A) forest; B) farmland; C) urban; D) wetland and E) semi-natural habitats. Within the panel for each
habitat, species are grouped according to their reported degree of habitat specialization, determined by the number of habitats they have been reported as being
associated with or if not reported as being associated with the panel habitat (Roscher et al., 2015). Sample size for each group is given under each boxplot. Pairwise
comparisons showing significant differences are also identified (* p < 0.05, ** p < 0.01, *** p < 0.001).

Table 1

Estimated model parameters, standard errors, t-values and p-values from GLMs examining the influence of habitat association and degree of habitat specialization on
RHU-CV_t. Separate models were run with i) species’ association with that specific habitat, defined by mean RHU score for that habitat (Not associated = mean RHU <
1, Associated = mean RHU > 1) and ii) for those species associated with a given habitat, their degree of specialization, defined as the total number of habitats for which
they had a mean RHU > 1, as fixed effects. Significant terms are highlighted in bold.

Habitat Predictor Term Estimate std. error t -statistic p-value
Forest Intercept 0.310 0.015 21.223 <0.001
Association Associated —0.050 0.021 —2.356 0.019

Intercept 0.184 0.029 6.305 <0.001

Degree of habitat specialization Two habitats 0.092 0.036 2.561 0.012

Three - Four habitats 0.108 0.038 2.807 0.006

Farmland Intercept 0.352 0.019 18.389 <0.001
Association Associated —0.104 0.029 —3.607 <0.001

Intercept 0.233 0.026 8.900 <0.001

Degree of habitat specialization Two habitats 0.012 0.034 0.350 0.727

Three — Four habitats 0.046 0.041 1.124 0.264

Urban Intercept 0.363 0.025 14.629 <0.001
Association Associated —0.119 0.048 —2.460 0.015

Intercept 0.158 0.197 0.800 0.428

Degree of habitat specialization Two habitats 0.065 0.201 0.324 0.748

Three — Four habitats 0.139 0.205 0.677 0.502

Wetland Intercept 0.369 0.028 13.012 <0.001
Association Associated —-0.027 0.039 —0.690 0.491

Intercept 0.198 0.072 2.748 0.007

Degree of habitat specialization Two habitats 0.158 0.078 2.033 0.045

Three — Four habitats 0.156 0.079 1.966 0.052

Semi-natural Intercept 0.317 0.017 19.110 <0.001
Association Associated 0.011 0.024 0.458 0.647

Intercept 0.194 0.060 3.255 0.002

Degree of habitat specialization Two habitats 0.120 0.064 1.872 0.064

Three — Four habitats 0.193 0.067 2.901 0.005

when ranking RHUs for all habitats, and for species reported as having three
habitat associations, we quantified how often those three habitats were
ranked as the top three when ranking mean RHUs for all habitats.

2.4.2. RHU for species’ literature-based degree of habitat specialization
For each habitat in turn, we compared the mean European-level RHUs

of species reported as being i) only associated with that habitat, ii) asso-
ciated with that habitat plus one other, iii) associated with that habitat
plus two others, and iv) not reported as associated with that habitat. Mean
RHU scores were not normally distributed so non-parametric Kruskal
Wallis tests were used, with post-hoc Dunn’s tests for pairwise compari-
sons (R package dunn.test version 1.3.5, Dinno, 2017).
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Fig. 3. Mean coefficient of variation in relative habitat use over time (RHU-CV_t (+SE)) for species associated with A) forest; B) farmland; C) urban; D) wetland and
E) semi-natural habitats, according to their degree of habitat specialization, defined as the total number of habitats for which they had a mean RHU > 1.

2.4.3. Temporal variation in RHU

Using species’ mean, European-level RHU across all years, we
reclassified species’ habitat associations according to RHU scores alone.
In line with Eskildsen et al. (2013), species were categorized as associ-
ated with a given habitat if their mean RHU score for that habitat was >
1 and not associated with the habitat if mean RHU was < 1. For those
associated with a given habitat, we classified their degree of habitat
specialization according to the number of habitats for which they
demonstrated a mean RHU > 1. For each habitat in turn, we then
explored the temporal stability of species’ RHU scores according to their
association with and degree of specialization for that habitat. For each
habitat, we calculated the coefficient of variation (hereafter CV) in each
species’ RHU over time (RHU-CV_t) as the standard deviation in its
annual European-level RHU scores for that habitat, divided by its mean
RHU for that habitat across years. For each habitat in turn, a GLM was
then built with species’ RHU-CV_t for that habitat as the dependent
variable and habitat association (categorical term, with ‘Not associated’ if
mean RHU < 1 and ‘Associated’ if mean RHU > 1) as the fixed effect. For
those species associated with a given habitat, a second GLM was built
with species’ RHU-CV_t for that habitat as the dependent variable and
degree of habitat specialization (categorical term, with three levels,
reporting the total number of habitats with mean RHU > 1 i.e. one, two
or three-four) as the fixed effect. Only one species, Mergus merganser
(Goosander) demonstrated mean RHU scores > 1 for four habitats, so
this was grouped with species with mean RHU > 1 for three habitats.

3. Results
3.1. RHU-based versus literature-based measures of habitat association

Species had significantly higher RHUs for habitats they were re-
ported as being associated with compared to RHUs for habitats they
were not reported as being associated with (One habitat: Mean RHU
Associated + SE = 2.921 + 0.12, Not associated = 0.669 + 0.03, Paired
Wilcoxon test: V = 5114, p < 0.001; Two habitats: Mean RHU Associated
= 1.836 + 0.08, Not associated = 0.688 + 0.05, Paired Wilcoxon test: V =
6148, p < 0.001; Three habitats: Mean RHU Associated = 1.548 + 0.12,
Not associated = 0.498 + 0.08, Paired Wilcoxon test: V= 376, p < 0.001).

The difference between mean RHUs for associated and not associated
habitats decreased as the number of habitats a species was reported as
being associated with increased (Fig. 1). Four species were excluded
from this comparison because they either only had “n/a” RHU scores for
associated habitat(s) (three species) or for not associated habitats (one
species) due to them not meeting the site thresholds (see Methods).

Of the 101 species reported as being specialized to a given habitat,
the RHU for this habitat was the highest of their RHUs for any of the five
habitats in 89.1% of cases. For the 113 species reported as being asso-
ciated with two habitats, these habitats had the highest and second
highest RHU scores in 50.4% of cases. For the 28 species reported as
being associated with three habitats, these habitats had the three highest
RHU scores in 39.3% of cases. The full list of Pan-European RHU scores
for each species, in each of the five over-arching habitat types are given
in supplementary material, along with the literature-based association
classification for each habitat type (Table A2).

3.2. RHU for species’ literature-based degree of habitat specialization

Species’ RHUs for a given habitat were higher if they were reported as
more specialized to that habitat and were always significantly higher than
those for species not reported as being associated with that habitat (Fig. 2,
Table A3). Species reported as more specialized to forest habitat had
significantly higher RHUs than more generalist species reported as being
associated with forest (Fig. 2A). Similarly, species specialized to wetland
or semi-natural had significantly higher RHUs than more generalist species
associated with wetland or semi-natural and one other habitat (Fig. 2D,
2E). Species specialized to farmland had significantly higher RHUs than
generalist species associated with farmland and two other habitats
(Fig. 2B). Furthermore, species reported as being associated with farmland
or forest and one other habitat had significantly higher RHUs than more
generalist species associated with either farmland or forest and two other
habitats. In contrast, species associated with semi-natural habitat and one
other, had significantly lower mean RHU scores than more generalist
species associated with semi-natural habitat and two others (Table A3).
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3.3. Temporal variation in RHU

RHU-CV'_t for species associated with farmland or urban habitats were
significantly lower than species not associated with these habitats, but it
did not vary significantly according to degree of specialization (Table 1).
RHU-CVt for species associated with forest habitats was significantly
lower than for species not associated with forests and also declined as
degree of specialization for forest increased (Table 1; Fig. 3A). For wetland
and semi-natural habitats, there was no significant difference in RHU-CV _t
between associated and not associated species, but more generalist species
with a degree of specialization of two and three — four habitats respectively
had significantly higher RHU-CV_t scores than those more specialized to
wetland or semi-natural (Table 1; Fig. 3D, E).

4. Discussion

We show that RHU and literature-derived classifications for habitat
association and degree of specialization are generally well aligned,
although there are some disparities. Overall, species demonstrate higher
RHU scores for habitat(s) they are reported as being associated with in
the literature. Similarly, species reported as being associated with a
given habitat have higher RHUs for that habitat compared to species not
reported as being associated with it. RHU also differentiates species
according to their degree of habitat specialization, with species more
specialized to a given habitat having higher mean RHU scores for that
habitat than more generalist species that are associated with it. Finally,
we show that within the temporal scale of this study, species associated
with a given habitat show lower variation in RHU scores for that habitat
over time compared to species not associated with it. Furthermore,
species more specialized to a given habitat show less variation in their
RHUs for that habitat over time compared to more generalist species.

We expect literature-based classifications and RHU to align with one
another as both methods rely on observations of species’ abundances
across habitats to characterise their habitat associations. However, we do
identify some instances where RHU and literature-based classifications
differ, which are likely to be driven by data collection methods and habitat
classification, as well as the specific ecology of individual species. For
example, we find that 29 out of 34 species reported as being specialized to
wetland habitats also have mean RHUs > 1 for at least one terrestrial
habitat (i.e. forest, farmland, semi-natural and urban). Furthermore, for
five of these 29 species, their RHUs for at least one terrestrial habitat is
greater than their RHUs for wetland habitat. This suggests that these
“wetland” species are counted in higher numbers in terrestrial habitats
than is expected given relative habitat availability. It is important to note
that the number of wetland dominated sites surveyed is considerably
lower than the number of terrestrial dominated sites surveyed (Table A4).
This is due to the fact that the national monitoring schemes are targeted
towards terrestrial habitats and therefore more terrestrial species. In
addition to this, these “wetland” species may also be counted on patches of
wetland habitat within sites dominated by a terrestrial habitat. In this
study, RHU calculates species’ association with landscapes dominated by a
given habitat. In contrast, literature-based classifications for species’
habitat associations are derived from observations of species’ use of
particular habitat types. It is therefore likely that these wetland species are
counted in higher numbers on wetland patches within terrestrial domi-
nated sites compared to the number of individuals counted on wetland
dominated sites. Furthermore, if the number of wetland dominated sites
are under-represented due to the underlying data collection methods
mentioned, than there are not enough wetland sites available, with
wetland species counts to offset the number of terrestrial dominated sites
which these wetland species are counted in. As a result, RHU scores for
terrestrial habitat will be higher than wetland habitat RHU scores.
Therefore, the habitat classification approach adopted in this study means
that RHU can be limited if species’ use of small patches of preferred habitat
within a landscape matrix is important. Count data from surveys targeted
towards wetlands such as the UK Waterways Breeding Bird Survey (Harris
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et al., 2019), Waterfowl Monitoring in Lakes in Finland (Laaksonen et al.,
2019) and Spring Waterbirds Census in Belgium (Weiserbs, 2012) could be
integrated to provide additional count data for wetland species on wetland
dominated sites. Doing so would mean that wetland dominated sites
would have higher species’ counts relative to the species’ counts in
terrestrial dominated sites that contain patches of wetland habitat. A unit
increase in the number of wetland sites increases the counts for wetland
species. This in turn would offset species’ counts in terrestrial dominated
sites that contain wetland patches, thereby resulting in higher RHU scores
for wetland habitat and lower scores for terrestrial habitats.

We also find that 21 out of 149 species reported as only associated with
terrestrial habitats have mean RHUs > 1 for wetland habitat, with nine of
these having higher mean RHUs for wetland habitat compared to their
mean RHUs for some of their associated terrestrial habitats. This further
suggests that species’ habitat use at a finer spatial scale has an impact on
how well RHU and literature-based classification reflect one another. Our
definition of wetland habitat in this study includes inland wetlands such as
marshes and peat bogs. Although these habitat types are characteristically
water-logged areas, they also contain vegetation in the form of herbaceous
or woody plants, dwarf shrubs, sedges, willows, mosses or scattered trees,
which are also found in terrestrial habitats (Copernicus Land Monitoring
Service, 2012). Therefore, it is unsurprising that some species reported as
only being associated with terrestrial habitats may have mean RHUs > 1
for wetlands, if they are counted in wetland sites that contain similar
vegetation to terrestrial habitats. Similarly, the Roscher et al. (2015)
database used in this study does not report that Himantopus himantopus
(Black-winged stilt) is associated with farmland but analyses of relative
abundance across habitats from PECBMS data identifies a mean RHU of
4.058 for farmland. Similarly, Luscinia luscinia (Thrush nightingale) is not
reported as associated with urban habitat, yet has an RHU of 1.579 for it.
This further suggests that the approach used in this study to classify sites
by the dominant habitat type means that RHU and literature-derived
classifications are less likely to reflect one another. In particular when
species’ specific ecology is important, as is the case with these two species
for example. Other literature sources reporting on specific habitat use of
these species suggest that Black-winged stilt is found on irrigated farmland
or wet pastures (BirdLife International, 2021), and Thrush nightingale can
be found in urban parks and gardens (Csorgo et al., 2018). Classifying sites
by the dominant habitat means that species’ association with and degree of
specialization for habitats is interpreted in a wider landscape context. This
highlights a weakness in RHU in that it identifies associations with habitats
that it is not necessarily associated with.

Interestingly, the pattern of difference in mean RHUs between species
grouped by their reported degree of specialization for semi-natural habitat
deviate from those for the other habitats. One explanation for this is that
semi-natural habitat encompasses a range of CLC Level three habitats (see
Table Al), where there is greater variation within this habitat type
compared to the variation within the other four habitats. Therefore, our
interpretation of results for semi-natural should be treated with caution, as
species’ association with some habitats grouped under semi-natural are
stronger than their associations with other habitats grouped under semi-
natural, thereby producing results that do not follow the same pattern as
other habitats. We recommend that exploration of the RHU metric for this
varied habitat type should consider calculating species’ RHUs for each CLC
Level three habitat separately.

Variation in detectability could also introduce bias to species’ RHU
scores. In such cases, reduced detectability in closed habitats (Johnston
et al., 2014) such as forest and urban could lead to lower counts in, and thus
lower RHU scores for, those habitats. In turn, this would under-estimate the
extent of their associations with closed habitats and over-estimate their
associations with more open habitats (e.g, farmland and semi-natural)
(Larsen et al., 2011). This issue is most likely to arise for generalist spe-
cies that are relatively evenly distributed across a range of habitats. How-
ever, the potential influence of varying detectability on the assessment of a
species’ association and specialization will decrease as that species’
specialization increases. Even if a species is specialized to a closed habitat,
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the variation in RHU scores between habitats will become more pro-
nounced as counts become increasingly skewed towards the closed habitat.
Detectability is therefore less likely to impact specialist species, which is an
important factor to consider if the RHU approach is used to identify habitat
specialists that will in turn advise conservation management.

There are also limitations that come with relying on the categorical,
literature-based approach. For example, static, categorical classifications
which are based on small-scale field studies, observations or expert-
opinion simply group species into those that are associated or not associ-
ated with a habitat and whether those associated are specialists or gen-
eralists. This fails to account for variation between species in the extent of
their association with or specialization for a habitat. Although there are
specific limitations with RHU, overall it is more robust than categorical-
based classifications as it is a quantitative method that is based on the
most widely available data, can be calculated at any temporal or spatial
scale, and can differentiate species based on the extent of their association
with or degree of specialization for a given habitat. Within the time frame
of this study, species associated with and more specialized to a given
habitat do not show large temporal variation in their RHU scores for that
habitat over time. Furthermore, species that are less specialized to a
habitat have higher temporal variation in RHU scores due to their capacity
to exploit different habitat types for required resources. By comparison,
more specialized species are limited in the number of habitats they are
capable of using, as the environmental conditions and resources they
require for foraging or breeding will be found in a single or limited number
of habitats. These results give us further confidence in using RHU to
classify species as associated with or more specialized to a given habitat as
these species are unlikely to vary in their habitat associations over time.

5. Conclusion

We find that quantitative, RHU-based assessments of species’ asso-
ciation with and degree of specialization for a given habitat are broadly
similar to literature-based categorical classifications. We also find that
RHU scores for given habitat are relatively stable in time, particularly if
associated with and more specialized to that habitat. While there is
general consistency between these two methods, RHU offers a more
robust approach by quantifying the extent of species’ association with
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updated if necessary. We therefore recommend that the RHU metric
should be considered further as a useful tool to identify and classify
species by their habitat associations and degree of specialization. Doing
so would support conservation management strategies to protect habitat
specialists and their habitats, and thus support national and interna-
tional progress towards reaching biodiversity targets.
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Table Al

Corine Land Cover 2012 Levels 1 — 3 with habitat category assigned to each

Level 3 habitat.

Assigned Level 1 Level 2 Level 3
habitat
category
Urban Artificial Urban fabric Continuous urban fabric
surfaces Discontinuous urban
fabric
Industrial, Industrial or commercial
commercial and units
transport units Road and rail networks
and associated land
Port areas
Airports
Mine, dump and Mineral extraction sites
construction sites Dump sites
Construction sites
Artificial, non- Green urban areas
agricultural Sport and leisure
vegetated areas facilities
Farmland Agricultural Arable land Non-irrigated arable land
areas Permanently irrigated
land
Rice fields
Permanent crops Vineyards
Fruit trees and berry
plantations
Olive groves
Pastures Pastures
Heterogeneous Annual crops associated
agricultural areas with permanent crops
Complex cultivation
patterns
Land principally
occupied by agriculture,
with significant areas of
natural vegetation
Agro-forestry areas
Forest Forest and Forests Broad-leaved forest
semi natural Coniferous forest
areas Mixed forest
Semi- Forest and Scrub and/or Natural grasslands
natural semi natural herbaceous Moors and heathland
areas vegetation Sclerophyllous
associations vegetation
Transitional woodland-
shrub
Open spaces with Beaches, dunes, sands
little or no Bare rocks
vegetation Sparsely vegetated areas
Burnt areas
Glaciers and perpetual
snow
Wetland Wetlands Inland wetlands Inland marshes

Water bodies

Maritime wetlands

Inland waters

Peat bogs

Salt marshes
Salines
Intertidal flats
Water courses
Water bodies

Ecological Indicators 135 (2022) 108521

Table A3

Kruskal-Wallis and post-hoc Dunn’s tests examining the influence of reported
degree of habitat specialization on RHU. Separate models were run for each
habitat, with species grouped according to whether they were reported in the
species-habitat linkage database (Roscher et al., 2015) as being only associated
with that habitat, associated with that habitat and one other, associated with
that habitat and two others, or not reported as associated with that habitat.

Focal habitat

Reported degree of  Forest Farmland Urban Wetland Semi-
habitat natural
specialization
chi® = chi® = chi? = chi® = chi® =
106.65 68.604 40.728 118.66 60.591
df =3 df =3 df =3 df =3 df =3
p< p < 0.001 p< p< p<
0.001 0.001 0.001 0.001
Focal habitat only Z= Z=1.345 = = Z=
vs Focal plus one  2.918 1.009 2.392 2.435
p= p = 0.089 = p= p=
0.002 0.156 0.008 0.007
Focal habitat only Z= Z = 3.380 = = Z=
vs Focal plus two ~ 3.928 0.929 0.865 0.779
p< p < 0.001 = = p=
0.001 0.176 0.194 0.218
Focal habitat only Z= Z = 4.477 = = Z=
vs No focal 9.522 2.660 9.106 5.533
habitat use p< p < 0.001 p= p< p<
0.001 0.004 0.001 0.001
Focal plus one vs Z= Z = 3.650 Z= Z= Z=
1.773 -0.047 -0.905 -1.647
Focal plus two p= p < 0.001 p= p= p=0.05
0.038 0.481 0.183
Focal plus one vs Z= Z=17.378 Z= Z= Z=
6.370 5.066 6.683 4.865
No focal habitat p< p < 0.001 p< p< p<
use 0.001 0.001 0.001 0.001
Focal plus two vs = Z =1.209 = = =
2.347 3.408 5.237 5.015
No focal habitat p= p=0.113 p< p< p<
use 0.009 0.001 0.001 0.001
Table A4

Total number of sites of each dominant habitat type at a Pan-
European level.

Dominant habitat Number of sites

Forest 5250
Farmland 10,907
Urban 2406
Wetland 1244
Semi-natural 2081

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolind.2021.108521.
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