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examine recent (1997-2019) range dynamics of North American passerines to test
the hypothesis that behavioural interference impacts the ease with which species move
across landscapes. Over this 22 year period, we found that fine-scale spatial overlap
between species (syntopy) increased more for species pairs that engage in interspecific
territoriality than for those that do not. We found no evidence, however, for an effect
of reproductive interference (hybridisation) on syntopy, and no effect of either type of
interference on range-wide overlap (sympatry). Examining the net effects of species
interactions on continent-scale range shifts may require species occurrence data span-
ning longer time periods than are currently available for North American passerines,
but our results show that interspecific territoriality has had an overall stabilising influ-
ence on species coexistence over the past two decades.
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Introduction

Species ranges are changing as a result of climate change, land-use change, and intro-
duction to non-native areas (Thomas and Lennon 1999, La Sorte and Boecklen 2005a,
Hitch and Leberg 2007, Zuckerberg et al. 2009, Brommer et al. 2012, Elmhagen et al.
2015, Dyer et al. 2017). Such movement across landscapes is expected to be impacted
(either positively or negatively) by interactions between currently coexisting taxa
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(Svenning et al. 2014). Similarly, shifts into new areas may
give rise to novel species interactions, which may in turn
determine the likelihood that a range-shifting lineage suc-
cessfully becomes established (HilleRisLambers et al. 2013,
Svenning et al. 2014, Sirén and Morelli 2020). The impact
of such species interactions on range dynamics has been
investigated extensively for interactions between trophic
levels (e.g. predator—prey or plant—pollinator interactions;
Wisz et al. 2013, Svenning et al. 2014) and within trophic
levels (e.g. exploitative competition or facilitation; Connor
and Bowers 1987, Heikkinen et al. 2007, Wisz et al. 2013,
Svenning et al. 2014, Ortego and Knowles 2020, Novella-
Fernandez et al. 2021). Yet, in addition to competition for
resources, many animals engage in behavioural interference,
a widespread phenomenon that encompasses interspecific
interactions such as interference competition (e.g. interspe-
cific territoriality) and reproductive interference (e.g. hybrid-
isation) (Connor and Bowers 1987, Gross and Price 2000,
Gotelli et al. 2010, Krosby and Rohwer 2010, Vallin et al.
2012, McQuillan and Rice 2015, Grether et al. 2017).

An emerging body of research suggests that behavioural
interference between species can influence the outcome
of range shifts (Pearson 2000, Pearson and Rohwer 2000,
Duckworth and Badyaev 2007, Krosby and Rohwer 2010,
Mac Nally et al. 2012). The hypothesised impacts of such
interference largely depend on the fitness costs and benefits
of engaging in territorial or reproductive interactions with
heterospecifics. On the one hand, when behavioural inter-
ference incurs net fitness costs for one or more interacting
species, these costs diminish population growth and lead to
an increased risk of local extinction (i.e. sexual or competitive
exclusion; Kuno 1992, Liou and Price 1994, Amarasekare
2002, Hochkirch et al. 2007, Gréning and Hochkirch 2008,
Pfennig and Pfennig 2012, Kishi and Nakazawa 2013,
Legault et al. 2020). On the other hand, if behavioural inter-
ference instead diminishes interspecific resource competition
by reducing spatial overlap, such interference may enable
ecologically similar species pairs to coexist (Case and Gilpin
1974, Zhang and Hanski 1998, Mikami and Kawata 2004,
Grether et al. 2013, Kishi and Nakazawa 2013, Ruokolainen
and Hanski 2016, Gémez-Llano et al. 2021, Grether and
Okamoto 2022). Interspecific territoriality, for instance, can
stabilise coexistence between species that exhibit high lev-
els of resource competition (Grether and Okamoto 2022).
In the absence of interspecific territoriality, the more effi-
cient exploiter of resources should outcompete and exclude
the less efficient exploiter of resources from the region of
overlap. Interspecific territoriality can also arise as an adap-
tive response to reproductive interference (Payne 1980,
Drury et al. 2015, 2019, Grether et al. 2020), which, given
that such interference should lead to reproductive exclusion
(Ribeiro and Spielman 1986, Kuno 1992), may also indicate
a role for interspecific territoriality in stabilizing coexistence
in species pairs that engage in reproductive interference.

Empirical research confirms that behavioural interference
can lead to competitive or reproductive exclusion at a variety
of scales (Connor and Bowers 1987, Robinson and Terborgh
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1995, Gross and Price 2000, Duckworth and Badyaev 2007,
Jankowski et al. 2010, Vallin et al. 2012, Grether et al. 2013,
2017, Pasch et al. 2013, Rybinski et al. 2016, Freeman et al.
2019, 2022). At local scales, behavioural interference can lead
to the exclusion of species from particular habitat patches
so that species pairs coexist in sympatry (i.e. range overlap)
but not syntopy (i.e. local, habitat-scale overlap) (Robinson
and Terborgh 1995, Vallin et al. 2012, Rybinski et al. 2016,
Reif et al. 2018). For instance, collared flycatchers Ficedula
albicollis that have colonised the Swedish island of Oland in
the last century are competitively dominant over pied fly-
catchers Ficedula hypoleuca and confine them to lower quality
coniferous woodlots through both interspecific territoriality
and reproductive interference via costly hybridisation (Vallin
and Qvarnstrom 2011, Vallin et al. 2012, Rybinski et al.
2016). At larger scales, more extensive exclusion occurs at
geographical range boundaries when behavioural interference
precludes coexistence in sympatry (Gross and Price 2000,
Duckworth and Badyaev 2007, Jankowski et al. 2010, Krosby
and Rohwer 2010, McQuillan and Rice 2015, Freeman and
Montgomery 2016, Freeman et al. 2016, Legault et al. 2020).
For instance, several studies of montane species pairs occupy-
ing abutting altitudinal ranges suggest that interspecific ter-
ritoriality, rather than abiotic factors and differing habitat
requirements, is the key factor preventing range overlap at
elevational boundaries (Jankowski et al. 2010, Freeman and
Montgomery 2016, Freeman et al. 2016, 2019, 2022, Boyce
and Martin 2019). Behavioural interference has also been
implicated as the primary factor limiting species ranges along
latitudinal and habitat gradients (Gross and Price 2000,
Duckworth and Badyaev 2007, Krosby and Rohwer 2010,
McQuillan and Rice 2015, Martin and Bonier 2018).
Though theoretical models demonstrate that behav-
ioural interference could stabilise species coexistence, there
is relatively little empirical work investigating this possibil-
ity; nevertheless, studies in a few taxa directly support this
idea (salamanders: Marvin 1998, and gerbils: Ovadia and
Zu Dohna 2003, Ziv and Kotler 2003). Moreover, several
studies demonstrate stable coexistence between ecologically
similar species that are interspecifically territorial (Rohwer
1973, Jankowski et al. 2012, Drury et al. 2015, 2019,
Reif et al. 2015, Freeman 2016), which is consistent with the
hypothesis that interspecific territoriality can enable resource
partitioning through spatial segregation, thereby enabling
coexistence. Further compelling evidence that behavioural
interference can lead to stable coexistence comes from exam-
ples of convergent character displacement acting on territo-
rial signals (Cody 1969, Tobias and Seddon 2009, Reif et al.
2015, Souriau et al. 2018, Kirschel et al. 2019, Miller et al.
2019). Eastern Sturnella magna and western meadowlarks
Sturnella neglecta, for example, have converged in plumage
patterning and colouration where they co-occur and defend
non-overlapping interspecific territories (Rohwer 1973).
Consistent with theoretical work showing that interspe-
cific territoriality can stabilise coexistence between ecologi-
cally similar species (through tradeoffs between interference
and exploitative competition ability; Grether and Okamoto
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2022), recent comparative analyses on North American pas-
serines have shown that interspecific territoriality is positively
associated with resource use and fine-scale habitat overlap
(Cowen et al. 2020, Drury et al. 2020). Here, we test addi-
tional predictions that follow from the hypothesis that inter-
specific territoriality can stabilise coexistence. First, in taxa
with shifting or expanding ranges, the extent of range overlap
(sympatry) should increase more over time between interspe-
cifically territorial species compared to non-interspecifically
territorial species, because interspecific territoriality reduces
exploitative resource competition between species and thus
the likelihood of competitive exclusion at range boundaries.
Second, regardless of whether species ranges are changing, the
magnitude of fine-scale habitat overlap (syntopy) within the
areas of range overlap should increase more (or decrease less)
over time between interspecifically territorial species com-
pared to non-interspecifically territorial species. The second
prediction does not only apply to taxa with expanding ranges,
but it does assume that dispersal is a regular occurrence and
that some suitable habitats within the species’ ranges remain
unoccupied.

For hybridising species, frequency-dependent interactions
can generate Allee effects that might prevent one species from
expanding into another species’ range (Kishi et al. 2009,
Kyogoku and Nishida 2012, Kishi and Nakazawa 2013,
Bargiclowski and Lounibos 2016, Noriyuki and Osawa 2016,
Whitton et al. 2017). In areas where the species’ ranges do
overlap, however, selection against interspecific mating could
cause fine-scale habitat partitioning (Gréning et al. 2007,
Gémez-Llano et al. 2021), which in turn could reduce inter-
specific exploitative competition for resources and facilitate
further increases in range overlap. Thus, it is difficult to pre-
dict whether hybridisation would be positively or negatively
associated with temporal changes in sympatry, but it seems
robust to predict that hybridisation should not be associated
with temporal increases in syntopy.

To test the above predictions in North American pas-
serines, we combined data on interspecific territoriality and
hybridisation (Drury et al. 2020) with data on recent range
dynamics (1997-2019) (Pardieck et al. 2020).

Methods
Syntopy and sympatry

We calculated several indices of temporal change in interspe-
cific spatial overlap for 1602 species pairs using data from the
North American Breeding Bird Survey (BBS) (Pardieck et al.
2020; Fig. 1). The BBS has been running since 1966 and is
conducted by trained observers carrying out roadside 3 min
point counts at 50 stops along each 39.4 km route. As of
2019, 5756 routes had been surveyed (Supporting informa-
tion), although not all routes had been surveyed annually
(Pardieck et al. 2020). Because data for each individual stop
(i.e. the 50-stop’ dataset) are only available consistently for
surveys conducted after 1996, and because the number of

routes surveyed each year (i.e. the ‘10-stop’ dataset, where
the data from every 10 stops are grouped together) platcaued
around 1995 (Supporting information), for the sake of com-
parability, we focused our analyses on the years from 1997 to
2019. Our analyses cover the trends and dynamics of species
ranges within the BBS area; however, the ranges of some spe-
cies extend beyond these limits (Supporting information).

From the 50-stop BBS data, we calculated a BBS-derived
index of syntopy, or cooccurrence in the same breeding habi-
tat within the zone of sympatry (Rivas 1964), as the number
of stops shared by both species divided by the number of
stops with only one species present (Eq. 1) (Fig. 1b):

I~ 1 R2, 1,2,
LA Y 1
YZi:l R1,2; Zk:l (Slk+52,e—51,2k] ( )

Where S1,2, refers to the number of stops where species
1 and 2 cooccur in year i on route k. SI, and S2, refer to
stops where species 1 and species 2 were recorded on route
k respectively. R1,2, refers to routes on which both species 1
and species 2 were recorded in year i. Y is the total number of
years, in this instance 4 for each time period. This approach
assumes that birds detected at the same BBS stop occupy the
same breeding habitat (i.e. are syntopic); they could, how-
ever, still occupy non-overlapping territories (Losin et al.
2016, Drury et al. 2020). We calculated one syntopy value
for each route and averaged the values across all routes on
which both species were present in each year. Then, we calcu-
lated the temporal change in syntopy (A, ) for each species
pair by subtracting the mean annual syntopy value between
1997 and 2000 from the mean annual syntopy between 2016
and 2019 (Fig. 1¢).

Using the 10-stop BBS data, we calculated an index of
sympatry (range overlap) as the number of routes with both
species divided by the number of routes with the species that
occurred on the fewest routes (similar to the Szymkiewicz—
Simpson index used on range maps, Pigot et al. 2016) in each
year (Eq. 2) (Fig. 1a):

Y X
lz RL2: e R, < R2,

[ .
— 2L if R2, < R,
Yzl':l R2; f

where all terms are as above. We calculated the temporal
change in sympatry (A,,,..,) by subtracting the mean of
1997-2000 sympatry values from the mean of 2016-2019
values (Fig. 1d). All BBS routes with at least one member
of each pair present that were surveyed in a given year were
included in the syntopy and sympatry calculations.

Interspecific behavioural interference

We used a database of interspecific territorial behaviour in
North American passerines compiled by Drury et al. (2020).
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Figure 1. Measures of coocurrence using North American Breeding Bird Survey (BBS) data. (a) Each dot on the map represents a BBS route
where only species A was present (green), where only species B was present (blue) or where both species were present (purple). (b) Each
arrow represents one fifth of a hypothetical BBS route (10 of the 50 stops) and each hexagon on the route represents a stop where only spe-
cies A (green), only species B (blue), both species (purple) or neither species (white) were present. The purple box represents a route where
species A and B co-occur in sympatry while the green and blue boxes represent routes where the species are allopatric. Syntopy for each route
was calculated as the number of stops shared by both species divided by the number of stops with only one present (Eq. 1). (c) Syntopy was
averaged across all routes at which both species were present within each year (depicted here is a portion of one representative route in the
zone of sympatry during each year). A was calculated by subtracting mean syntopy between 1997 and 2000 from mean syntopy
2016-2019. In this illustrative example, A, would therefore take a large, positive value. (d) Sympatry was calculated as the number of
routes shared by both species divided by the number of routes occupied by the species occurring at the fewest (Eq. 2) and B pary WS cal-
culated by subtracting mean sympatry 1997-2000 from mean sympatry 2016-2019.

Briefly, species pairs in this database were considered to be  from regions and time periods where observations of inter-
interspecifically territorial if there were multiple reported — specific territorial behaviour were made (Losin et al. 2016,
territorial interactions between them in the literature. The  Drury et al. 2020). Hybridisation classifications were also
database also includes a list of species pairs that were consid-  taken from Drury et al. (2020) and did not include captive
ered not to be interspecifically territorial based on census data  hybridisation or unsubstantiated reports of hybridisation.
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In total, we included 1602 out of 1618 pairs identified by
Drury et al. (2020), as 16 pairs were not found on any of the
same routes in both time periods. Of the 1602 pairs used in
analyses, 74 pairs were interspecifically territorial, 1528 were
not, 68 pairs hybridised whereas 1534 did not, and 27 pairs
were both interspecifically territorial and hybridising.

Indices of niche overlap

Foraging guild classifications, the square root of body mass,
and the square root of bill length difference were also taken
from Drury et al. (2020) and included as fixed effects as
measures of niche overlap. Foraging guild components were
classified according to De Graaf et al. (1985) and included
the main dietary component, foraging technique, and for-
aging substrate. The proportion of overlap across foraging
axes for each pair was calculated as a measure of foraging
niche overlap. Species pairs that overlap in foraging guild
are likely to occupy similar niches and therefore compete
with one another (De Graaf et al. 1985), which may in turn
influence coexistence (Gause 1934). Similarly, species with
a similar body masses and bill lengths are also more likely
to occupy similar niches and compete for food (Pigot et al.
2020). Whether both members of a pair were secondary
cavity nesters was also included as a fixed effect, as these
species may compete for nest sites as well as food resources
(Brawn and Balda 1988). Whether species in a pair share
the same habitat type was included as a fixed effect as
another indicator of potential niche overlap and coexis-
tence. Habitat classifications were based on scores from
Drury et al. (2020) and refer to the preferred habitat of
each species. Categories 1 to 3 equate to open, semi-dense
and dense habitats respectively. To test whether the type
of breeding territory a species defends impacts changes in
range overlap (Freeman et al. 2019), we included an index
indicating whether both members of a pair defended the
same intraspecific territory type (using a categorical index
ranging from 1 [not territorial] to 5 [defending a ‘multipur-
pose’ territory in which both foraging and nesting occurs];
Drury et al. 2020). Patristic distance, the time separating
members of a pair on the phylogeny, was included in mod-
els to control for the time available for evolutionary diver-
gence between taxa (Tobias et al. 2014).

Range expansion and contraction

Given that changes in range size could affect our index of
changes in sympatry, we aimed to control for these changes
so as to not conflate changes in overlap that result from tem-
poral variability in overall range size with changes that can
be attributed to behavioural interference per se. We therefore
included indices of range expansion and range contraction
across a species’ whole range within the BBS area. Specifically,
if a species was present at a route between 1997 and 2000
but not present between 2016 and 2019, it was considered
to have been extirpated from the route. Conversely, if a spe-
cies was absent between 1997 and 2000 but present between

2016 and 2019, it was considered to have colonised the
route. For each species, the change in range size was derived
as the number of routes colonised between 1997 and 2000
and between 2016 and 2019 minus the number of routes at
which the species was extirpated (Supporting information).
If this value was positive, a species was considered to have
undergone range expansion, whereas if it was negative, it was
considered to have experienced range contraction. Species
pairs were then classified according to whether both species
had undergone range expansion and range contraction. Out
of 1602 pairs, both members of 607 pairs underwent range
contraction while both members of 242 pairs experienced
range expansions (Supporting information).

Statistical analysis

All analyses were conducted using R (www.r-project.org).
To test the hypotheses that behavioural interference influ-
enced recent changes in sympatry or syntopy, we fit phylo-
genetic generalised linear mixed models (PLMMs) using an
MCMC approach in the R package MCMCglmm (Hadfield
2010). Relatively non-informative priors that correspond
to an inverse-Wishart distribution were used for random
effects. Flat priors were used for fixed effects (Hadfield
2017). In addition to the fixed effects described above, the
initial (i.e. 1997-2000) values of mean sympatry and syn-
topy were included as covariates (Vickers and Altman 2001,
Barnett et al. 2005). Random effects included species iden-
tity and a maximum clade credibility phylogeny (Jetz et al.
2012), specifying the nodes representing the most recent
common ancestor of a pair (see further details in Losin et al.
2016, Drury et al. 2020). Continuous response and predic-
tor variables were scaled in each model. Every model was run
for two million iterations with a burn-in of 20 000 and a
thinning interval of 1000. We repeated each model fit four
times and verified model convergence using Gelman—Rubin
diagnostics (Gelman and Rubin 1992).

Models with interaction terms between interspecific terri-
toriality and hybridisation (i.e. where species pairs that engage
in both forms of behavioural interference are coded as ‘17 in
the interaction term) and between interspecific territoriality
and non-hybridisation (i.e. where species pairs that defend
interspecific territories but do not hybridise are coded as ‘1’
in the interaction term) were also fitted, as these combina-
tions of behavioural interference may have differing impacts
on coexistence (Grether et al. 2017, Cowen et al. 2020). If
syntopy is a proxy for the similarity in habitat use between
species, those pairs that are highly syntopic and therefore have
similar requirements will respond more to changes in habitat
availability than those with dissimilar requirements. To con-
trol for potential changes in habitat availability (e.g. due to
land-use change), we ran additional models in which both
sympatry and syntopy datasets were subset to contain only
pairs that shared the same habitat type (n=2871). Then, the
habitat type of either species was included as a fixed effect to
determine if changes in habitat have contributed to changes
in sympatry and syntopy.
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Results

Syntopy

We found that interspecific territorial behaviour predicted
changes in syntopy (Eq. 1) of North American passerines
between 1997 and 2019 (Table 1, Fig. 2). Consistent with the
hypothesis that forms of behavioural interference that cause
spatial partitioning within habitats should facilitate coexis-
tence, interspecifically territorial species pairs showed larger
increases in syntopy than non-interspecifically territorial
pairs (Table 1, Fig. 2). Specifically, interspecifically territo-
rial pairs experienced an average 17% greater increase in syn-
topy than non-interspecifically territorial pairs (range across
MCMC chains=15-19%). We also found that pairs occupy-
ing the same habitat types increased in syntopy more than
those occupying different habitats (Table 1, Fig. 2). Further
analyses restricted to species found in the same habitar still
recovered an effect of interspecific territoriality (Supporting
information), suggesting that our findings are robust to the
potential confounding effects of changes in habitat suitability
over this time period. We also found that pairs that defend dif-
ferent classes of intraspecific territories exhibit larger increases
in syntopy than pairs that defend the same class of territory
(Table 1, Fig. 2). When we restricted analyses to species pairs
that defend the same type of territory and included terms for
the type of intraspecific territoriality, thereby accounting for
a potential confounding effect of intraspecific territory, we

Table 1. Predictors of the change in syntopy between 1997-2000
and 2016-2019 from phylogenetic linear mixed models (n=1602
species pairs). The median coefficient estimates from the posterior
distribution, as well as 95% credibility intervals and MCMC derived
p-values are shown. Shaded rows indicate fixed effects with 95%
credibility intervals that do not overlap 0. pMCMC values are from
one chain (results are similar across all chains). The mean phyloge-
netic signal (A) for this model was 0.101 (95% Cl=0.002, 0.343).
Significance codes: < 0.05%, < 0.0T**, < 0.001***.

Median 95% Cl pMCMC
Intercept 0.046  -0.319 0.415 0.773
Interspecifically 0.335 0.116 0.552 0.001**
territorial
Hybridising —-0.061  -0.294 0.181 0.613
Same intraspecific  —0.138  -0.270 —0.007 0.045*
territory type
Patristic distance 0.061 —-0.058 0.205 0.251
Proportion shared 0.005  —0.051 0.060 0.848
axes
Both cavity nesters  0.226  —0.192 0.654 0.275
Same habitat 0.125 0.029 0.224 0.012*
Mass difference 0.043  -0.020 0.108 0.183
Bill length -0.014 -0.077 0.048 0.658
difference
Both undergone 0.010  -0.129 0.152 0.891
range expansion
Both undergone -0.014  -0.127 0.100 0.817
range
contraction
Syntopy 1997— —0.468 -0.515 -0.422 < 0.0005***
2000
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still recovered a strong effect of interspecific territoriality on
Aoy (Supporting information).

We found no effect of hybridisation on A, . (Table 1,
Fig. 2), nor did we find any evidence that the interaction
between interspecific territoriality and hybridisation influ-
enced syntopy (Supporting information).

Sympatry

After controlling for range expansions and contractions, we
found no evidence for an effect of behavioural interference
on changes in sympatry (Eq. 2) (Table 2, Fig. 3). Both mass
difference and bill length difference were associated with

gmparye AS mass difference increased, A, .~ decreased.
Contrastingly, as bill length difference increased, A, .
increased. As with syntopy analyses, we found no effect of
either hybridisation or an interaction between interspecific
territoriality and hybridisation on A (Table 2, Fig. 3,

sympatry
Supporting information).

Discussion

We found support for the hypothesis that interspecific ter-
ritoriality has accelerated fine-scale habitat overlap in North
American passerines. To our knowledge, ours is the first study
examining temporal changes in syntopy on a continental
scale, showing a clear effect even over a short time period (22
years). The finding that interspecific territoriality facilitates
fine-scale habitat overlap echoes several recent investigations
demonstrating that behavioural interference affects spatio-
temporal dynamics of assemblages (Pearson 2000, Pearson
and Rohwer 2000, Duckworth and Badyaev 2007, Krosby
and Rohwer 2010, Vallin et al. 2012, McQuillan and Rice
2015, Rybinski et al. 2016). However, while several studies
of individual species pairs have shown that behavioural inter-
ference can impede coexistence in birds, our analysis of 1602
species pairs shows that interspecific territoriality appears
to have an overall positive effect on coexistence in North
American passerines.

Other factors, in addition to behavioural interference,
may have impacted the patterns of range dynamics that we
documented. For instance, we found evidence that habitat
type affected changes in syntopy, in line with previous stud-
ies finding that bird population dynamics in North America
are not uniform across different habitat types (La Sorte and
Boecklen 2005b, Rosenberg et al. 2019). Similarly, we found
that defending the same intraspecific territory type was nega-
tively associated with A . Given that the vast majority of
North American passerines defend multipurpose territories,
a non-zero value for this variable largely (in 97.5% of pairs)
represents cases where both species defend multipurpose ter-
ritories, which may suggest that strong intraspecific territory
defense on average slows down spatial movement (an impor-
tant avenue for future research). Nevertheless, even after
accounting for these factors, we found an effect of interspe-
cific territoriality on recent shifts in fine-scale habitat overlap.

85UB01 7 SUOWILIOD 3AIE.D 3ceotdde au Aq peusenob afe sapiie O ‘88N JO Sa|N. 104 Afeiq1 8U1JUO A8|IA UO (SUOTIPUOD-PUE-SLLBYW0D" A3 1M A el [BuUO//SdNY) SUORIPUOD pUe W | 8L} 88S *[£202/20/50] Uo Ariqiaulluo A8 |1m ‘881 Aq €2590°6008/TTTT 0T/I0p/wW00" A3 1M Atelq 1 jeul|uoy/sdiy Wwo.y papeojumoq ‘9 ‘€202 ‘2850009T



0.50-
Q
g 0254
+
(0]
EOOO .‘...-..-->..-.‘..+ ......................................................................
e)
(o]
= 25
-0.50 [
> o 3 o % > & o o > DS
@ . <)
F &L ELFLELES
§ & & & o0 ¢ I ¢ ¢ & &
RN SR S R S & & § 5§ & & &
> & & & & L & N N
s © S SRS g & Q
& R SO MR &
K & & & &
< 2 9
@ &
£ &S
Q
&
%

Figure 2. Predictors of the change in syntopy between 1997-2000 and 2016-2019. The plotted values are coefficient estimates from a linear

regression (phylogenetic generalized linear mixed model) with A

syntopy

as the dependent variable. Points correspond to the median and error

bars represent the 95% credibility interval from four combined MCMC chains. Black points indicate fixed effects with estimates whose

95% credibility intervals do not include 0.

The presence or magnitude of interspecific territori-
ality may vary across space and time (e.g. across different
habitat types, Reed 1982), but the sparse nature of data on
observations of territorial aggression in birds means that

Table 2. Predictors of the change in sympatry between 1997-2000
and 2016-2019 from phylogenetic linear mixed models (n=1602
species pairs). The median coefficient estimates from the posterior
distribution, as well as 95% credibility intervals and MCMC derived
p-values are shown. Shaded rows indicate fixed effects with 95%
credibility intervals that do not overlap 0. pMCMC values are from
one chain (results are similar across all chains). The mean phyloge-
netic signal () for this model was 0.025 (95% Cl=0.0005, 0.162).
Significance codes: < 0.05%, < 0.01**, < 0.001***,

Median 95% Cl pMCMC
Intercept 0.016  —0.265 0.287 0.885
Interspecifically 0.017  -0.182 0.214 0.857
territorial
Hybridising 0.071 —-0.138 0.283 0.509
Same intraspecific 0.052 —0.099 0.200 0.494
territory type
Patristic distance -0.030 -0.125 0.065 0.437
Proportion shared —0.013  —0.071 0.044 0.660
axes
Both cavity nesters  0.034 —0.404 0.443 0.891
Same habitat —-0.033  -0.132 0.068 0.519
Mass difference —-0.071 -0.133  —0.008 0.029*
Bill length 0.069 0.011 0.128 0.022*
difference
Both undergone 0.425 0.250 0.595 < 0.0005***
range expansion
Both undergone -0.247  -0.399 -0.097 0.001**
range
contraction
Sympatry 1997— —0.102 -0.147 -0.056 < 0.0005***

2000

information on this variation is currently unavailable. As
such, we were unable to relate variation in interspecific terri-
toriality to variation in range dynamics for each species pair.
Gathering data on geographic variation in behavioural inter-
ference would require fieldwork on a much larger geographic
scale than is typically attempted in avian empirical studies.
However, platforms such as eBird (Sullivan et al. 2014) offer
the potential to enlist large numbers of birders in the effort
to classify local breeding populations in this way, and poten-
tially open the door to deeper investigations of the relation-
ship between behavioral interference and range overlap on
different scales.

Models of sympatry dynamics, however, did not support a
role for behavioural interference driving shifts in range-wide
overlap. This finding supports the notion that simple indices
of range overlap may fail to adequately capture the potential
for species interactions (Drury et al. 2020). At a continen-
tal level, processes tend to be expressed on an evolutionary
timescale rather than the ecological timescale of habitat-scale
processes (Connor and Bowers 1987) and as such the rela-
tively brief time span of this study may have failed to detect
these processes. Nevertheless, we found evidence that traits
related to resource competition are associated with changes
in range-wide overlap; mass and bill similarity did predict
changes in sympatry, though in opposing directions (mass
similarity corresponded to increases in range overlap and bill
length similarity corresponded to decreases in range overlap).
The relationship between mass and range overlap could be
related to higher dispersal ability in larger birds (Pigot and
Tobias 2014) and/or habitat filtering (Polo and Carrascal
1999). The contrasting relationship between bill length and
range overlap, on the other hand, could indicate a role for
competitive exclusion (Pigot and Tobias 2013). Yet, why
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Figure 3. Predictors of the change in sympatry between 1997-2000 and 2016-2019. The plotted values are co-efficient estimates from a

linear regression (phylogenetic generalized linear mixed model) with A

sympatry

as the dependent variable. Points correspond to the median and

error bars represent the 95% credibility interval from four combined MCMC chains. Black points indicate fixed effects with estimates

whose 95% credibility intervals do not include 0.

these effects would only act at a range-wide scale and not a
local habitat scale is not clear. Further work could shed more
light on whether these patterns hold at larger timescales or
across other functional traits.

We found no evidence in models of syntopy or sympatry
dynamics that either hybridisation or the joint action of
hybridisation and interspecific territoriality impacted range
dynamics. In contrast, recent analyses on sister-taxa suggest
that behavioural interference, including hybridisation, influ-
ences the attainment of secondary sympatry (Cowen et al.
2020). The discrepancy between our findings and those of
Cowen et al. (2020) are likely a result of the vastly different
timescales of our analyses. Indeed, most studies investigat-
ing the influence of species interactions on range dynam-
ics concern changes that have taken place over millions of
years (Gross and Price 2000, Jankowski et al. 2010, 2012,
Pigot and Tobias 2013, 2014, Freeman et al. 2016, Boyce
and Martin 2019). Nevertheless, others have focused on
the influence of species interactions on contemporary range
dynamics (Pearson 2000, Pearson and Rohwer 2000, Poling
and Hayslette 2006, Duckworth and Badyaev 2007, Mac
Nally et al. 2012, Vallin et al. 2012, van Dongen et al. 2013,
Wiens et al. 2014, Rybinski et al. 2016, Friedemann et al.
2017). Another consideration that may explain discrepan-
cies between ours and other studies relates to starting levels
of interspecific range overlap. Theoretical models posit that
range dynamics in the face of behavioural interference are
likely to be positively frequency-dependent, and therefore,
systems with interference are often prone to competitive
and/or sexual exclusion when at least one species occurs at
a low frequency (Kuno et al. 1992). The species pairs stud-
ied here, however, were already sympatric at the onset of the
study period, and therefore interspecific territoriality between
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these lineages is likely to be evolutionarily stable (Drury et al.
2020, Cowen et al. 2020).

Determining how processes that unfold on ecological tim-
escales scale up to generate macroevolutionary dynamics is an
open challenge in the field (Weber et al. 2017, Harmon et al.
2019, Hembry and Weber 2020). Further research harness-
ing the power of long-term census data like those from the
North American BBS promises to play an important role in
achieving this micro-to-macro link. Our analyses contribute
to a growing body of work demonstrating how behavioural
interference impacts fundamental ecological and evolution-
ary processes. Further understanding of these impacts will
improve our ability to predict the consequences of species
interactions that form in novel assemblages as a result of
ongoing, human-induced global change.
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