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Abstract

The annual migration and spawning event of Pacific salmon (Oncorhynchus spp.) can lead
to cross-boundary delivery of marine-derived nutrients from their carcasses into adjacent
terrestrial ecosystems. The densities of some passerine species, including Pacific wrens
(Troglodytes pacificus), have been shown to be positively correlated with salmon abun-
dance along streams in Alaska and British Columbia, but mechanisms maintaining these
densities remain poorly understood. Riparian areas near salmon streams could provide
higher quality habitat for birds through greater food availability and more suitable vegetation
structure for foraging and breeding, resulting in wrens maintaining smaller territories. We
examined relationships between salmon biomass and Pacific wren territory size, competi-
tion, and habitat selection along 11 streams on the coast of British Columbia, Canada. We
show that male wren densities increase and territory sizes decrease as salmon-spawning
biomass increases. Higher densities result in higher rates of competition as male wrens
countersing more frequently to defend their territories along streams with more salmon.
Wrens were also more selective of the habitats they defended along streams with higher
salmon biomass; they were 68% less likely to select low-quality habitat on streams with
salmon compared with 46% less likely at streams without salmon. This suggests a potential
trade-off between available high-quality habitat and the cost of competition that structures
habitat selection. Thus, the marine-nutrient subsidies provided by salmon carcasses to for-
ests lead to higher densities of wrens while shifting the economics of territorial defence
toward smaller territories being defended more vigorously in higher quality habitats.

Introduction

Many seemingly disparate ecosystems are linked by the movement of species and nutrients
across habitat boundaries [1]. Predictable pulses of subsidies across ecotones can have a wide
range of ecological impacts, from increasing local densities of consumers [2,3] to longer-term,
comprehensive effects on recipient ecosystem productivity or community structure and stabil-
ity [4,5]. Nutrient subsidies enter recipient communities at low trophic levels, but can propa-
gate through multiple trophic levels [4,6,7]. These subsidies can increase local densities of
direct consumers, leading to widespread consequences for food web dynamics [8,9]. For
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example, a study of the effect of a single input of nitrogen fertilization showed that a short
resource pulse can have lasting effects on abundance of grasses, but also increase the abun-
dance of herbivorous insects and their arachnid predators for up to three years [10]. Increasing
densities of secondary consumers has implications for structuring community dynamics
through top-down effects or intraspecific competition [11].

Along the North Pacific Rim, the annual migration and subsequent spawning of anadro-
mous salmon into freshwater streams represents one of the most striking examples of a pre-
dictable pulse of nutrient subsidies largely assimilated at sea and transferred to freshwater and
terrestrial systems. Nitrogen from carcasses of adult salmon can impact the recipient commu-
nity directly as food and nutrients for consumers, or indirectly through various bottom-up
interactions. Salmon-derived nutrients are exported to terrestrial systems through passive
deposition, flooding, or transport by bears, wolves, and birds [12-16]. Salmon carcases are col-
onized by terrestrial invertebrates and this subsidy has been shown to increase invertebrate
biomass the following spring [8,17]. Salmon carcasses can also influence growth and commu-
nity composition of riparian plants through the release of carbon and nitrogen [18,19] which
sustain different herbivorous invertebrate communities [20].

Marine-derived nitrogen from salmon create bottom-up trophic cascades, cumulating in
higher densities of riparian passerine birds along salmon streams [21-24]. Nitrogen subsidies
from salmon carcasses may increase habitat quality for passerines through greater food avail-
ability and potentially better habitat structure that enhances foraging opportunities and nest
site availability [25-27]. For example, along salmon streams there is higher invertebrate prey
availability [17] and the riparian plant community composition is more salmonberry-domi-
nated (Rubus spectabilis) [18], which produce fruit and have been shown to support higher
insect biomass than conifers [20]. There is also evidence of an indirect trophic link between
salmon subsidies and Pacific wrens, as isotopic shifts in wren tissues reflect the availability of
salmon in invertebrate diets [28].

Many studies have examined the indirect effects of subsidies on recipient communities
through increases in consumer abundances, biomass, or densities [29]. However, there is less
of an understanding of the behavioural processes underpinning these outcomes as densities of
consumers are not always correlated with higher resource availability [30,31]. In this study, we
attempt to elucidate some of the mechanisms maintaining higher densities of birds through
indirect effects of marine-derived salmon subsidies. We examine how individuals may balance
the trade-off between access to high-quality resources and competition. We quantify the con-
sequences of competition by measuring habitat use, individual quality or body condition, and
local densities [32-34]. As habitat selection is an important component of these processes, ter-
ritorial species are particularly well suited to understand the mechanisms maintaining higher
densities of passerines along salmon streams.

Indirect effects of salmon-derived nutrients on territoriality can be studied through the lens
of food-value theory [35,36], which predicts an inverse relationship between food availability
and territory size as territories scale to support the energy necessary to live [37]. However, ter-
ritory size can also be constrained by the trade-off between defending against conspecifics and
habitat quality [35]. There may be more pressure to defend high-quality habitat when competi-
tor density is increased, requiring the allocation of more energy and time to maintain a terri-
tory. Marine-derived nutrients have been shown to positively influence many indicators of
high-quality habitat for insectivorous songbirds including plant community composition and
invertebrate availability [18,38]. Therefore, the trade-offs between competition and resource
use mediated through nutrient subsidies, can determine territory size [35].

We studied the Pacific wren (Troglodytes pacificus) to test for mechanisms that facilitate
marine-derived salmon subsidies into higher densities of breeding birds. Pacific Wrens are
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resident territorial insectivores that range along the west coast of North America from Alaska
to California [39]. Male Pacific Wrens establish relatively small breeding territories in the early
spring and defend them throughout the spring and summer by countersinging with their
neighbours [26]. Their small territories and year-round close association with riparian areas
along streams make them an effective model organism to study the localized effects of salmon
nutrient subsidies on habitat use and competition.

The objectives of this study were to determine if nutrient subsidies provided by spawning
salmon are correlated with the territorial decisions influencing habitat selection, defence, and
territory size, leading to higher wren densities. First, we tested the prediction that streams with
a higher input of marine-derived nutrients through higher spawning salmon biomass would
have higher wren densities with smaller territory sizes. Second, we predicted that competition
with conspecifics would be more intense along streams with high densities of salmon, shown
by rates of countersinging. Third, we tested whether increased pressure from conspecifics as a
function of salmon abundance would lead to wrens selecting only higher quality habitat to
defend. Finally, we tested the prediction that wren body condition would be higher for wrens
with smaller territories across salmon streams. Thus, our study tests the overall prediction that
nutrients derived from salmon would lead to higher densities of wrens while mediating trade-
offs between resource availability and competition.

Methods
Study sites

Research was conducted under Simon Fraser University Animal Care Protocol #1044B-12 and
#1079B-13 and bird-banding permit 10759 AW issued by the Canadian Bird Banding Office.
Our study was conducted from April to July in 2015 and 2016 on the Central Coast of British
Columbia, Canada, within the traditional territory of the Heiltsuk First Nation (vicinity of
52.1605° N, 128.1456° W). The study sites were located along streams on coastal islands and
mainland inlets within the Coastal Western Hemlock Biogeoclimatic Zone, which is character-
ized by nutrient-poor soils and high annual precipitation of 3000-4000 mm-year ' [40]. Forest
cover is dominated by western hemlock (Tsuga heterophylla), western redcedar (Thuja pli-
cata), Sitka spruce (Picea sitchensis), amabilis fir (Abies amabilis), and red alder (Alnus rubra).
The latter is the only large deciduous tree found at our sites. Riparian plant understory com-
munities are composed of shrubs including salmonberry (Rubus spectabilis), stink currant
(Ribes bracteosum), blueberries (Vaccinium ssp.), false azalea (Menziesia ferruginea) and salal
(Gaultheria shallon). Most of our sites were selectively logged for spruce in the 1940s, however
there was minimal evidence of modern anthropogenic disturbances.

We conducted bird and vegetation surveys at 11 stream-side plots, five of which were sur-
veyed in 2015 and six surveyed in 2016. Stream sites were chosen to represent a wide range of
salmon (0 to 122,454 fish; S1 Table). We established a nine-hectare forest plot beginning at the
mouth of the stream and extending 375 m upstream and 125 m upland on either side of the
stream. Standard protocol recommends plot sizes of at least 8 hectares and 4-10 repeated visits
for effective spot-mapping of one species [41]. We chose this plot shape and size as Pacific
Wrens are more abundant in riparian forests in close proximity to streambanks [29] and in
coastal rainforests of British Columbia, previously cited wren territories ranged from 0.68 to
1.46 ha [42]. The streams were generally similar in width, ranging from 5 to 22 m wetted
width. Stream width was not included in the size of each terrestrial plot as wrens easily flew
from one side to the other and stream width did not correlate with salmon biomass (S1 Fig).
We flagged the plots at 50 m by 25 m intervals, creating points to facilitate data collection and
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to geolocate observations (S2 Fig). We determined the Universal Transverse Mercator (UTM)
coordinates for all points using hand-held GPS units.

Salmon biomass

Salmon counts on each stream were done by collaborative surveys conducted by our research
group and from data shared by the Department of Fisheries and Oceans and the Heiltsuk Inte-
grated Resource Management Department. Trained observers walked the streams and counted
all live and dead salmon observed along the total length of the stream or until no salmon were
seen for 200 m. Streams were surveyed three times over the course of the salmon spawning sea-
son from early September to late October to determine spawning salmon abundance using the
area-under-the-curve estimation method [43]. When streams had very low salmon abundance
or we were constrained by weather to only one or two counts per stream, we used peak counts
of live plus dead to estimate salmon abundance. Both methods result in the same mean esti-
mates of run-size [18].

We used total salmon biomass per stream as the metric of marine-derived nutrient subsidy,
as all salmon, regardless of stream length would pass through the surveyed area near the estu-
ary of each stream. Additionally, salmon biomass, as opposed to salmon density, has been
found to better explain variation in Pacific Wren abundances along the same streams [24].
Streams were heavily dominated by pink (Oncorhynchus gorbuscha) and chum (O. keta)
salmon (>99% of fish). Therefore, biomass was calculated as the total pink and chum run size
at each stream multiplied by their respective average weights (1.2 kg for pink and 3.5 kg for
chum) [18]. We calculated a three-year mean of salmon biomass for each stream for the years
before we did our bird surveys to account for longer-term effects of salmon. The streams ran-
ged from having no salmon to an average of 46,609 kg spawning salmon annually.

Territory mapping and densities

Early in the breeding season, from April to early June, we colour-banded male wrens by catch-
ing them in mist nets with targeted playback of their song to aid in individual identification of
territorial behaviour. To determine territory size we used spot-mapping, a well-established
method for determining habitat use of breeding birds [41,44,45]. We initiated spot-mapping
one hour after sunrise each day and continued for 1.5 hours. Observers moved through the
plot along the geolocated points at a consistent walking pace, recording the locations of sing-
ing, countersinging, calling, and visual observations of male wrens against known plot loca-
tions. Each stream was visited eight times each year, from late April until July, in rotating
order (one site per day) and for each visit, we began spot mapping at either a different corner
of the plot, or by moving in a different direction to ensure adequate coverage throughout the
morning chorus.

Territories were delineated in ArcGIS (Version 10.1) by geo-referencing each song or visual
observation against known site points and then overlaying each visit to create an overall pat-
tern, or cluster, of territorial observations throughout the season (Fig 1). Territory boundaries
were mapped according to countersinging locations between male wrens. Countersinging
occurs when birds sing in response to their neighbour’s song by matching or overlaying songs
[46]. Pacific wrens will often countersing at the edges of defended habitat, allowing us to mark
the outer borders of territories.

We measured territory size using 95% minimum convex polygons, with the adehabitat
package in R [47], using 95% of all singing observations for each wren. Territories that had
more than half of their observations outside the surveyed plot area were excluded from the
study as their size may have been underestimated. Similarly, male wrens that were detected in
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Fig 1. Representation of the territories of male Pacific wrens at different streams with different numbers of spawning salmon (A-D). Each polygon represents
an individual wren territory along a stream: (a) Ripley with no salmon, (b) Fancy Right with ~2,500 kg, (c) Fannie Left with 32,000 kg, and (d) Clatse with
47,000 kg average annual spawning pink and chum salmon biomass. Blue lines represent the respective streams and the salmon drawing represents amount of
salmon biomass.

https://doi.org/10.1371/journal.pone.0254314.9001

fewer than three survey visits or that had fewer than three total observations throughout the
breeding season were excluded from the analysis as we categorized them as floaters unable to
establish a breeding territory.
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To calculate absolute male wren densities at each stream we determined the proportion of
each male’s territory within the surveyed stream-site, summed the proportions of the territo-
ries in the surveyed area, and divided the sum by the total surveyed stream-site area. This gave
us male wren densities as number of territorial males per hectare.

Countersinging rate

We first determined the number of countersinging bouts attributed to an individual bird in
order to determine countersinging rate per male as a metric of competition. Observations were
categorized as countersinging if observers heard two male wrens singing in response to each
other by either alternating or overlaying songs. We tallied the number of observations of coun-
tersinging for each individual bird during our spot-mapping surveys and standardized it by the
total number of hours surveyed. Similarly, we calculated the singing rate of each territorial male
wren as the total number of singing observations that occurred within a territory, standardized
by survey effort (total survey hours at each stream over the season). These methods have been
used previously to measure countersinging rates [48]. We then divided the number of counter-
singing bouts by the total number of singing observations recorded throughout the survey to
calculate the proportional rate of countersinging for each individual male wren.

Vegetation surveys

To characterize habitat quality and wren habitat selection, we surveyed vegetation plots at each
geolocated stream-site point (50 m x 25 m) for a total of 56 plots per stream using a modified
BBIRD protocol [49]. To measure understory characteristics, percent cover was recorded for
all shrub and immature tree species (<2.5 cm diameter at 10 cm or <5 m height) and summed
across three different height classes (0-50 cm, 50-200 cm, 200-500 cm) within a 5-m radius.
Percent cover was visually estimated by trained observers using a datasheet to draw out cover
estimates of each species on circles divided into four quandrants (S2 Fig) [49]. We focused on
vegetation below five meters in height because our field observations indicated that this was
where wrens spent most of their time. Within the 5-m radius vegetation plot we also measured
percent cover of logs and stumps and calculated Shannon’s Diversity Index of tree and shrub
species. To calculate the habitat characteristics for each territory, we averaged the percent
cover estimates of shrubs, trees, diversity indices, and large woody debris for all the vegetation
plots within a given territory. We divided shrub cover into two categories: nutrient-rich shrub
species and other shrub species. Nutrient-rich shrub species at our sites were salmonberry and
stink currant, which are associated with riparian borders, categorized as nitrophiles, and indi-
cate nitrogen-rich soil [18].

To determine forest stand characteristics, we recorded each tree species and its diameter at
breast height (DBH) within a 11.3 m radius (400 m? area surveyed) of the centre of each vege-
tation plot [49]. Tree species that occurred in less than five percent of plots were excluded
from analyses. DBH was used to calculate the stand basal area (SBA) of all tree species, includ-
ing western redcedar, Sitka spruce, and western hemlock, which dominate the forest composi-
tion. We determined SBA of tree species at both the 11.3 m plot level and at the territory level.
Territory-level tree volume of each species was calculated by summing the SBA of each indi-
vidual species from all the vegetation plots within a territory and dividing by the total area of
those surveyed plots (expressed as m* hectare™).

Body condition

When color-banding wrens, we collected morphometric data to calculate scaled mass index
(SMI) to characterize adult male wren body condition. SMI is a condition index for estimating

PLOS ONE | https://doi.org/10.1371/journal.pone.0254314  July 8, 2021 6/19


https://doi.org/10.1371/journal.pone.0254314

PLOS ONE

Salmon subsidies predict territory size and habitat selection of an avian insectivore

individual energy reserves standardized to body size as it accounts for the scaling relationship
between mass and length [50]. We used wing length for our linear measurement as together
with body mass, these measurements have been shown to predict percent body fat and fat
mass in birds [51]. We also confirmed that wing measurements correlated strongly with adult
wren mass. We calculated SMI as the predicted body mass for each individual when wing
length is standardized by the arithmetic mean of the wing length of our measured adult wren
population (46.52 mm) to the power of the slope of the regression [51].

Data analysis

To test the hypothesis that salmon biomass may influence wren territory size, we used parame-
ters of interest, such as salmon biomass, high-nutrient shrub cover, and coniferous tree volume
as predictor variables for territory size. Parameters were selected based on previous literature
showing that salmon and conifer composition influenced wren densities [24] and from obser-
vations of wrens using high-nutrient shrubs. We did not include other stream characteristics,
as previous research at the same streams found watershed size characteristics that included
width and length of the streams, and catchment size, explained little of the variation in Pacific
Wren densities [24]. We used linear mixed effect-models with stream site as a random effect
and year as a two-factor fixed effect in all candidate models. This resulted in a candidate set of
seven models, including a null model with just year and stream (See S2 Table for full candidate
model set).

We modeled male proportional countersinging rate (relative to singing rate) as a linear
mixed-effect model with stream site as a random effect and year as a two-factor fixed effect.
We included male stream-level absolute density, salmon biomass, and territory size as predic-
tors of competition, resulting in a candidate model set of four.

To characterize habitat selection by wrens for our third study objective, we first overlayed
the vegetation plots and 95% MCPs representing wren territories in order to determine if
wrens are more likely to select habitat with specific vegetation characteristics. To model habitat
selection, we created a resource selection probability function (RSPF) and competed general-
ized linear mixed-effect models with a binomial response of wren territory presence/absence
(if the vegetation plot fell within or outside the 95% MCP) and logit link. We modeled the
probability of wren territorial habitat selection as a function of vegetation characteristics, total
salmon biomass in the stream, and year as predictors with stream as a random effect (see S3
Table for full candidate model set). We selected habitat parameters based on our prediction
that wrens would prefer nitrophilic species such as salmonberry [18], complex habitat with lot
of cover [42], and avoid forest stands with high volumes of western redcedar based on our
observations. Year (2015 and 2016) was included as a two-level factor in all candidate models
to account for year-to-year variability, however removing year from the models did not alter
any predictions. Stream was included as a random effect in all models to help account for the
potential confounding factors of other stream-level characteristics. We then competed 13
RSPF candidate models to determine a top model from which to generate predictions of habi-
tat selection. The candidate models can be classified under four main hypotheses: 1) habitat
only models, 2) salmon only models 3) salmon and habitat characteristics models and 4)
salmon and habitat interaction models (S3 Table). This allowed us to test the hypothesis that
salmon biomass and vegetation characteristics would interact to determine habitat selection.

Global models were assessed for violated assumptions using simulated residuals in the
Dharma package [52]. For our RSPF models, absence of spatial autocorrelation was checked
graphically using variograms. Vegetation plots were categorized as being within a wren terri-
tory if any part of them fell within the 95% minimum convex polygon of a territory.
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As we had a limited sample size of banded wrens that we measured and weighed (half of the
territorial males n = 27), we were only able to run simplified models to test for correlates of
wren body condition. We modeled body condition as a function of territory size and territory
size relative to others in the same stream, to test whether males with higher body condition
had territories that were larger in absolute terms or larger than average within streams. We
then competed these models with null models of only stream and year.

All candidate model predictors (including RSPF models and linear mixed-effect models)
were checked for multicolinearity using variance inflation factor scores (VIF). None of the pre-
dictor variables had VIF scores greater than 2, indicating an acceptable amount of covariance
[53] (see S3 Fig for correlation coefficients). Additionally, we standardized all explanatory vari-
ables (mean = 0, SD = 2) to allow for direct comparisons of fixed effects [54,55]. Using an
information theoretic approach, we evaluated the relative support for each candidate model
set and selected our top models using Akaike’s Information Criterion (AIC) with a cut-off of
delta 2 AIC [56]. Territory size and countersinging top models were evaluated using delta
AICc corrected for small sample size. All of our top models were > 2 AIC or > 2 AICc higher
than the next highest ranked models, and were therefore not model averaged [56]. Wren den-
sity was modeled as a simple linear regression of salmon biomass. All statistical analyses were
performed in R 3.4.1 [57].

Results

We collected territory size and countersigning data from 44 male wrens from 11 streams in
2015 and 2016. This included data for 22 males in 2015, 11 of which were banded, and 22 dif-
ferent males in 2016, of which we successfully banded and collected measurements for 16.
Thus, we banded a total of 27 male wrens. We also collected vegetation data at each stream
from a total of 616 vegetation plots on which we based our habitat selection models.

We confirmed our expectation that wren densities would be higher along streams with high
salmon biomass (Fig 2). Wren absolute densities ranged from 0.1 to 0.8 wrens per hectare,
with the highest salmon biomass stream having over 4 times higher average wren density than
streams without salmon (P = 0.01, r* = 0.53).

As we predicted, there was a negative relationship between wren territory size and salmon
biomass (Fig 3). A two standard deviation increase in salmon biomass (31,663 kg) corre-
sponded with a 67% (0.77 £ 0.55 hectare) reduction in male territory size. Salmon biomass was
the most important predictor of territory size (Table 1). Surprisingly, none of our habitat mea-
surements (e.g. high-nutrient shrub cover), were in the top model for territory size and habitat
variables only accounted for a small amount of additional variation compared with salmon
biomass alone.

Individual males at streams with higher absolute wren densities had a higher proportional
countersinging rate relative to singing rate than males at streams with low wren densities (Fig
4). On average, wrens at the highest density streams countersang at a 5.6 times higher rate
than those at the lowest density wren streams (Fig 4). Wren density was the only important
predictor of proportional countersinging rate (Table 1), and as territory size and wren density
are highly correlated (r* = 0.53), we chose wren density as a predictor variable to model pro-
portional countersinging rate as it more closely reflects in situ competition.

Although habitat characteristics did not predict territory size, they did predict the locations
that the birds defended along the streams. Hemlock tree volume, high-nutrient shrub cover,
stream-level salmon biomass, and redcedar volume along with their interaction predicted
wren habitat selection and were in the top model (Table 2). However, only high-nutrient
shrub cover, redcedar volume, and salmon biomass, along with the interaction between
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Fig 2. Relationship between salmon biomass per stream and absolute male Pacific wren density in the

surrounding forest plot. The dark line represents the best-fit line from the linear model and the band represents the
95% confidence interval.

https://doi.org/10.1371/journal.pone.0254314.9002

salmon biomass and redcedar volume had a statistically significant relationship with probabil-
ity of occupation with parameter estimates not overlapping zero (Fig 5). Diversity of shrubs
and trees were not important predictors of habitat selection.

The resource selection probability function plots further supported our findings that wrens
preferred locations with more high-nutrient shrub cover and lower volumes of western redce-
dar, however wrens were more likely to avoid redcedar at high salmon biomass streams (Fig
6). Wrens were 46% less likely to select habitat with high volumes of western redcedar at
streams with no salmon, however that rose to 68% lower likelihood at streams with high
salmon biomass. Additionally, wrens were 32% more likely to select habitat with more high-
nutrient shrub cover across all streams.

Wrens were also less likely to select habitat along streams that had more salmon, with the
odds of wrens selecting available habitat at a higher salmon biomass stream were less than one
third that at a low salmon biomass stream (Fig 5). We tested this explicitly by analysing the dif-
ference between defended and undefended surveyed habitat and found evidence to suggest
that as total salmon biomass increases, the amount of undefended habitat also increases in
riparian forests (P = 0.056, r? = 0.35; see S4 Fig).

We found that neither territory size, nor having a larger territory size relative to others
along the same stream, weregood predictors of adult male wren body condition (Table 1).
Wrens with larger territories both across streams and relative to their neighbours had similar
scaled mass indices. The inclusion of territory size or relative territory size as predictor vari-
ables did not improve model fit relative to the null model (Table 1).
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Fig 3. Relationship between the spawning salmon biomass at each stream and male wren territory size in
surrounding habitat. The solid line represents the best fit from the top linear mixed-effect model for territory size
with all other variables held at their mean. Each point represents an individual male wren’s territory size. The band
represents the 95% confidence interval.

https://doi.org/10.1371/journal.pone.0254314.9003

Discussion

This study presents evidence to suggest that nutrients from salmon carcasses shape trade-offs
of territoriality for a species that does not directly feed on salmon, leading to higher densities
along salmon streams. Specifically, streams with higher salmon biomass during the fall spawn-
ing season support higher absolute male Pacific wren densities in the spring and summer (Fig
2), corresponding with a decrease in wren territory size (Fig 3). At streams with higher densi-
ties of birds and higher salmon biomass there was increased competition between male wrens
as shown by higher rates of countersinging (Fig 4). Wrens were more selective of what habitat
they defended on salmon streams; they were more likely to avoid western redcedar on high
salmon biomass streams (Fig 6) perhaps because the costs of defending territories may be
higher on streams with high wren densities. While there may be a higher cost of defending
lower quality habitat at streams with high densities of wrens, our data show no clear relation-
ship between territory size and changes in adult male body condition (Table 1).

Salmon nutrients may be shaping territory size through several indirect pathways [58].
Salmon streams may provide increased food availability for wrens, as previous studies have
shown that nutrient subsidies from salmon carcasses produce higher insect biomass and affect
riparian plant community composition [18,38,59-61]. Higher food availability has been
shown to have an inverse relationship with territory size across many species [62-64], which
may allow higher densities of wrens on salmon streams [23]. Additionally, higher complexity
of habitat structure through foliage density or high shrub density has been shown to correlate
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Table 1. AICc model selection analysis of linear regressions (models presented: AAICc <5) describing Pacific wren territory size, countersinging rate, and body
condition response variables predicted by salmon biomass, wren density and environmental metrics. Year (fixed effect) and stream (random effect) were included as
variables in all models but are excluded from the table for clarity.

response parameters K AAICc A4 R’
territory size salmon 3 0 0.51 0.37
salmon + conifer cover 4 2.2 0.17 0.45
null 2 3.0 0.12 0.41
Salmon + riparian shrub cover 4 34 0.09 0.36
Salmon + riparian shrub cover + conifer cover 5 4.7 0.05 0.45
proportional countersinging rate male density 3 0 0.63 0.71
salmon 3 2.4 0.19 0.71
male density + salmon 4 3.7 0.10 0.71
null 2 3.9 0.09 0.73
body condition null 2 0 0.48 0.39
relative territory size 3 0.4 0.41 0.46
territory size 3 2.9 0.11 0.47

Body condition appears twice as due to limited sample size, we were only able to run simplified models to test for correlates of wren body condition and we modeled
body condition as a function of territory size and relative territory size separately. K = number of parameters in model, AAICc = difference between the model AICc and
the top model AICc, w; = model AICc weight, R” = regression coefficient of fitted versus observed values for each analysis, salmon = summed chum and pink salmon
biomass, conifer cover = percent cover of all coniferous trees, male density = absolute male wren density per hectare, territory size = male wren territory size in hectares,

null = model with only year (fixed effect) and stream (random effect).

https://doi.org/10.1371/journal.pone.0254314.t001

with decreased territory sizes of bird species [35,65]. As many animals use food and habitat
structure as proximate cues of habitat quality, these measures allow animals to scale their terri-
tory sizes with available resources [35,45,66].

Although we hypothesized that salmon biomass would be correlated with wren territory
size, we were surprised that it was the only predictor from the many vegetation characteristics
that we measured. Thus, contrary to other studies, no other habitat variables that we measured,
including high-nutrient shrub cover, conifer cover or plant species richness were an important
influence on wren territory size [26,42,67]. Vegetation characteristics alone may not be the
cues that wrens use to determine territory size. Salmon biomass may influence other measures
of habitat quality, including increased food availability [17,38]. Salmon subsidies may also
improve both the quantity and quality of available resources by increasing shrub quality for
herbivorous insects, such as caterpillars, which are an important component of wren diet [68-
70].

The countersinging data indicate that along streams with high wren densities, individual
male wrens compete directly with conspecifics more than those in low density habitats (Fig 4).
Competition represents a direct energy cost, as males are able to allocate less time to foraging
and provisioning young [48,71,72]. Competition can reduce territory size, which in turn can
lead to a reduction in individual fitness [73]. When competition is reduced experimentally by
reducing competitor density, male great tits (Parus major) responded by increasing territory
size, resulting in higher numbers of second generation recruits [73]. Indeed, some studies have
shown that cost of defense is more important in determining territory characteristics than
resource availability [37,74]. We found that despite having higher density of wrens with
smaller territories at high salmon biomass streams, there is also more undefended habitat. This
suggests that competition keeps wrens from being uniformly distributed across the available
habitat, as there may be a higher cost associated with defending low-quality habitat (Figs 6 and
S4). Thus, we suggest that the high rate of countersinging necessary to defend territories at
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Fig 4. Relationship between absolute male wren density at each stream site and the individual male wren
proportional rate of countersinging (countersinging divided by total singing bouts per hour). Wren density was
the main predictor variable for the model. The solid line represents the best-fit line from the top model linear
regression for proportional countersinging rate and the band represents the 95% confidence interval.

https://doi.org/10.1371/journal.pone.0254314.9004

high-density streams may structure trade-offs that affect territory selection at high salmon bio-
mass streams.

There may be a higher cost of defending low-quality habitats at high wren density streams
due to greater competition with conspecifics. We found that wrens select habitat based on spe-
cific vegetation characteristics across streams, specifically avoiding western redcedar and
selecting for high-nutrient shrub cover. However, wrens are more likely to avoid habitat with
redcedar on streams with more salmon nutrient input, where wrens achieve higher densities
(Fig 6). Redcedar may represent lower quality vegetation as there are fewer insects on redcedar

Table 2. AIC model selection from the logistic regression models for probability of habitat selection by territorial male wrens (models presented: AAIC <5). Year
(fixed effect) and stream (random effect) were included as variables in all models but are excluded from the table for clarity. The full candidate model set is described in S1

Table.

response parameters K AAIC w;i ER

probability of habitat selection salmon * redcedar + high-nutrient shrub + hemlock 7 0 0.61 1.00
salmon * high-nutrient shrub + other shrub + hemlock 8 2.0 0.23 2.68
salmon + redcedar + high-nutrient shrub + other shrub + hemlock 7 3.8 0.09 6.75

Habitat parameters tested include: Salmon = summed chum and pink salmon biomass per stream (kg), redcedar = western redcedar stand basal area (m?ha™), high-

nutrient shrub = percent salmonberry and stink currant shrub cover, hemlock = western hemlock stand basal area (m* ha™"), and other shrub = percent cover of

blueberry, false azalea, and salal. K = number of parameters in model, AAIC = difference between the model AIC and the top model AIC, w; = model AIC weights,

ER = evidence ratio (relative likelihood of top model compared to given model).

https://doi.org/10.1371/journal.pone.0254314.t1002
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Fig 5. Odds ratio of habitat selection by territorial male wrens compared to habitat vegetation characteristics and
stream-level spawning salmon biomass from the top AIC model. The standardized (mean = 0, SD = 2) parameters
include redcedar stand basal area (m? ha™'), salmon biomass (kg), their interaction, hemlock stand basal area (m*ha),
year, and percent high-nutrient shrub cover (stink currant and salmonberry). Circles show odds ratios for each
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https://doi.org/10.1371/journal.pone.0254314.9005

compared with deciduous shrubs or other trees due to monoterpenes contained in their foliage
which deter oviposition and insect herbivory [20,75]. Wrens typically forage low in the under-
story and glean insects from bark and twigs, so redcedar would not be ideal foraging habitat

(a) S o b __ . _ p © .
] AT IR ‘ g 4 ? ] §ofa 8
1.00 "%gw’.,,’,,@;\,._, 1.00 ” gf ‘ g & § 1.0 ﬁ:,g, ‘
(O]
2075 .. | ]
T " 0.75 0.75
= \
= \ .
o} \
= 0501 0.50- 0.50.
> \
= \ .
§ 0.251 '
<2 ' 0.251 0.251
= \
\
N
B @ ~\ . &
0.001 ' LNBERE B = - - , * -
5% g (\’_.’2'-/ o 0.00 !f 2 % 4 s+ 0.001 ' ,
b2 : v
0 >0 100 0 20000 40000 0 50 100
Redcedar volume (m” ha™) Salmon biomass (kg) High-nutrient shrub (% cover)

Fig 6. Resource selection probability plots for important predictor variables for the top model of probability of territorial use by male wrens. Lines are
predicted probabilities of habitat being included in wren territories against (a) western redcedar stand basal area (m*ha) at high salmon biomass (47,000 kg,
represented by the dashed line) and no salmon (0 kg, represented by the dotted line), (b) spawning salmon biomass (kg) at stream-level, and (c) percent high-
nutrient shrub cover, with other variables set to their mean value. Bands are 95% confidence intervals and points are jittered to display the spread of data.

https://doi.org/10.1371/journal.pone.0254314.9006
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[76]. Salmonberry and stink currant, conversely, are often used for more camouflaged nest site
locations [26] and they are associated with high nitrogen availability [18] which in turn may
improve both quality and quantity of insect prey [69,77].

Wrens at high densities along high salmon biomass streams do not have higher body condi-
tion than those at low salmon biomass streams. Previous studies have found that higher
resource availability can increase individual body condition [78,79]. However, the benefits
associated with higher quality habitat may be balanced by the negative effects of high competi-
tion. This trade-off at high salmon streams may result in wrens experiencing a lower realized
habitat quality, or the habitat quality the competitor actually experiences [32,34]. Wrens hav-
ing equal body condition across heterogeneous habitats suggests that they optimize their terri-
tory size to balance different pressures in ecosystems with differing amounts of resources and
competition.

In conclusion, this study suggests that marine-derived nutrients from salmon carcasses
indirectly affect summer territorial behaviour by an avian insectivore. Further research would
be useful to inform dispersal patterns of fledglings and whether salmon-derived nutrients are
correlated with overwinter survival and dispersal of juveniles, which is an important popula-
tion limitation in songbirds [80]. However, in the breeding season, along streams with high
salmon biomass, we observed higher densities of Pacific wrens and males defending smaller
territories. In turn, there seems to be increased competition along streams with more salmon,
as evidenced by higher rates of countersinging. Increased competition may be responsible for
the birds avoiding defence of lower quality habitat [32,34] Thus, this correlational study sug-
gests that the nutrient subsidy provided by salmon appears to shift the economics of territorial
defence towards smaller, highly-contested territories in high-quality habitat, leading to higher
densities of wrens.

Supporting information

S1 Fig. The relationships between salmon biomass (in kg) per stream and stream width (in
meters).
(PDF)

S2 Fig. Schematic of how vegetation plots were set up at each stream site using a modified
BBIRD protocol developed by Martin (1997) [49]. Small green circles represent the 5 m
radius plots where we measured percent cover of trees under five meters height, shrubs cover,
logs and stump over and calculated Shannon’s Diversity of tree and shrub species. Percent
cover was estimated by trained observers using datasheets to sketch out percent cover of each
species on circle divided into quadrants (see detail inset). The dotted line circles represent the
11.3 m radius plots (400 m* area surveyed) that we used to determine forest stand characteris-
tics. We recorded the DBH of all tree species within this plot and calculated the stand basal
area of all tree species.

(PNG)

S3 Fig. The correlation coefficients for all variables used in candidate model sets shown
with numbers and represented using colour. Circle size represents strength of correlation
and circle colour represents direction (blue = positive, red = negative). Parameters include:
Alder = red alder stand basal area (m? ha™!), conifer cover = percent cover of small conifer
trees, density = male wren density (males ha'), hemlock = western hemlock stand basal area
(m® ha™"), high-nutrient shrubs = percent salmonberry and stink currant shrub cover, logs and
stumps = percent cover of all large woody debris, other shrub = percent cover of shrubs blue-
berry, false azalea, and salal, redcedar = western redcedar stand basal area (m%hal),
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salmon = summed chum and pink salmon biomass per stream (kg), shrub

diversity = Shannon diversity index of all shrub species, spruce = Sitka spruce stand basal area
(m”ha™), tree diversity = Shannon diversity index of all tree species.

(PDF)

S4 Fig. The relationships between salmon biomass per stream and undefended habitat not
included within wren territories in the surrounding forest plot. The dark line represents the
best-fit line and the band represents the 95% confidence interval.

(PDF)

S1 Table. Stream characteristics and salmon population data (2012-2015) for watersheds
(n = 11) in this study.
(PDF)

$2 Table. AICc model selection analysis of linear regressions (full candidate model sets)
describing Pacific wren territory size, countersinging rate, and body condition response
variables predicted by salmon biomass, wren density and environmental metrics. Habitat
parameters tested include: Salmon = summed chum and pink salmon biomass, conifer
cover = percent cover of all coniferous trees, riparian shrub cover = percent cover of riparian
shrubs predominantly stink currant and salmonberry, male density = absolute male wren den-
sity per hectare, territory size = male wren territory size in hectares. Year (fixed effect) and
stream (random effect) were included as variables in all models but are excluded from the
table for clarity. K = number of parameters in model, AAICc = difference between the model
AICc and the top model AICc, w; = model AICc weight, ER = evidence ratio.

(PDF)

§3 Table. All candidate models from the logistic regression models for probability of habi-
tat selection by territorial male wrens. Habitat parameters tested include: Salmon = summed
chum and pink salmon biomass per stream (kg), high-nutrient shrubs = percent salmonberry
and stink currant shrub cover, other shrubs = percent cover of shrubs blueberry, false azalea,
and salal, conifer cover = percent cover of small conifer trees, shrub diversity = Shannon diver-
sity index of all shrub species, hemlock = western hemlock stand basal area (m*ha™),

redcedar = western redcedar stand basal area (m? ha™'), alder = red alder stand basal area (m?
hal), spruce = Sitka spruce stand basal area (m%hal), tree diversity = Shannon diversity index
of all tree species, logs and stumps = percent cover of all large woody debris. Year (fixed effect)
and stream (random effect) were included as variables in all models but are excluded in the
table for clarity. K = number of parameters in model, AAIC = difference between the model
AIC and the top model AIC, w; = model AIC weights, ER = evidence ratio.

(PDF)
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