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Abstract

The historical rise of intensive agricultural practices is hypothesized to be related to declines of
grassland and aerial insectivorous birds. Drivers of declines may also influence the overall
abundance and spatial distribution of insects within agricultural landscapes. Subsequently,
average energetic gain rates of birds breeding within more agro-intensive landscapes may be
impacted. Lower energetic gain rates in agro-intensive landscapes may lead to reduced growth
rate, body condition or fledging success of nestlings but also to diminished body condition of
food provisioning adults. In this study, we assessed if energetic gain of nestlings and food
provisioning behavior of adults varied across a gradient of agricultural intensification in a
declining aerial insectivore, the Tree swallow (Tachycineta bicolor). We found that hourly gain
rate was lower in agro-intensive landscapes, and yet travel distances were longest within less
agro-intensive landscapes. Our results highlight that, in order to maximize long term average
gain rates, Tree swallows breeding within agro-intensive landscapes must forage with greater
intensity, perhaps at a cost to themselves, or else costs will transfer to growing broods. Our work
provides further evidence that agricultural intensification on the breeding grounds can contribute

to the declines of aerial insectivoresin part through atrophic pathway.

Key words: aerial insectivores; agricultural intensification; breeding costs, central-place
foraging; Diptera; marginal value theorem; PinPoint GPS; resource availability; Tachycineta

bicolor; Tree swallows.
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I ntroduction

Populations of both grassand and farmland birds have severely declined since the 1970s
(Stanton et al. 2018, Rosenberg et al. 2019, Bowler et a. 2019). These groups include many
aerial insectivores, aforaging guild presenting steeper population declines than most other avian
guilds (Nebel et a. 2010, Michel et a. 2016). Concurrent changes in landscape composition and
avian population indices have led to the hypothesis that these declines are driven, at least partly,
by the increasing use of intensive agricultural practices (Benton et al. 2003, Hallmann et al.
2014, Stanton et a. 2018, Spiller and Dettmers 2019). Indeed, intensive agricultural practices
increasing agricultural yield per unit area of cultivated land, such as row cropping and the use of
both synthetic fertilizers and pesticides, have risen dramatically in the past decades (Tscharntke

et al. 2005, DiBartolomeis et al. 2019, Malg et al. 2020).

Although many aerial insectivores share a common foraging strategy and diet, the ecological
diversity of this guild invalidates many of the hypothesized drivers of farmland bird declines
(Stanton et a. 2018, Spiller and Dettmers 2019). For instance, increased mechanization,
including the frequency of forage harvesting, results in the significant nest destruction of ground
nesting farmland birds (Tews et al. 2013, Stanton et al. 2018). Yet, most aerial insectivores do
not nest on the ground and thus many hypothesized mechanisms underlying their declines
involve a trophic pathway. One of those mechanisms postulates that intensive agricultural
practices have reduced the overall abundance and changed the species composition or nutritive
value of their prey (Stanton et al. 2018, Twining et al. 2018, Spiller and Dettmers 2019). Many
factors of agricultural intensification can indeed affect the abundance, species assemblages,

distributions, and trophic interactions of insects (Raven and Wagner 2021, Wagner et al. 2021).
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Therefore, intensive agricultural practices have the potential to affect the fitness of insectivorous

birds through food limitation.

Previous studies have indeed observed that agricultura intensification, including habitats
impactful to insect communities and abundances, correlate with changes in dietary composition
(Nocera et al. 2012, English et al. 2017, Bellavance et al. 2018), reductions in annual fitness
proxies (Benton et al. 2002, Ghilain and Bélisle 2008, Garrett et al. 2021), and altered population
growth (Stanton et al. 2018) of several aerial insectivore species. Studies linking prey availability
to aerial insectivore breeding success have, however, often failed to observe such relationships
(Dawson and Bortolotti 2000, Dunn et al. 2011, Imlay et al. 2017, McClenaghan et al. 2019). A
lack of association between food availability and fitness proxies is potentially explained by
breeding individuals compensating for reduced food availability or quality by altering foraging
effort (Stephens et al. 2008). For altricial birds, food-provisioning is considered one of the most
costly behaviors as individuals must meet the increasing metabolic demands of their brood while
faring for themselves (Drent and Daan 1980, Wiersma 2005, Schifferli et al. 2014). Moreover,
aerial insectivores are mostly short-lived species and thus life history theory suggests
impediments to breeding will have significant impacts on lifetime reproductive success (Stearns
1992, Sagher and Bakke 2000, Berzins et al. 2020). Therefore, if compensation of reduced prey
availability is through increased foraging effort, then it potentially comes at a cost to an
individual’ s own survival and future reproduction (Stearns 1992, Reznick et al. 2000, Harrison et

al. 2011).

The large-scale homogenization of landscapes resulting from agricultural intensification (Benton

et a. 2003) may thus alter foraging behavior and exacerbate the stress experienced by food-
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provisioning adults (Hinsley 2000). Assuming food-provisioning birds are maximizing their
average long-term rate of energy gain (Charnov 1976, Stephens et al. 2008), and if food patches
are indeed of lower quality and/or more sparsely distributed within intensively cultivated
landscapes, then central-place foraging theory predicts lower gain and nest visitation rates within
these landscapes (Orians and Pearson 1979, Olsson et al. 2008). Therefore, parents may optimize
foraging strategies, potentially by increasing foraging efforts, to compensate for lowered gain
rates and to overcome the consequences of nesting within such agro-intensive landscapes
(Olsson et al. 2008). Empirical evidence for such elevated foraging workloads includes foraging
at greater distances, lower nest visitation rates, and reduced nest attendance in landscapes
dominated by agriculture (Bruun and Smith 2003, Poulin et al. 2010, Catry et al. 2014, Stanton et
al. 2016, Staggenborg et al. 2017, Evens et al. 2018). Furthermore, birds whose central places are
located within more intensely cultivated landscapes present several conditions potentially related
to increased foraging costs (Evens et a. 2018), including greater oxidative stress (Stanton et al.
2017, Evens et al. 2018) and lower immunocompetency (Belant et al. 2000, Pigeon et al. 2013).
It is therefore imperative to assess the influence of landscape context on the capacity of breeding

individuals to compensate for poor foraging conditions and the resultant workload.

A recent 11-year study observed that, upon controlling for local prey availability, several indices
of breeding success in Tree swallow (Tachycineta bicolor) remained associated with an
agricultural gradient in southern Québec, Canada (Garrett et al. 2021). Breeding attempts within
landscapes dominated by intensively managed row crops resulted in reduced fledging success,
longer nestling periods and shorter fledging wing lengths (Garrett et al. 2021). If agro-intensive
habitats do indeed reduce the functional connectivity of landscapes by reducing the amount and

digribution of suitable foraging patches, then central-place foragers in these landscapes
5
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88 potentially expend more time or energy traveling between food patches and exploiting them,
89 with the additional cost of settling for patches of lower quality (Hinsey 2000, Bélisle 2005,
90 Evenset a. 2018). Therefore, one hypothesized mechanism explaining the results of Garrett et
91 a. (2021) isthat swallows breeding in agro-intensive landscapes provide food at lower rates and

92  thusnestlings experience lower energetic gain rates.

93  Presented here are the results of a study evaluating the strength of evidence for this hypothesis.
94  Our principal goals were to evaluate how a gradient of agricultural intensification influenced the
95 provisioning rate by adults, the energetic gain rates of nestlings, and travel distances of food
96 provisioning parents. Specifically, we evaluated a series of hypotheses grounded in central-place
97 foraging theory (Stephens et al. 2008, Olsson et al. 2008). We firstly assumed the duration of
98 each foraging bout is composed of the travel to, between, and within foraging patches, and that
99 the biomass of food collected while exploiting a patch increases, yet at a decreasing rate with
100 patch residency time (Olsson et al. 2008). We further assumed food bolus biomass is positively
101 related to its energy content, that traveling and foraging costs increase linearly with time, and
102 that nestling rearing females are attempting to maximize their average long-term net rate of
103  energy gains per unit time (Charnov 1976, Stephens et al. 2008). Therefore, females whose nests
104  are within landscapes composed of more dispersed or poorer foraging patches, as expected in
105 landscapes dominated by agro-intensive cultures, will experience longer travel times (Figure 1A
106 and C) or lower instantaneous gain rates while exploiting patches (Figure 1B and C) and thereby
107  show lower food delivery rates. Finally, shorter travel times can counterbalance slower gain rates
108  within food patches, resulting in different food provisioning rates and yet similar energetic gain
109 rates between contrasting landscapes (Figure 1D). In addition, we tested the prediction that

110 foraging distances would be furthest within more agro-intensive landscapes, indicating greater
6


https://doi.org/10.1101/2021.03.24.436831
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.24.436831; this version posted March 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

111  travel time and costs in such landscapes. We also tested the expectation that these effects would
112 be at least partly alleviated with increasing local prey availability (i.e. prey availability close to
113  the nest), but exacerbated by increasing food-demand from the brood (e.g. larger and older

114  broods; Geary et a. 2020).

115 Methods

116  Study sites and nest box visits

117  Data were collected between 2011 and 2016 within a nest box system placed across 40 farms
118 throughout a gradient of agricultural intensification in southern Québec, Canada (Figure 2, but
119 see Ghilain and Bélisle 2008 for details). The western portion of the study area is composed
120 primarily of large-scale row cropping, resulting in expanses denuded of forest cover and
121  dominated by corn and soybean monocultures, and to a lesser extent, other cereals (principally
122  wheat) (Bélanger and Grenier 2002, Ruiz and Domon 2009). This focus on monocultures has led
123  to the near ubiquitous use of fertilizers, herbicides, insecticides and fungicides, as well as
124 increased mechanization and removal of both surface waters and wetlandsin this region (Jobin et
125 al. 1996). These agro-intensive landscapes transition to ones composed primarily of pastures and
126  forage crops (e.g. hay, afalfa and clover) in the eastern parts of the study system and are
127 interspersed within large areas of forest cover and a systematic drop in pesticide detections
128  (Sigouin 2020).

129 Ten nest boxes were placed on the field margins of each farm (total N=400) and have been
130 monitored every two days throughout each Tree swallow breeding season since 2006 (Porlier et
131 al. 2009). The number of eggs and nestlings were counted during each nest box visit, and thus

132  the age and phenology of each brood is known within two days of accuracy. We captured > 99%
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133  of adult females (during incubation) and 80% of males (during the brooding period) of each
134 breeding attempt. Adults were banded with an aluminum US Geological Survey band containing
135 aunique identification code and a series of morpho-metrics and samples were collected (Ghilain

136 and Bélisle 2008, Lessard et al. 2014).
137  Food provisioning

138 Food provisioning was characterized via two rates defining hourly energetic gains of growing
139 broods: the total biomass of deivered food boluses per hour (bolus biomass, mg/hr) and the
140 number of food boluses delivered per hour (bolus delivery). These rates were estimated during
141 food-provisioning sessions conducted between 2011 and 2016. Sessions consisted of two
142  consecutive 30-min blocks in which collars were applied to each nestling within broods aged 6,
143 8, 10, and 12 days old (Bellavance et al. 2018). Collars were composed of a rubber band dlid
144 through a 5-mm long feeding tube and adjusted like a bolo-tie to capture food boluses in the crop
145 yet loose enough to not restrict respiration. This method has often been used to document the
146  diet of Tree swallows, and has not been found to impact nestling survival (McCarty and Winkler
147 1999, Johnson and Lombardo 2000, Smits et al. 2005, Bellavance et a. 2018). At the end of each
148  block, boluses were carefully removed via forceps and the nest was checked for discarded
149  boluses. Boluses were then placed in sterile 50-ml conical tubes and immediately placed in a
150 portable freezer (< 12 hours) until being stored at -80°C. At the end of each session, collars were
151 removed and the starting time, the Julian date and the presence of precipitation was recorded.
152  The maximum temperature during sessions was also noted at the end of each breeding season via
153 iButtons (model DS1922L; Embedded Data Systems, Lawrenceburg, Kentucky, USA) attached

154  totheunderside of a single nest box on each farm that recorded hourly temperatures.
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155 In a tandem study occurring between 2013 and 2016, the food boluses collected during food
156 provisioning sessions were analyzed for the presence of the principal active agents of many
157  pesticides (Haroune et al. 2015). The methods of this study required recording the wet mass of
158 food boluses (= 1 mg). We subsequently used this measure to estimate the total biomass of food

159  boluses delivered during the one-hour food provisioning sessions.
160 Foraging distance

161 Weused GPSlocations of nestling rearing females (nestling age 4-12 days) to estimate their total
162 hourly distance traveled (DT) and mean hourly distance from their nest box (DNB). These
163  metrics were assumed to be indicative of the amount of travel undergone by each individual and
164 therefore to reflect the amount of energy expended while food provisioning. We used hourly
165 travel distances to have a comparable time scale to the hourly rates estimated by the food-
166 provisioning sessions. Specifically, we fitted PinPoint-10 GPS tags (Lotek Wireless Inc,
167 Newmarket, Ontario, Canada) to 43 nestling rearing females across 14 farms in 2019 (Figure 2,
168 white points). Chosen farms represented landscapes dominated by either forage and pasture
169 fields or the principal row-crop monocultures of our study system (i.e. corn, soybean and other
170  cereals), with minimal tree cover. Tags weighed between 0.9 g and 1.2 g, including the harness
171  (Figure S1), and were fitted over the synsacrum using leg loops (Rappole and Tipton 1991). We
172 preprogrammed tags so GPS fixes (“SWIFT” fixes, nominal horizontal accuracy + 10 m) were
173 taken every 15 min between 5:00 and 20:00 local time (N = 60 locations) the day after
174  deployment, allowing for a habituation period. This schedule was the most intensive that we
175 could use to cover the majority of the daily food provisioning period given the battery-life
176  (McCarty 2002, Rose 2009). The day after data collection, individuals were caught, and their tag

177  removed. Once data were extracted, movements of each individual were derived by connecting
9
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178 GPS locations, in chronological order, and then calculating the distance along each segment of
179 the resulting path using both the sp (Bivand et al. 2013) and rgeos (Bivand and Rundel 2019)
180 packagesin the R interface (R Core Team 2019). We estimated DT by summating the length of
181  each segment within each one-hour sampling period. We then estimated DNB by grouping points
182  within each one-hour block and then calculating the mean distance between each point and the

183 femal€e s nest box.
184  Landscape characterization

185 Landscape characterization started with delineating habitats, including agricultural parcels,
186  within 500 m of each nest box using orthophotos (scale 1:40 000) in QGIS (QGIS 2020) at the
187 end of each breeding season between 2011 to 2019. This spatial scale hosts close to 80% of
188 nestling rearing females daily time budget. We then characterized each habitat parcel in situ,
189 defining agricultural habitats by the cultures grown. We then reclassified habitats into one of
190 four higher order categories represented by forest, corn and soybean, forage fields (including
191 pastures as well as hay, afalfa, and clover fields), and cereals (e.g. wheat, oat, barley). Higher
192  order categories represent the hypothesized habitats Tree swallows use as indicators during nest-
193 dite selection, and the principal habitats composing landscapes throughout this system (Rendell
194  and Robertson 1990, Courtois 2020, Winkler et a. 2020).

195 We calculated the mean percent cover of each higher order category across al nest boxes on
196 each farm for each breeding season, resulting in 240 separate |landscape contexts (i.e., 40 farms x
197 6 years). To obtain an integrative measure of the percent cover of all higher order habitats,
198 defined as the landscape context, we used a robust principal components analysis (PCA) for
199 compositional data (Filzmoser et al. 2009) to assign “site scores’ to each of the farms during

200 each year. Site scores were defined by the values along the first two components of the resulting
10
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201  compositional PCA as fitted using the robCompositions package in R (Templ et al. 2011). The
202  first component (Comp.1l) explained 79.8% of the variance in landscape context and was
203  correlated positively with corn and soybean cultures and negatively with both forest cover and
204  foragefields (Figure 3A). The second component (Comp.2) explained 16.3% of the variance and
205 was positively correlated with forest cover, negatively with both forage and cereal covers. Site
206  scoreswere assigned to each food-provisioning session throughout the study.

207  The study of foraging distance occurred separately and on a subset of farms than those used to
208 estimate food provisioning (Figure 2). We thus repeated the landscape characterization used in
209 the food-provisioning study, yet for the subset of farms hosting the foraging distance study. The
210 resulting PCA was similar to that of the food provisioning sessions. The first component
211 explained 87.4% of the variance in landscape context and correlated positively with both corn
212  and soybean cultures, and negatively with both forest and forage cover (Figure 3B). The second
213  component explained 12.1% of the variance and correlated positively with forest cover as well as
214  with both corn and soybean cultures, and negatively with forage and cereal cultures.

215  For ease of interpretation, all statistical predictions and interpretations were made in reference to
216 five landscape context scenarios. These scenarios represent the predominant types of landscape
217  contexts experienced across the agricultural gradient and are defined by the site scores of five
218 farms (1-5) identified in Figure 3A and B. The scenarios for the food-provisioning sessions are:
219 (1) ones dominated by corn or soybean with 8.8% forest cover (corn/soybean with forest); (2)
220  ones denuded of forest cover and dominated by only corn or soybean (corn/soybean); (3) ones
221  denuded of forest cover and dominated by a mixture of corn, soybean and cereals (mixed row
222  crops); (4) ones with 9.0% forest cover and dominated by forage crops (forage); and (5)

223  landscapes with 69.0% forest cover and few cultivated parcels typically devoted to forage crops
11


https://doi.org/10.1101/2021.03.24.436831
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.24.436831; this version posted March 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

224  (agro-forested). Although site score values differ between the PCA derived for the food-
225  provisioning and foraging distance studies, they are qualitatively similar and the above landscape
226  context scenarios apply to both.

227  The distance of GPS locations from their respective nest boxes, greater than 0.5 km from nest
228  boxes (19.3% of locations), was positively related to the percent cover of water bodies (e.g.
229 rivers, wetlands and ponds) around a point (Figure S2), supporting the contention that these
230 features are important (Elgin et al. 2020, Berzins et al. 2020). These habitats are however rare
231  within our system and were considered as potential confounding factors of the observed foraging
232 responses. Moreover, we hypothesized that the influence of water features located far from a nest
233 may depend on their local availability (i.e. close to the nest). We therefore undertook a modeling
234  endeavor aimed at identifying the spatial extent and the type of water features most influential to
235 therate of food provisioning (Appendix S1, Figure S3).

236  Due to several model convergence problems, we found numerical stability was greatest when
237 treating water features as the non-overlapping cover of wetlands and open bodies of water
238  (hitherto referred to as surface water). A local minimum of delta AICc was observed when
239 including the percent cover of surface water calculated within 1 km (local percent cover) and
240 10 km (regional percent cover) from the nest. These model terms were included in all models for
241  all foraging proxy. Surface water data were derived from vector layers acquired from the
242  Canadian National Hydro Network data sets (NHN 2020) and Ducks unlimited (Ducks
243  Unlimited, 2020). All calculations of percent cover were made using the sf (Pebesma 2018) R

244  package.

12
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245 Local prey availability

246  Local prey availability was represented by the dry biomass of Diptera found within insect
247  samples from two separate insect traps placed on each of the 40 farms between 2006 and 2016.
248  We focused on dry biomass of Diptera (using the number of Diptera provides qualitatively
249  gimilar results, analyses not shown, see also Rioux Paquette et a. 2013, Garrett et a 2021)
250 because they represent a mgjority of the insects found in the diets of nestling Tree swallows
251  (McCarty and Winkler 1999, Johnson and Lombardo 2000, Mengelkoch et al. 2004, Twining et
252 a. 2018). Within our study system, 67% of the insects found in food boluses delivered to
253 nestlings are Diptera (Rioux Paguette et al. 2013, Bellavance et al. 2018). The focus of this work
254  being on the availability of food during the nestling period, we processed insect samples
255  collected between 1 June and 15 July, representing the nestling period of over 96% of first
256  breeding attempts. Diptera within each insect sample were removed, counted, and then placed in
257 an oven at 50°C for over 24 hours to ensure no further changes in mass. Sample dry mass was
258  thenrecorded (+ 0.0001 g) without delay.

259 To obtain prey estimates more reflective of the farm vs. local scale of each trap, and avoid
260 punctuated events asinsect swarms, we chose to use daily model predictions of Diptera biomass
261 from generalized additive models (GAMS) in which raw values were regressed against the Julian
262  date of sample collection for each farm and year. GAMs were fitted as a tensor product smoother
263 using the mgev package in R (Wood 2017) with an identical degree of smoothness (k=10).
264 Mode predictions are the accumulated biomass of Diptera over a roughly 48-hour period
265  occurring over a 3-day window (i.e. from the time the trap was reset on day one, the entirety of

266 day 2, and until the content of the trap was collected on day 3). As we wanted estimates of

13
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267  Diptera biomass on the day of the food provisioning session, prey availability is represented by

268  the predicted Diptera biomass on the day following the food provisioning session.
269 Statistical methods

270 Food provisioning

271  Bolus biomass was a continuous right-skewed (conditional) response containing zeros and was
272  consequently modeled with GLMMs using a tweedie distribution and a log link function (Lo and
273  Andrews 2015). It was noted that the likelihood to encounter food provisioning sessions with
274  zero ddlivered boluses varied with year, thus bolus ddivery followed a (conditional) zero-
275 inflated Poisson distribution, including a year-varying zero-inflation factor, and was modeled
276  with generalized linear mixed effect models (GLMMs) with a log link (BlascollMoreno et al.
277  2019). In order to account for differencesin sampling effort (both 30-min blocks were completed
278 in 86% of sessions), we included whether sessions lasted half or an entire hour as an offset (i.e.
279 log(0.5) or log(1), respectively) in both sets of analyses. We further included year, farm, and
280 brood IDs as random factors in order to account for the data's hierarchical structure (i.e. broods
281  nested within farms nested within years).

282  Wetook an information theoretic and multimodel approach to evaluate links between landscape
283  context and rates of food provisioning by comparing a set of 12 models representing biologically
284  relevant alternative hypotheses (Table 1 and Table S1). Except for a Null model containing only
285 random effects, we started with a Base model including potential confounding variables. This
286 model contained two weather variables. First, the mean maximum temperature, as insects require
287  athreshold temperature before being active (Taylor 1963, Griebler et al. 2008), and the upper

288 limit of foraging swallow behavior is potentially thermally constrained (Tapper et al. 2020).
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289  Second, the presence of precipitation, as we expected precipitation to act as a hindrance to
290 foraging (Cox et al. 2019), and because food provisioning sessions did not last long enough to
291 estimate amount of precipitation. The base model aso included the age of the female (second
292  year (SY) or after second year (ASY); Hussell 1983), time at the start of the provisioning session
293 as a second-order polynomial, the percent cover of surface water within 1 km and 10 km and
294  ther interaction (Elgin et a. 2020), and a proxy of the brood’s food demand (Geary et al. 2020).
295  Thisbrood demand proxy was represented by the multiplication of the brood size with the brood
296 age. We did not expect foraging rates to respond linearly with this proxy, as the functional
297  response likely reaches a plateau whereby food provisioning parents can no longer increase their
208 efforts. We therefore treated this variable as a third-order polynomial. All mode terms within
299 Basewereincluded in all subsequent models of the candidate set. Our principal model of interest
300 wasoneinwhich sites scores and their interaction were added to assess landscape context effects
301 (Base + Land). Because potential negative effects of foraging within agro-intensive landscapes
302 may be aleviated with increasing prey availability closer to nests, we also considered models
303 with only local prey availability (Base + Food), one with both prey availability and site scores
304 (Base + Food + Land), and one aso including the interaction between prey availability and
305 Comp.l (Base + Food* Land). We further hypothesized provisioning rates may be influenced by
306 brood demand and the availability of prime foraging habitat and included four models with such
307 relationships. These included one in which the effect of land cover and local prey availability
308 varied with the demand proxy (Base + Food + Land * Demand and Base + Land + Food *
309 Demand) or the local (1 km) percent cover of surface water (Base + Land + Food * LSW and

310 Base+ Food + Land * LSW).
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311 Foraging distance

312 Thetwo response variables characterizing the foraging distances of females were the total hourly
313 distancetraveled (DT) and the mean hourly distance an individual was from its nest box (DNB).
314 These response variables were modeled using linear mixed effects models (LMM). Both
315 response variables were log-transformed to ensure normality of residuals. We included the
316 individual and farm IDs as random effects to account for the hierarchical structure of the dataset
317  (i.e locations nested within individuals nested within farms).

318 We applied an information theoretic and multimodel approach to a set of six models to evaluate
319 hypotheses about foraging distances (Table 1 and Table S1). We started with a Null model only
320 including random effects and a Base mode including potential confounding variables influential
321 toforaging distances (McCarty 2002, Dredlin et al. 2018, Elgin et al. 2020). Confounding factors
322  included the brood demand proxy as a third-order polynomial, as well as the percent cover of
323  surface water within 1 km and 10 km and their interaction. We further included proxies of local
324  prey availability, including the Julian date and the maximum observed temperature during each
325 one-hour sampling period as a second-order polynomial (Rioux Paquette et al. 2013, Bellavance
326 et a. 2018, Garrett et al. 2021). Though the principal modd of interests was one including site
327 scoresand their interaction (Base + Land), we compared another three models hypothesizing that
328 the effects of foraging within agro-intensive landscapes may either be alleviated or exacerbated
329 by confounding variables. We thus considered models also including an interaction term between
330 Comp.l and each potential confounder, namely brood demand (Base + Land* Demand), local
331 (1 km) percent cover of surface water (Base + Land*LSW), and local prey availability (Base +

332  Land*Food).
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333 Inall analyses, the effects of key individual variables, including interactions, were estimated via
334 multi-model inference whereby predictions were calculated by model-averaging with shrinkage
335 and shown with their 95% unconditional confidence intervals (Burnham and Anderson 2002).
336  All quantitative covariates were z-transformed and all analyses were performed in R version
337 3.6.2 (R Core Team 2019) using the gimmTMB (Brooks et al. 2017) and AlCcmodavg
338 (Mazerolle 2020) packages. Model validation was performed following Zuur et al. (2009) using

339 the DHARMa package (Hartig 2020)

340 Results
341 Food provisioning

342 Bolus biomass

343  We measured the total bolus biomass delivered during 741 food provisioning sessions from 420
344  broods, 92% of which conssted of both 30-min blocks. Overall mean bolus biomass was
345 284.5mg per hour (SD = 344.9), ranging from 208.2 mg to 319.2 mg across years (Figure $4).
346 The Null and Base models were not supported by the data, contrary to models including
347 information on landscape context (Table S1). Compared to forage landscapes (#4 in Figure 4B),
348  Dbolus biomass was 54.0% lower within agro-forested landscapes (#5), 42.8% lower in mixed
349  row-crop landscapes (#3), and 32.8% lower within corn/soybean landscapes (#2). Unlike for
350 Dbolus delivery rate (see below), we did not find that the effect of corn/soybean cover was
351  dependent upon forest cover (#1). We further found bolus biomass increased aimost linearly with
352  brood demand (Table 2 and Figure S5), and negatively correlated with the local percent cover of

353  surface water and was greater for ASY females (Table 2, Figure S5 and Figure S6). Lastly, bolus
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354 biomass increased with both the start time and the maximum temperature of the food
355  provisioning session, until plateauing at 14:12 and 25°C, respectively (Figure S5).

356 Bolus delivery

357 We conducted 1,208 food provisioning sessions from 662 different broods. Overall mean bolus
358 deivery was 2.00 boluses per hour (SD = 2.05), ranging from 1.69 to 2.25 across years (Figure
359  4). While the Null and Base models were not supported by the data, severa alternative models
360 received support (Table S1). We observed substantial landscape effects (Table 2, Figure 4A).
361 Compared to forage landscapes (#4 in Figure 4A), bolus ddivery rate was 39.6% lower within
362 agro-forested landscapes (#5), 26.9% lower in mixed row-crop landscapes (#3), and 13.8% lower
363  within corn/soybean landscapes (#2). The effect of corn/soybean cover was however highly
364 dependent upon forest cover as the presence of remnant woodlots in landscapes highly
365 dominated by these crops (#1) was associated with a bolus delivery rate 7.8% lower than within
366 forage landscapes (#4). Although an increase of 18.4% in the mean bolus delivery rate was
367 predicted across the full range of local prey availability, the effect size of this variable lacked
368 precision (Table 2). We further found that bolus delivery rate was positively associated with
369 brood demand (third-order) and both the start time and the maximum temperature of the food
370 provisioning session, until plateauing at 14:23 and 25°C, respectively (Figure S7). It also

371 negatively correlated with the local percent cover of surface water (Figure S8).
372  Foraging distance

373  We successfully deployed and recovered 43 GPS tags. Of these tags, 40 successfully recorded all
374 60 attempted locations, resulting in 2,363 swift-fixes and 592 hourly estimates of foraging

375 digtances (Figure S9). The overall mean distance of each location from an individual’s nest box
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376 was 362m (SD = 781) and 440 m (SD = 768) between each consecutive fix. Six females

377 recorded locations over 5 km from their nest box with a maximum distance of 9.557 km.

378 Hourly distance traveled

379 Overdl mean DT was 1,841 m (SD=2,301, Figure $4). A single most predictive and
380 parsimonious model occurred when considering landscape context along with an interaction
381 between Comp.l and local percent cover of surface water (Table 2 and Table S1). DT was
382  longest within agro-forested landscapes (#5 in Figure 4C) and was 60.1% further when compared
383 to forage landscapes (#4). Compared to forage landscapes, distances were 13.6% shorter within
384 mixed row-crop landscapes (#3), and yet 49.4% shorter within corn/soybean landscapes (#2).
385 The effect of corn/soybean cover was however highly dependent upon forest cover, as the
386 presence of remnant woodlots in landscapes highly dominated by these crops (#1) was associated
387 with aDT 27.0% shorter than within forage landscapes (#4). DT increased with brood demand
388 until plateauing at mean demand values. DT was further associated in a quadratic fashion with
389 both the Julian date and maximum temperature, peaking on Julian date 185 (4 July) and at
390 26.1°C (Figure S10 and Figure S11).

391 Hourly mean distance from nest box

392  Overal mean DNB was 368 m (SD=563, Figure $4). While no single model could be considered
393 the most predictive or parsimonious, models taking landscape context into account were clearly
394  Dbetter supported (Table 2 and Table S1) . DNB was furthest within agro-forested landscapes (#5
395 in Figure 4D) and was 49.3% further when compared to forage landscapes (#4). Compared to
396 forage landscapes, DNB was 3.3% further within mixed row-crop landscapes (#3), and yet
397 39.3% closer within corn/soybean landscapes (#2). The effect of corn/soybean cover was

398 however highly dependent upon forest cover as the presence of remnant woodlots in landscapes
19
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399 highly dominated by these crops (#1) was associated with DNB being 23.9% closer than within
400 forage landscapes (#4). DNB increased significantly until plateauing at mean values of brood
401 demand. Lastly, DNB was associated in a quadratic fashion with both the Julian date and
402  maximum temperature, peaking on Julian date 184 (3 July) and at 26.7°C (Figure S12 and Figure

403  S13).

404 Discussion

405 This study aimed to assess whether central-place foragers in agro-intensive landscapes expend
406  more time or energy reaching food patches and traveling between them with the additional cost
407 of settling for patches of lower quality, the combination of which resulting in lower food
408 provisioning rates (Figure 1). We found that female Tree swallows provided food to their
409 nestlings at lower rates within increasingly agro-intensive landscapes. The hourly rate of delivery
410 of both bolus biomass and bolus number were indeed lowest within more agro-intensive
411 landscapes and greatest within forage landscapes. Female Tree swallows traveled most and
412  furthest from their nest within forest-dominated landscapes, and unexpectedly less and closer to
413  their nest in agro-intensive compared to forage landscapes.

414  The relationship between the rate at which boluses were delivered and landscape context
415 resembled that at which prey biomass was provided, suggesting that the biomass of individual
416  boluses was similar throughout the agricultural intensification gradient studied (McCarty 2002).
417  This outcome was corroborated by a supplemental analysis (Appendix S2, Table S2 and Table
418 S3). Coupled with the result that females traveled furthest within predominantly forested
419 landscapes and to alesser extent forage landscapes, the relatively low variance in the biomass of
420 individual boluses suggests that forage landscapes implied marginaly greater travel times, yet

421  more rapid loading curves, which subsequently led to greater gain rates than agro-intensive
20
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422  landscapes (Figure 5). Lower gain rates within more agro-intensive landscapes may need to be
423  compensated by parents elongating the entire foraging period of a given day, foraging more
424 intensely when conditions allow, forgoing recuperation and foraging for themselves (Olsson et
425  al. 2008, Schifferli et al. 2014). In all cases, increases in foraging effort may come at a cost to
426  themselves through reduced body condition and thus potentially impactful to their future
427  reproductive success (Stearns 1992, Reznick et al. 2000, Harrison et al. 2011, Lagrange 2015), as
428  increasesin effort may result in foraging parents being in too poor of body condition for molting
429  prior to migration (Jenni-Eiermann and Jenni 1996, Rubolini et al. 2002). Furthermore, if parents
430 cannot compensate for lowered gain rates, then broods may incur the cost through reduced
431 growth rates or elevated mortality (Naef-Daenzer et a. 1999, Tremblay et al. 2004). In fact,
432  evidence suggest food provisioning Tree swallows as well as their broods already incur these
433  types of costs, as agro-intensive landscapes result in parents spending less time in the nest
434  (Lamoureux 2010, Stanton et al. 2016), expressing reduced body condition (Pigeon et al. 2013,
435 Stanton et al. 2017), and both reduced fledging success and nestling growth rates (Houle et al.
436 2020, Garrett et al. 2021). Some of these natal effects are of concern as they may be carried over
437 intolater life stages (Harrison et al. 2011).

438 One fundamental characteristic of our gradient of agricultural intensification, and as an
439 extension, most agricultural landscapes, is a loss of forest cover (Fischer and Lindenmayer
440  2007). Within our study area, landscapes dominated by a mixture of forest cover and agricultural
441  fields resulted in the lowest gain rates and furthest foraging distances. The foraging habitat of
442  Tree swallows, as well as of most swallow species, is frequently recognized as being open
443  terrestrial habitats or over large water surfaces (Evans et a. 2007, Boynton et al. 2020, Elgin et

444 a. 2020). Thus, forest cover may reduce landscape functional connectivity for these species, at
21
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least with respect to foraging (Bélisle 2005, Evens et a. 2018). In this way, as forest cover is
reduced, the cover of foraging habitats, close to central places and conducive to Tree swallows,
increases. In fact, second to forage landscapes, we found foraging rates were superior within
agro-intensive landscapes with remnant forest cover. Residual woodlots within these agro-
intensive landscapes add to the tree lines separating fields to increase the length of “forest”
edges, where insect abundance tends to be greatest (Jokimaki et al. 1998, Evans et al. 2003,
Boetzl et a. 2020). The fledging success of Tree swallowsis greater in agro-intensive landscapes
containing residual woodlots than ones denuded of forest cover (Garrett et al. 2021). It may
therefore be hypothesized that the elevated insect abundance associated with these residual
woodlots lead to greater gain rates and thus greater fledging successin this landscape context.

It should be noted that during the years covered by this study, areas intensively-managed for the
growing of corn and soybean harbored elevated levels of pesticides in their surface waters,
notably severa herbicides (e.g. glyphosate, atrazine, S-metolachlor, imazethapyr) and
neonicotinoid insecticides [e.g. clothianidin, thiacloprid, thiametoxam (Giroux 2019, Montiel-
Leodn et al. 2019)]. For instance, a previous study found that, on average, exposure to active
pesticide agents within the food boluses was greatest within these landscapes (Sigouin 2020).
The consumption or prolonged exposure to such chemicals can influence the neurological,
endocrine and immunological systems of non-target animals, including vertebrates, via “skin”
contact, breathing or consumption of food or water (Mayne et al. 2005, Mineau et al. 2013,
Lopez-Antia et al. 2015, Pisa et al. 2015). Importantly, neurotoxic insecticides can induce
anorexia, alter orientation and influence motor functions required for flight in birds (Eng et al.

2017, 2019). Foraging within agro-intensive landscapes increases exposure of foragers to these
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467  chemicals, likely reducing their motivation and ability to forage, and thus potentially resulting in
468  decreased provisioning rates.

469  Finally, foraging is a metabolically expensive behavior, made worse when foraging bouts are
470  during the nestling periods (Bryant and Tatner 2008, Yap et a. 2017). Therefore, incoming food
471  need not only be frequent, but also energetically rich (Twining et al. 2018). The diversity and
472  abundance of insects found within food boluses suggests that the nutritive value of food varies
473  across the agricultural gradient of our study system (Bellavance et a. 2018). Most notably,
474  insects with aquatic life stages (principally Ephemeroptera) are more abundant within the food
475  boluses retrieved from forage landscapes than from those dominated by more agro-intensive
476  cultures. These insects are greater in highly unsaturated omega-3 fatty acids (HUFA; (Twining et
477  a. 2018). Nestlings with diets rich in HUFA can grow faster, gain a better body condition and
478 have greater immunocompetence, leading to elevated brood survival and fledging success
479  (Twining et al. 2018). Such effect can logically be extended to foraging adults. Subsequently, the
480 energetic losses of foraging may be more easily replenished within forage landscapes.

481  Global climate change resultsin increased global temperatures and predicts increases in both the
482  freguency and intensity of extreme weather events, such as prolonged periods of low or high
483 temperatures or precipitation (Rahmstorf and Coumou 2011, Wuebbles et al. 2014) . Such
484  weather events may drastically ater the availability of insects as a food resource due to their
485 thermally dependent nature (Gruebler et al. 2008, Shipley et al. 2020, Garrett et al. 2021).
486  Furthermore, recent evidence suggests Tree swallows may already be foraging at some upper
487  thermal threshold (Tapper et al. 2020). Our results, combined with other pieces of evidence,
488  suggests food provisioning adults may also be foraging at some upper energetic limit inasmuch,

489 as proxies of body condition suggest they are lower where gain rates are lower (Pigeon et al.
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490 2013, Stanton et al. 2016, 2017). It is thus imperative that future work focuses not only on how
491  agricultural practices or global climate change independently impact declining avian species, but
492  aso on how these factors may interact with one another. This importance is due to the ability of
493  growing broods or breeding parents to manage extreme weather is potentialy lower within more
494  agro-intensive landscapes (Grue et al. 1997, Evans et al. 2003, Pérez et al. 2008, Eng et al. 2019,
495  Tapper et a. 2020). Finally, our results provide evidence that aerial insectivore declines may be

496  related to agricultural intensification through a trophic pathway.
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508 Tablesand figures

509 Tablel: Mean + SD of covariates used to model response variables. Covariates for the
510  hourly number of boluses and total bolus biomass delivered to nestlings were representative of
511 the hourly food provisioning sessions conducted between 2011 and 2016. Covariates of foraging
512  distances were calculated for the hourly interval’s representative of the hourly GPS locations.
513 Dashes imply the covariate was not used in the modeling of the response variable. Covariate

514  groups identify which covariates were present within models found in Table 1.

Covariate Acronym Unit Cg\r/gﬁste Biomass  Number Z?;tagrllgg
Starting time ST Time Base 2%(')3.1161 zfé:fgsi -
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L((iclflm?ﬂf ace water LSW % Base/ LSW 0.18.34(1)31 0.12.35781 1i3.g8i
\?/;9: ?iloijrrrz)ac ) RSW % Base 1i£.3ji36i 1'15.)2; Zfési
ik A ST IS LS
Site score Comp.1 Comp.1 - Land 0.12.*3?31 0.14.17221 0'29;51
Sitescore Comp.2 ~ Comp.2 - Land Oo%‘éi %%1; 0103%i
Julian day JD days Base - - 17?‘32 *
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Table 2:

Standardized coefficient estimates and their 95% confidence intervals included in

the top model of each response variable. See Table 1 for definitions of covariates and Table S1

for outcome of modd sdection. Coefficients in bold indicate confidence intervals not

overlapping zero. Numbers next to acronym refer to the order of the polynomial term.

Covariate Biomass Delivery Travel Distance
0.03 0.02 011 20.08
Comp.1 (-0.01, 0.07) (-0.04, 0.07) (-0.16, -0.06) (-0.15, -0.02)
_ 0.07 0.09 -0.13 -0.10
Comp.1:Comp.2 (0.02, 0.12) (0.02, 0.16) (-0.19, -0.06) (-0.17, -0.03)
-0.10 -0.15 0.07 0.03
Comp.2 (-0.18, -0.01) (-0.27, -0.02) (-0.02, 0.16) (-0.10, 0.15)
0.05 0.13
Female age (ASY) (-0.11, 0.21) (-0.13, 0.40) ) )
. -0.16 0.18
Rain (Yes) (-0.40, 0.07) (-0.52, 0.16) - )
M1 4.04 9.78 3.11 4.09
(1.99, 6.10) (7.09, 12.47) (0.56, 5.66) (1.17, 7.01)
oM 521 334 -1.86 4.23
(-7.29, -3.12) (-6.11, -0.57) (-4.35, 0.64) (-6.99, -1.48)
OM3 281 1.07 -0.01 0.17
(0.89, 4.72) (-1.64, 3.78) (-2.78, 2.76) (-2.94, 3.29)
1 2.08 253 ] )
(-0.03, 4.18) (-0.19, 5.26)
233 -3.02
ST2 (-443,-022)  (-5.61,-043) ) ]
0.23 0.13 8.84 8.28
TMAX1 (-2.43, 1.97) (-2.58, 2.83) (6.43, 11.25) (5.67, 10.90)
387 -3.99 5.14 -4.46
TMAX2 (-6.04, -1.69) (-6.75, -1.23) (-7.48, -2.80) (-7.02, -1.89)
Lsw -0.08 -0.12 0.16 0.05
(-0.14, -0.01) (-0.22,-0.02) (-0.01, 0.33) (-0.15, 0.25)
_ 0.04 0.12 0.22 -0.10
LSWIRSW (-0.05, 0.14) (-0.03, 0.28) (-0.41, -0.03) (-0.35, 0.14)
e 0.06 0.05 -0.27 -0.23
(-0.01, 0.13) (-0.06, 0.16) (-0.41,-0.13) (-0.43, -0.04)
D1 ] ) 11.17 11.85
(8.04, 14.30) (8.14, 15.56)
477 -5.20
D2 i i (-7.54, -1.99) (-8.43,-1.97)
RSW:Comp.1 . . 0.07 .
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Figurel: Optimal energetic gain rates expected under different scenarios where food

provisioning individuals forage according to the marginal value theorem and experience different
travel times and gain curves that depend (or not) on landscape context. The x-axis is the total
duration of a foraging bout composed of both the travel time to foraging patches and the time
spent foraging within patches. Relationship between cumulative gain and patch residency timeis
represented by a decelerating gain curve. The rate of energetic gains of a foraging bout is given
by the ratio between the cumulative gain and the bout’s total duration. Optimal gain rate is thus
graphically represented by the slope of the dashed line connecting travel time to the tangent of
the gain curve. Assuming more agro-intensive landscapes result in more dispersed or poorer
foraging patches, landscape mediated differences in energetic gains potentially occur through

longer travel times (A and C) or lower instantaneous gain rates while exploiting patches (B and
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534 C). Lastly, shorter travel times can counterbalance slower gain rates within food patches,
535 resulting in different food provisoning rates and yet similar energetic gain rates between

536  contrasting landscapes (D).
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538 Figure2: Map of study system. Each point represents the location of a farm, filled white
539 points are farms where GPS were applied to 43 females. Underlying image represents the
540 agricultural gradient derived from the Annual crop inventory (AAFC 2013). Light yellow

541  represents the more agro-intensive areas while light green represents less agro-intensive areas.
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543 Figure3: Results of the robust PCA for compositional data including the site scores of the
544  five landscape context scenarios for the food provisioning sessions (A) and foraging distance
545  studies (B). Pointsin the background represent the site scores assigned to each food provisioning
546  session. The arrows lengths are eigenvectors representing the direction and magnitude of

547  correlation between habitats. The five landscape scenarios are: ones dominated by corn or
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548  soybean with 8.8% forest cover (Corn/soybean with forest, 1), ones denuded of forest cover and
549 dominated by only corn or soybean (Corn/Soybean,2), ones denuded of forest cover and
550 dominated by a mixture of corn, soybean and cereals (mixed row crop, 3), ones minimizing
551 forest cover (9.0%) and dominated by forage crops (Forage, 4), and agricultural landscapes with

552  69.0% forest cover (Agro-forested, 5)
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554  Figure4: Response surfaces of the principal response variables against the first two
555  components deriving the landscape context. Deeper blue represents lower predicted values while
556  yelow represents greater values. Predicted hourly bolus delivery rate (A), hourly bolus biomass
557 (B) delivered to nestlings. Predicted hourly distance traveled (C) and hourly distance from nest
558 box (D). Numbers in each pand are landscape context scenarios and represent the predominant
559 types of landscape contexts experienced across the agricultural gradient and correspond to the
560 pointsin numbersin Figure 3. Scenarios are: (1) ones dominated by corn or soybean with 8.8%
561 forest cover (corn/soybean with forest); (2) ones denuded of forest cover and dominated by only
562  corn or soybean (corn/soybean); (3) ones denuded of forest cover and dominated by a mixture of

563  corn, soybean and cereals (mixed row crops); (4) ones with 9.0% forest cover and dominated by
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564 forage crops (forage); and (5) landscapes with 69.0% forest cover and few cultivated parcels

565 typically devoted to forage crops (agro-forested).
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568 Figureb: Reasoning underlying our hypothesis that food patches within forage landscapes
569 allow for a more rapid accumulation of food resources than those found in more agro-intensive
570 landscapes. Assuming that food provisioning Tree swallow females foraged according to the
571 marginal value theorem, and given we found (1) that the individual bolus biomass was similar
572  across the agricultural intensification gradient, (2) that travel distances were greater in forage
573 than in agro-intense landscapes, then only a lower gain curve in agro-intense landscapes is
574  compatible with our findings that hourly bolus biomass and hourly number of boluses delivered
575  were higher in forage than in agro-intense landscapes. Gain rate is graphically represented by the
576 dlope of the dashed line connecting mean travel time to the tangent of the gain curve.

577
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