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e Effective in both temperate and polar seabird systems

e Enables scalable, low-disturbance monitoring in remote systems
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ABSTRACT

Migratory seabirds are valuable indicators of marine ecosystem change but can be difficult to
monitor during the breeding season due to dense colonies, remote breeding sites, and sensitivity
to investigator disturbance. Passive acoustic monitoring offers a minimally invasive alternative
to traditional surveys; however, high call overlap in large colonies complicates approaches that
rely on identifying individual vocalizations. In this study, we evaluate acoustic energy as a
simple soundscape metric for monitoring breeding phenology in colonial seabirds. Using a
comparative approach, we deployed autonomous recorders at breeding colonies of Adélie
penguins (Pygoscelis adeliae) in the Western Antarctic Peninsula and common terns (Sterna
hirundo) in the Gulf of Maine. We examined seasonal patterns in acoustic energy and compared
these trends with known breeding stages and colony observations. Across both species, acoustic
energy exhibited distinct seasonal patterns that correspond to key phenological stages, including
courtship, incubation, chick rearing, and fledging. These stages are associated with distinctive
colony-wide behavioral shifts in colony attendance, territorial interactions, and parent-offspring
communication that structure the breeding-season soundscape. Our results demonstrate that
colony-wide acoustic energy can capture key phenological transitions in seabird colonies and
provide a scalable, minimally invasive approach for monitoring breeding dynamics in remote or
rapidly changing environments.

1. Introduction

Seabirds are apex predators within pelagic systems and serve as valuable bioindicators of
marine ecosystem health (Diamond and Devlin, 2003; Scopel et al., 2019) and climate change
impacts (Cimino et al., 2023; Smith and Craig, 2023). Seabirds are the most threatened avian
group globally, with roughly half of all species’ populations suspected or known to be declining
(Croxall et al., 2012), which emphasizes the need for effective long-term population monitoring.
Despite the critical need for these programs, implementing them in seabird colonies presents
logistical and methodological challenges. Seabirds are inherently difficult to monitor due to their
wide-ranging at-sea distributions (Lascelles et al., 2012) and remote, rugged breeding colonies,
which are often difficult to access, making frequent surveys difficult (Field et al., 2005).
Traditional visual methods (e.g., point-counts, photographic estimation, and drone surveys) are
labor-intensive, subject to observer bias, and spatially and temporally limited (Edney and Wood,
2021; Pérez/" Granados and Traba, 2021). Repeated human presence during breeding can also
introduce substantial disturbance to colonies (Brosseau et al., 2024), reducing reproductive
success and biasing survey results (Carey, 2009; Carney and Sydeman, 1999). As a result, many
colonies remain under- or unmonitored (Santos et al., 2018), and existing data often lack the
temporal resolution needed to capture critical life-history events (Hutchinson, 1980).
Consequently, monitoring approaches capable of collecting accurate, high-resolution data with
minimal disturbance to colonies are needed.
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69 One life-history trait of interest to many monitoring programs is phenology, or the timing
70  of biological events, which is an important indicator of ecological responses to climate change.
71  Shifts in migration, breeding, and molt timing have been widely documented across migratory
72  bird species as global temperatures rise (Charmantier and Gienapp, 2014; Gordo, 2007). For

73 migratory seabirds, successful reproduction requires synchronization with seasonal peaks in prey
74 availability, which are increasingly disrupted by warming oceans and sea-ice loss (Buehler and
75  Piersma, 2008; Frederiksen et al., 2004). While some seabird populations have advanced their
76  breeding, others show delays or no change, reflecting spatial variability in climate impacts (Both
77 and Visser, 2001; Frederiksen et al., 2004). Understanding how climate change influences

78  phenology across species and regions is essential for anticipating population-level responses.

79 While passive monitoring techniques have been employed to collect seabird phenology
80 data, their application remains limited by practical and analytical constraints. Automated time-
81 lapse camera systems have successfully captured nest-level phenological data in the Antarctic
82  Peninsula (Black et al., 2018), producing results comparable to direct observations (Hinke et al.,
83  2018). However, these systems require intensive image classification and consistent nest

84  tracking, and chicks are often obscured during brooding (Hinke et al., 2018). This highlights the
85  need for a more practical and efficient passive approach for monitoring colonial seabirds.

86 On the other hand, passive acoustic monitoring (PAM) using autonomous recording units
87  has revolutionized terrestrial wildlife monitoring by enabling efficient, large-scale, long-term
88  data collection with minimal disturbance (Sugai et al., 2019). Further, advances in low-cost

89 hardware and automated processing have expanded its accessibility and scalability

90 (BradferJLawrence et al., 2024; Hill et al., 2018; Sugai et al., 2019). Seabirds are particularly
91  well suited to PAM applications due to their high vocal activity (Nelson and Baird, 2001) and
92 dense colonial nesting, producing substantial acoustic activity throughout the breeding season.
93  Acoustic recorders can be deployed continuously, enabling long-term monitoring while

94  mitigating accessibility challenges associated with remote offshore breeding colonies (Shonfield
95 and Bayne, 2017; Van Doren et al., 2023). As a result, PAM is increasingly used in seabird

96 research, including tracking within-colony flight patterns, estimating abundance, and

97  documenting diel patterns in vocal behavior (Arneill et al., 2020; ColombelliCINégrel, 2023,;

98 Podolskiy et al., 2024).

99 While PAM has been successfully used to study phenology in passerines (Buxton et al.,
100 2016; Van Doren et al., 2023), its application to seabird phenology remains limited. For
101  passerines, acommon PAM approach for tracking breeding phenology is quantifying vocal
102  activity rate (VAR), or the number of calls produced within a given time period, which varies
103  with breeding stage as birds arrive, court, and rear chicks (Jahn et al., 2017). In seabirds, VAR
104  has primarily been used to assess colony occupancy, nest density, and abundance (Borker et al.,
105  2014; Buxton and Jones, 2012; Zhao et al., 2022), despite evidence that acoustic activity may
106  align better with breeding stages than nest density (Arneill et al., 2020). However, quantifying
107  vocal activity in large, dense colonies is challenging due to overlapping vocalizations, even with
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108 modern machine-learning tools such as BirdNET (Kahl et al., 2021), and manual annotation
109  would require substantial effort (Borker et al., 2014). As a result, VAR is difficult to apply at the
110 colony scale, highlighting the need for PAM methods capable of efficiently quantifying vocal
111  activity in colonies exceeding 100 nests or 0.63 nests/m? (Borker et al., 2014).

112 When extracting individual calls becomes impractical, acoustic indices offer an

113  automated alternative for processing acoustic datasets. Acoustic indices quantify temporal and
114  spectral patterns in recordings, from simple summaries to complex estimates, enabling rapid
115  processing of large datasets (Bradfer'Lawrence et al., 2023). Properly applied, acoustic indices
116  can characterize soundscape patterns, serve as proxies for ecological activity and biodiversity
117  (Bradferl ILawrence et al., 2023), and estimate population size (Kloepper et al., 2016). However,
118 the performance of acoustic indices across species and habitats remains poorly understood,

119  particularly in seabird colonies where applications remain relatively limited. Nevertheless,

120  several studies have shown promise for assessing colony dynamics, including nest density, in-
121  colony flight activity, foraging behavior, and seasonal acoustic patterns (Arneill et al., 2020;
122  Brownlie et al., 2020; Podolskiy et al., 2024), highlighting their potential as indicators of colony
123  phenology.

124 Selecting an appropriate acoustic index requires aligning index design with the biological
125  system to avoid misinterpretation (Bradfer JLawrence et al., 2023). Indices developed to

126  estimate species richness (e.g., Bioacoustic Index; Boelman et al., 2007) are poorly suited for
127  single species aggregations, while others (e.g., ACI; Pieretti et al., 2011) can be difficult to

128 interpret due to their computational complexity (Bradfer1Lawrence et al., 2023). In contrast,
129  acoustic energy provides a simple, interpretable measure of amplitude over time, alleviating the
130 need for detailed knowledge of spectral structure in the soundscape that is necessitated by more
131 complex indices. While VAR may be conceptually ideal, it is often impractical due to high

132  colony density and extensive call overlap. Prior studies in bats have demonstrated that acoustic
133  energy can reflect the number of individuals in breeding colonies (Eddington et al., 2025;

134  Kloepper et al., 2016), suggesting that colony-level amplitude may be a suitable proxy for VAR
135 without needing to extract individual calls. Accordingly, acoustic energy represents a promising
136  and scalable metric for tracking breeding phenology in colonial seabirds.

137 Tracking seabird phenology is especially important in polar regions where rapid ocean
138 warming and sea-ice loss are altering breeding habitat and food availability (Cimino et al., 2023).
139  Among Antarctic species, the Adélie penguin (Pygoscelis adeliae) is a well-established climate
140 change sentinel (Ainley, 2002) with a tightly synchronized breeding period characterized by

141  distinct behavioral stages, including egg laying, incubation, guard, post-guard, and fledge (Black,
142  2016; Spurr, 1975a, 1975b). Another colonial seabird species threatened by climate change is the
143  common tern (Serna hirundo). Common terns are migratory seabirds with a global distribution
144  that disperse widely during winter foraging (Bugoni et al., 2005), but aggregate during the

145  summer breeding season to form large, dense, and highly synchronized breeding colonies

146  reaching thousands of pairs (Burger et al., 1988; Herndndez-Matias et al., 2003). Like Adélie
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147  penguins, breeding is characterized by distinct phenological stages, including courtship, laying
148  and incubation, hatching, and fledging associated with stage-specific behavioral shifts defined by
149  parent-offspring interactions (Arnold et al., 2020).

150 In both Adélie penguins and common terns, breeding stages are not only defined by

151  distinct behavioral states but also by predictable shifts in vocal behavior, positioning PAM as a
152  promising tool for tracking breeding phenology in colonial seabirds. In Adélie penguins, adults
153  engage in pair formation and copulation upon arrival at the colony (Black, 2016; Spurr, 1975a).
154  During incubation, adults alternate nest duties while the other forages at sea (Spurr, 1975b),
155 reducing colony attendance. Vocal activity during this stage is associated primarily with nest
156  exchanges and aggressive interactions with conspecifics or predators (Black, 2016; Spurr,

157  1975a). During the guard stage, hatched chicks produce begging calls, while both adults and
158  chicks produce mutual display calls associated with nest-duty exchanges and early vocal

159  development (Spurr, 1975a, 1975b). Adults continue alternating nest duties during the guard
160 stage until both eventually leave the chick to forage to meet rising energetic demands (Spurr,
161  1975b). As colonies transition to the post-guard stage, chick vocalizations become longer and
162  more frequent (Adams et al., 2026), and unattended chicks aggregate into créches (Black, 2016;
163  Davis, 1982). Chicks continue to expand their vocal repertoire (Adams et al., 2026), while

164  mobile chicks may also elicit aggressive territorial responses from nearby adults (Spurr, 1975b).
165  As fledging approaches, parental provisioning declines in the two weeks preceding colony

166  departure (Spurr, 1975b), and colony vocal activity is expected to decrease rapidly as chicks molt
167  and fledge synchronously from colonies in early February (Cimino et al., 2023).

168 Common terns similarly exhibit a diverse vocal repertoire linked to breeding behavior
169 that changes across the season. During courtship and pre-incubation, females produce begging
170 calls indicating receptiveness to mate, while males produce copulation calls during pre-

171  copulatory displays (Arnold et al., 2020). Terns also produce distinct vocalizations associated
172  with territorial defense and aggressive interactions with conspecifics, behaviors that are

173  especially frequent during nest establishment (Arnold et al., 2020; Cabot and Nisbet, 2013;

174  Veen, 1987). Mating activity peaks surrounding egg laying and declines rapidly as birds

175 transition to incubation (Blanchard and Morris, 1998; Wiggins and Morris, 1988). The

176  incubation stage is associated with low-intensity brooding calls, with one adult attending the nest
177  while the other forages at sea (Burger and Gochfeld, 1998; Nisbet and Cohen, 1975). Chick

178  vocalizations begin shortly before hatching and develop rapidly through the first week post-hatch
179  (Arnold et al., 2020). During the hatching stage, adults continue brooding and guarding chicks
180  (Burger and Gochfeld, 1998), while territorial defense intensifies as chicks become increasingly
181  mobile and adults respond aggressively to territorial intrusions (Quinn et al., 1994; Sorokaité,
182  2005). Adults continue producing brooding calls until chicks fledge approximately one month
183  after hatching (Burger and Gochfeld, 1998). During fledging, juveniles begin flying, gradually
184  increasing the duration of off-colony flights as they begin foraging (Burger and Gochfeld, 1998),
185 and develop flight calls (Arnold et al., 2020). As colonies transition to post-breeding dispersal,
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186  when birds depart the colony and prepare to migrate to overwintering grounds in early August
187  (Caldwell et al., 2025), vocal activity is expected to diminish rapidly.

188 Despite differences in ecology and geography, both Adélie penguins and common terns
189  share key features of colonial breeding. The timing of seabird breeding stages is strongly

190 influenced by climate change (Carloni, 2018; Cimino et al., 2016; Dobson et al., 2017). In Adélie
191  penguins, changes in sea-ice extent have altered breeding onset, productivity, and juvenile

192  survival (Cimino et al., 2016; Dugger et al., 2014; Ninnes et al., 2011). Common terns exhibit
193  both advances (Dobson et al., 2017; Ezard et al., 2007) and delays (Carloni, 2018) in lay dates in
194  response to changing environmental conditions in the eastern and western hemispheres,

195  respectively. These patterns underscore the importance of accurately characterizing phenology in
196 colonial seabirds as environmental change continues to alter the timing and success of

197  reproduction. Large colony sizes, synchronized breeding, and stage-specific vocal behaviors
198  make both species well-suited for developing efficient, minimally invasive PAM methods to
199  monitor phenology trends.

200 Here, we present a comparative case study examining the relationship between acoustic
201  energy and breeding phenology in Adélie penguins and common terns. We hypothesize that
202  colony-level acoustic energy will fluctuate predictably across phenological stages, with periods
203  characterized by high social interaction and territoriality (e.g., courtship, chick-rearing, fledging)
204  exhibiting increased amplitude relative to stages of reduced social interaction (e.g., incubation,
205  post-breeding dispersal). To assess the efficacy of acoustic energy in studying seabird colonies,
206  we (1) evaluated relationships between colony amplitude and phenological stage with

207  generalized linear mixed-effects models, and (2) characterized seasonal patterns in colony

208  soundscape across the breeding cycle while accounting for environmental covariates. By

209 characterizing colony soundscapes using acoustic indices, this study explores the potential of
210 PAM as a scalable tool for tracking breeding phenology in dense seabird colonies.

211

212 2. Methods

213 2.1. Sudy Ste and Data Collection

214  2.1.1. Adélie Penguin Colony on the Western Antarctic Peninsula

215 We collected data from Adélie penguin sub-colonies on Torgesen and Humble Islands
216  near Palmer Station on the Western Antarctic Peninsula Figure S.1.). We deployed Wildlife
217  Acoustics Song Meter Minis (SMM) across five sub-colonies from November 27, 2022, to
218  February 27, 2023, during the Adélie penguin breeding season. Deployment occurred after egg
219 laying to reduce nest abandonment risk during equipment setup (Giese, 1996). Recorders

220 sampled five minutes per hour at a 24 kilohertz (kHz) sampling rate. We used data from four
221  functioning rigs across four sub-colonies that recorded data without failure (Figure S.1.;

222  Supplementary Methods S.1.1.1.). We obtained environmental data from the Palmer Automatic


https://doi.org/10.64898/2026.05.27.728265
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.05.27.728265; this version posted May 30, 2026. 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 a CC-BY-NC-ND 4.0 International license.

223  Weather Station (PAWS) at Palmer Station, Antarctica, approximately one kilometer from
224  Humble and Torgersen Islands (Figure S.1.; Palmer Station Research Associate 2023).

225 We collected phenology data at the largest sub-colonies on each island and estimated
226  colony-level phenology using mean egg-one lay and hatch dates (Supplementary Methods

227 S.1.1.1.). For analyses, we defined incubation as the period between the mean lay date and the
228 mean hatch date, guard as the period from the mean hatch date to 20 days after (Chapman et al.,
229  2011; Cimino et al., 2023), and post-guard as the period from 21 days after the mean hatch date
230 until chick fledging began We defined the fledge stage as the period when colonies started to
231 disband to the end of the study (February 27, 2023), when chicks vacated colonies. Because
232  breeding phenology is relatively synchronous within islands, we applied the same phenological
233  stage boundaries to all three Torgersen sub-colonies.

234  2.1.2. Common Tern Colony on Seavey Island, NH

235 We collected data from the common tern colony on Seavey Island, New Hampshire

236  (Figure S.2.). Recorder locations were selected using historic census data to target areas

237  primarily occupied by common terns (Figure S.2.; Supplementary Methods S1.1.2.) We

238  deployed AudioMoth recorders (v. 1.0.0-1.2.0, Open Acoustic Devices, Southampton, UK)

239  across 12 sites from May 11 to August 31, 2024. Recorders sampled 10 minutes per hour at a 48
240  kHz sampling rate on a continuous 24-hour schedule. Environmental covariates, including

241  temperature, wind speed, precipitation, and moon illumination, were obtained from nearby

242  monitoring stations (Supplementary Methods S.1.1.2).

243 During the summer of 2024, we monitored phenology and estimated colony-level

244 phenology using mean egg-one lay and hatch dates (Supplementary Methods S.1.1.2.). We

245  defined breeding stages using observed phenology and published life history estimates. The

246  mean lay date of monitored nests was May 23, and the mean hatch date was June 17. Courtship
247  spanned from recorder deployment to the day before the mean lay date (May 11 to 22), and

248 incubation from the mean lay date to the day before the mean hatch date (May 23 to June 16).
249  We defined the hatch stage as the period from the mean hatch date to 26 days post-hatch (June 17
250 toJuly 12), based on the median duration from hatch to fledge (Burger and Gochfeld, 1991;

251  Nisbet and Drury, 1972). We defined the fledge stage as the period from the end of the hatch
252  stage to the onset of dispersal (July 13 to 29). We defined the start of post-breeding dispersal
253  (hereafter, the dispersal stage) as July 29, based on mean last detection dates from concurrent
254  GPS tracking data (n=20; Caldwell et al., 2025), consistent with the reported average interval
255  between fledging and family dispersal (15 days; Nisbet 1976). Manual inspection of acoustic
256  data indicated that the last common tern vocalization detected occurred on August 17. Thus, we
257  defined the dispersal stage as July 30 to August 16, and the post-dispersal period as August 17 to
258 3L

259  2.2. Acoustic Data Acquisition
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260 We processed all acoustic data in R (R Core Team, 2025) using the seewave (Sueur et al.,
261  2008) and tuneR (Borg, 2016) packages. For Adélie penguins, we excluded recordings degraded
262 by high wind using an automated classifier and filtered recordings to the chick vocalizations
263  range (Supplementary Methods S.1.2.1). For common terns, recordings were bandpass filtered to
264  isolate species specific vocal frequencies and reduce geophonic noise (Supplementary Methods
265  S.1.2.2). We calculated root-mean-square (RMS) power (relative [rel.] dB) in one-minute time
266  windows using the rms() function in seewave (Sueur et al., 2008). RMS power guantifies

267  acoustic energy as the root-mean-square of signal pressure over time (Madsen, 2005), with

268  higher values indicating louder recordings. Because absolute sound pressure levels were not

269 available for all devices (Supplementary Methods S.1.3.), we used relative RMS power

270 calculated as:

RMS,, .+
RMSrel =20 10910(—)

RMS,,0x
271  where RMSrel equals the RMS power measurement in relative decibel units, RMSact equals the
272  recorded signal RMS power measurement, and RMSmax equals the RMS power of the
273  maximum signal energy measurement possible (i.e., a one-second simulated floating-point file
274  consisting of alternating —1 and +1 values).

275 2.3. Satistical Analyses

276 We conducted all statistical analyses in R (R Core Team, 2025). To assess differences in
277  RMS power (rel. dB) among breeding stages, we fit a general linearized mixed-effects model
278  (GLMM) with a Gamma error distribution and log link. We rescaled negative RMS power values
279  relative to the colony-specific sound floor and added a small constant to transform negative

280  values and avoid zeros (Supplementary Methods S.1.4.). We included RMSscaled as the

281  response and phenological stage as a categorical fixed effect. To account for diel structure in
282  acoustic activity, we included sine and cosine transformations of the hour of the day. We

283  excluded day-of-year terms because they absorbed variation associated with phenological stage.
284  Environmental covariates known to effect both seabird behavior and acoustic signal propagation
285 included wind speed and temperature in both systems, with precipitation and moon illumination
286 included only in the common tern model (Kasten et al., 2012; Pérez[1Granados and

287  Schuchmann, 2021; Supplementary Methods S.1.4.). We included recorder as a random intercept

288  toaccount for repeated measurements and variation in device sensitivity.

289 We estimated marginal means and conducted post-hoc comparisons between consecutive
290 phenological stages (Supplementary Methods S.1.4.). We converted model coefficients and post-
291 hoc estimates to percent change to facilitate interpretation in the text, while original values were

292  reported in the tables. All effects represented model-estimated changes in mean RMS power with
293  other covariates held constant. We treated courtship as the reference stage for common terns and

294  incubation for the Adélie penguins; all percent changes were interpreted relative to these
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295  reference stages for the GLMM interpretations. Post-hoc comparisons quantified differences
296  between consecutive stages and were interpreted independently of the reference stage.

297
298 3. Reaults
299 3.1. Phenological Effects

300 For both species, scaled RMS power varied significantly across phenological periods,
301 diel cycles, and environmental conditions (Figure 1; Tables S.1. & S.2.). For the Adélie penguins,
302 phenological stage was a strong predictor of variation in acoustic energy (Figure 1A-B; Table
303 S.1.). Holding diel and environmental covariates constant, the model estimated that mean RMS
304  power increased during the guard (+12.4%) and post-guard (+27.6%) stages relative to

305 incubation, before declining during the fledge stage (-32.1%) as penguins dispersed (p<0.0001;
306  Figure 1A-B; Table S.1.). Post-hoc comparisons between consecutive stages further clarified
307 these transitions, indicating that model-estimated mean RMS power increased from incubation to
308 guard (+12.4%) and from guard to post-guard (+13.5%), followed by a sharp decline from post-
309 guard to fledge (-46.8%; p<0.0001; Table S.3.).
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311  Figure 1. Seasonal variation in RMS power (relative dB) across the breeding season in two

312  Adélie penguin colonies and one common tern colony. RMS power is shown from late-

313  November 2022 to late-February 2023 in the Adélie penguin colony on (A) Humble Island,

314  Antarctica, and (B) Torgersen Island, Antarctica, and (C) RMS power is shown from mid-May to
315 late-August 2024 in the common tern colony on Seavey Island, NH, USA. Boxplots show

316 interquartile ranges with median values indicated by solid black lines in the center of the boxes.
317  \Vertical dashed lines denote key phenological observations within the recording period, and

318 shading indicates breeding stages. (D) The breeding stage legend corresponds to the shaded

319 regions in panels A-C.

320 Similarly, phenological stage strongly predicted changes in estimated mean acoustic

321  energy in the common tern colony (Figure 1C; Table S.2.). Relative to courtship and holding all
322  other predictors constant, estimated mean RMS power decreased significantly during incubation
323  (-12.2%), hatching (-9.93%), fledge (-4.55%), with substantial decreases during dispersal (-

324  47.3%) and post-dispersal (-57.1%) as birds left the colony (p<0.0001; Figure 1C; Table S.2.).
325 Post-hoc comparisons between consecutive stages clarified these transitions, indicating a decline
326  in model-estimated mean RMS power from courtship to incubation (-12.2%), followed by

327 increases from incubation to hatching (+2.5%), and from hatching to fledge (+6%), before a
328  sharp decline during dispersal (-44.8%) and a continued decrease into the post-dispersal stage (-
329  18.6%; p<0.0001; Table S.4.).

330
331 3.2. Environmental Covariates, Diel Patterns, and Random Effects

332 Environmental conditions significantly influenced the estimated mean RMS power in
333  both systems (Tables S.1. & S.2.). Increased wind speed was associated with small but

334  significant increases in estimated mean RMS power in both systems (<2%; p<0.001; Tables S.1.
335 & S.2.). Higher temperatures were also positively associated with RMS power, increasing mean
336 RMS power by 0.9% and 3.57% in the tern and penguin models, respectively (p<0.001; Tables
337 S.1.&S.2)). In the common tern model, rainfall increased estimated mean RMS power by 3.25%
338 compared to dry conditions, while increased moon illumination was associated with a 13.8%
339  decrease in estimated mean RMS power compared to darker conditions (p<0.0001; Table S.2.).
340 Diel variation indicated pronounced within-day patterns in acoustic activity in both models

341  (p<0.001; Tables S.1. & S.2.). Between-recorder variability was low across datasets (common
342  tern: random intercept SD = 0.014; Adélie penguin = 0.033), indicating phenological, temporal,
343 and environmental predictors explained most variation in estimated mean RMS power across
344 sites.

345
346 4. Discussion

347 Our findings support that colony-wide acoustic energy closely tracks breeding phenology
348 intwo species of colonial seabird, the Adélie penguin and the common tern. Across both
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349  systems, distinct shifts in acoustic energy correspond to major transitions in colony behavior,
350 including courtship, incubation, chick rearing, fledging, and post-breeding dispersal. These

351  patterns suggest that PAM can capture biologically meaningful changes in colony activity

352  without requiring direct observation of phenological indicators (e.g., egg laying, hatching) that
353 introduce potentially harmful investigator disturbance to breeding seabirds (Carey, 2009; Carney
354  and Sydeman, 1999). Despite substantial differences in colony structure, geography, and

355  breeding ecology between the two species, similar stage-specific changes in acoustic energy
356  emerged, indicating that soundscape dynamics may provide a broadly applicable indicator of
357  breeding phenology in colonial seabirds.

358 4.1. Adélie Penguins

359 At the Adélie penguin colonies, recorders were deployed after egg laying to minimize
360 nest-abandonment associated with investigator disturbance. Acoustic energy was lowest during
361 incubation, likely reflecting reduced colony attendance associated with alternating nest duties
362  (Black, 2016; Spurr, 1975b). As chicks began hatching, acoustic energy increased during the
363  guard stage, aligning with the onset of parent-offspring interactions and chick vocal development
364  (Spurr, 1975a, 1975b). Acoustic energy continued to rise and peaked during the post-guard stage,
365 coinciding with intensified parental provisioning, chick mobility, and créche formation (Adams
366 etal., 2026; Black, 2016; Davis, 1982; Spurr, 1975b, 1975a). Elevated acoustic energy during
367 this stage likely reflected increased chick vocalizations and conspecific interactions throughout
368 the colony (Adams et al., 2026; Spurr, 1975b). Acoustic energy then declined sharply during the
369 fledge stage as parent-offspring interactions decreased and colonies dispersed in early February
370  (Spurr, 1975b). The stage-specific shifts in colony activity aligned with predictable changes in
371 RMS power (Figure 1A-B), supporting the use of colony soundscape as an indicator of breeding
372  phenology in Adélie penguins.

373 4.2. Common Terns

374 For common terns, acoustic energy was high in mid-May during pair formation,

375  courtship, and nest establishment as birds arrived at the colony (Burger and Gochfeld, 1998).
376  This period is characterized by frequent territorial interactions and mating behavior (Arnold et
377 al., 2020; Cabot and Nisbet, 2013), which likely contributed to elevated acoustic energy.

378  Consistent with the decline in mating activity following egg laying (Blanchard and Morris, 1998;
379  Wiggins and Morris, 1988), RMS power decreased as birds transitioned to a three-week

380 incubation period associated primarily with low-intensity brooding calls (Burger and Gochfeld,
381  1998; Nisbet and Cohen, 1975; Zogby et al., 2026). The peak and subsequent decline in acoustic
382  energy as birds transitioned from courtship and laying to incubation represented a defining

383 transition in the breeding season soundscape of common terns, aligning with known

384  phenological patterns in colony activity associated with courtship and mating.

385 Following this decline, acoustic energy increased later in the incubation stage in the week
386  preceding the mean hatch date and remained elevated during the hatching stage, coinciding with
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387  the onset of parent-offspring interactions, chick vocal development, and heightened territorial
388  defense within the colony (Arnold et al., 2020; Burger and Gochfeld, 1998; Quinn et al., 1994;
389  Sorokaite, 2005). Acoustic energy continued to increase into the early fledge stage, consistent
390 with the period when juveniles developed flight calls and began flying at the colony (Arnold et
391 al., 2020; Burger and Gochfeld, 1991; Nisbet and Drury, 1972). Later in the fledge stage, as
392  fledglings progressively increased flight duration and initiated foraging, time spent off colony
393  was expected to increase (Arnold et al., 2020), corresponding with the observed decline in RMS
394  power. Finally, as birds departed the colony during post-breeding dispersal in late July, acoustic
395 energy declined rapidly, reaching seasonal lows by mid-August. These stage-specific patterns in
396  colony activity corresponded with predictable shifts in acoustic energy (Figure 1C),

397  demonstrating that colony soundscape can serve as a reliable proxy for breeding phenology in
398 common terns.

399 Across both species, acoustic energy followed a consistent seasonal trajectory

400 characterized by elevated RMS power during periods of high social and reproductive activity and
401  reduced RMS power during incubation. This was followed by pronounced increases during

402  chick-rearing stages and then declines associated with fledging and colony dispersal. While the
403  specific behavioral drivers differed somewhat between systems, these parallel patterns indicated
404  that colony soundscape dynamics reflected shared temporal patterns in breeding phenology in
405  colonial seabirds. These predictable shifts in acoustic energy in both common terns and Adélie
406  penguins suggested that PAM could provide a scalable method for identifying key breeding

407  transitions in colonial seabirds.

408 4.3. Environmental Effects

409 In terms of environmental effects, moonlight exhibited a negative relationship with
410 acoustic energy in the common tern colony, consistent with prior work showing reduced

411  nocturnal vocal activity in seabirds during increased lunar illumination (Linares et al., 2022;
412  Mougeot and Bretagnolle, 2000). Manual inspection of spectrograms from rainy recordings
413  revealed broadband interference from raindrops hitting the recorder within the 1-12 kHz

414  frequency range used in our analyses, suggesting that the positive relationship between rainfall
415  and acoustic energy reflects abiotic noise rather than increased biological activity. In both the
416  common tern and Adélie penguin datasets, higher wind speed was associated with small

417  increases in acoustic energy. Although filtering reduced low-frequency geophonic noise in both
418  datasets, some wind noise during high wind periods likely exceeded the filtering threshold
419  (Kasten et al., 2012), particularly under the extreme wind conditions experienced at the Adélie
420  penguin colonies (Fradet et al., 2025).

421 Controlling for stage-dependent effects, higher temperatures were also associated with
422  increased acoustic energy across both systems. Although the effects of temperature on avian
423  vocal behavior vary across species and contexts (Cordonnier et al., 2023; Pérez! 1Granados and
424  Schuchmann, 2021), higher temperatures are generally associated with reduced calling behavior
425  due to heat stress (Soravia et al., 2021). In our study, however, temperatures may not have
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426  exceeded behavioral thresholds that suppress vocal activity (common tern colony: mean = 19.3
427  °C, S.D =3.9, max = 31.7), particularly for the Adélie penguin colonies where temperatures
428  remained low with generally limited variability (mean =2 °C, S.D. = 1.7, max = 8.6). Moreover,
429  the effect size of temperature in the common tern dataset was minimal (0.13%), suggesting a
430  weak or negligible influence on vocal behavior. For Adélie penguins, warmer temperatures may
431  correspond to more favorable weather conditions within an otherwise harsh environment,

432  potentially facilitating increased conspecific interaction and communication. Together, these
433  findings highlight the importance of accounting for environmental influences when interpreting
434  biological soundscapes, given the close links between environmental conditions, seabird

435  behavior, and the timing of breeding phenology.

436  4.4. Implications, Future Research, and Conclusion

437 To our knowledge, this study is the first to evaluate acoustic energy as a tool for

438  monitoring seabird breeding phenology. Previous studies have examined other acoustic indices
439  such as the Acoustic Complexity Index and the Bioacoustic Index for monitoring seabird

440  breeding colonies (Arneill et al., 2020; Brownlie et al., 2020), but these metrics rely on complex
441  quantifications of the time- and frequency-domains that can be difficult for non-acousticians to
442  interpret. Furthermore, VAR is conceptually well-suited for tracking breeding phenology, but
443  extracting individual calls from dense seabird colonies remains impractical at large spatial scales
444  (Arneill et al., 2020; Borker et al., 2014; Brownlie et al., 2020). Building on prior work linking
445  acoustic energy to population size in colonial bats (Eddington et al., 2025; Kloepper et al., 2016),
446  our findings suggest that acoustic energy may provide a practical and intuitive measure of

447  colony-level vocal activity in seabirds by linking phenological shifts in colony behavior directly
448  to changes in RMS power.

449 Traditional seabird monitoring programs have revealed important drivers of breeding

450 phenology and reproductive success (Cimino et al., 2023, 2019) but are often require limited in
451  spatial scope, require extensive mounts of time, and can disturb breeding colonies (Carey, 2009;
452  Carney and Sydeman, 1999; Cimino et al., 2016; Hinke et al., 2018; Shonfield and Bayne, 2017).
453  Such challenges are especially important in rapidly changing systems, including the Western

454  Antarctic Peninsula and the Gulf of Maine (Cimino et al., 2016; Hinke et al., 2018; Pershing et
455  al., 2021). Our results suggest that PAM using acoustic energy may provide a scalable, minimally
456 invasive approach for tracking breeding phenology in seabird colonies, complementing

457  traditional monitoring programs by extending phenological observations across more colonies
458 and longer time periods.

459 Future research could investigate how acoustic energy relates to colony size, attendance,
460 and reproductive success, and evaluate the extent to which these relationships hold across

461  additional years, species, and ecosystems. Establishing explicit relationships between acoustic
462  energy and VAR could further strengthen the applicability of this approach, as VAR has been
463  more widely explored in seabird monitoring. Additional work examining how environmental
464  variables influence seabird vocal behavior in breeding colonies would also improve the
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465 interpretation of PAM datasets and may provide insight into how climate change affects these
466  behaviors. Together, these efforts would help refine the application of soundscape metrics for
467  long-term seabird monitoring.

468 Overall, our results demonstrate that acoustic energy provides a simple yet informative
469  measure of colony-level activity that reflects predictable behavioral changes across the breeding
470  season. In both common tern and Adélie penguin colonies, transitions between breeding stages
471  produced consistent shifts in soundscape amplitude driven by changes in mating behavior,

472  territorial interactions, chick development, and parent-offspring communication. These findings
473  indicate that colony soundscapes can capture key phenological transitions in large seabird

474  colonies, highlighting the potential of PAM as a practical tool for tracking breeding dynamics in
475  remote or rapidly changing environments.

476
477  CRediT authorship contribution statement

478 Valerie M. Eddington: Conceptualization, methodology, software, data curation, formal

479  analysis, funding acquisition, investigation, writing — original draft, writing — review & editing,
480 visualization. Danidlle T. Fradet: Conceptualization, methodology, software, data curation,
481  formal analysis, investigation, writing — original draft, writing — review & editing. Elizabeth C.
482  Craig: Conceptualization, methodology, resources, investigation, writing — review & editing,
483  supervision, project administration, funding acquisition. Megan A. Cimino: Conceptualization,
484  methodology, resources, investigation, writing — review & editing, supervision, project

485  administration, funding acquisition. Easton R. White: Conceptualization, methodology, writing
486 - review & editing, supervision, funding acquisition. Laura N. Kloepper: Conceptualization,
487  methodology, writing — review & editing, supervision, funding acquisition

488
489 Funding

490 This research was funded by the UNH School of Marine Science and Ocean Engineering
491  Chase Family Peer Mentorship Fund, the UNH Graduate School Summer Teaching Assistant
492  Fellowship, and National Science Foundation EAGER Grant No. 2026045 and Award No.

493  2226886. The Isles of Shoals Tern Conservation Program is supported by the New Hampshire
494  Fish and Game Department’s Nongame and Endangered Wildlife Program, the United States
495  Fish and Wildlife Service (New Hampshire State Wildlife Grants), and the Shoals Marine

496  Laboratory.

497
498 Declaration of Competing I nterests

499  The authors have no relevant financial or non-financial interests to disclose.


https://doi.org/10.64898/2026.05.27.728265
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.05.27.728265; this version posted May 30, 2026. 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 a CC-BY-NC-ND 4.0 International license.

500
501
502
503 Acknowledgements

504 We would like to thank Aliya Caldwell, Willow Dalehite, Orena Wong, Joe Brosseau, and
505 Hope Caliendo for assistance in deploying and recovering AudioMoths and collecting field data.
506  Our sincere thanks to Darren Roberts and Megan Roberts for the Adélie penguin data collection.
507  Finally, we would also like to thank all of the previous and current members of the QMEL and
508 EAB labs for their support, feedback, and encouragement.

509 Tern colony fieldwork was permitted under protocol #220304 approved by the University
510 of New Hampshire’s Institutional Animal Care and Use Committee along with permissions from
511 the NH Fish and Game Department and the US Fish and Wildlife Service for annual colony-

512  monitoring activities. Adelie penguin work was approved by the Institutional Animal Care and
513  Use Committee at UC Santa Cruz (protocol Cimim2204dn). This publication is contribution

514  #219 to the Shoals Marine Laboratory.

515
516 DataAvailability

517  The data that support the findings of this study are available from the corresponding author upon
518 reasonable request.

519

520 Literature Cited
521  Adams, M.L., Fradet, D.T., Cimino, M.A., White, E.R., 2026. Ontogeny of vocalizations in Adlie

522 penguin (Pygoscelis adeliae) chicks.

523 https://doi.org/https://doi.org/10.64898/2026.01.23.701401

524  Ainley, D.G., 2002. The Adélie Penguin: Bellwether of Climate Change. Columbia University
525 Press. https://doi.org/10.7312/ainl12306

526  Arneill, G.E., Critchley, E.J., Wischnewski, S., Jessopp, M.J., Quinn, J.L., 2020. Acoustic

527 activity across a seabird colony reflects patterns of within “Icolony flight rather than nest
528 density. Ibis 162, 416-428. https://doi.org/10.1111/ibi.12740

529  Arnold, J.M., Oswald, S.A., Nisbet, I.C.T., Pyle, P., Patten, M.A., 2020. Common Tern (Sterna
530 hirundo), in: Billerman, S.M., Keeney, B.K., Rodewald, P.G., Schulenberg, T.S. (Eds.),
531 Birds of the World. Cornell Lab of Ornithology. https://doi.org/10.2173/bow.comter.01
532 Black, C., Collen, B., Lunn, D, Filby, D., Winnard, S., Hart, T., 2018. Time-lapse cameras reveal
533 latitude and season influence breeding phenology durations in penguins. Ecology and
534 Evolution 8, 8286-8296. https://doi.org/10.1002/ece3.4160

535 Black, C.E., 2016. A comprehensive review of the phenology of Pygoscelis penguins. Polar Biol
536 39, 405-432. https://doi.org/10.1007/s00300-015-1807-8


https://doi.org/10.64898/2026.05.27.728265
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.05.27.728265; this version posted May 30, 2026. 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 a CC-BY-NC-ND 4.0 International license.

537 Blanchard, L., Morris, R.D., 1998. Another look at courtship feeding and copulation behavior in

538 the common tern. Colonial Waterbirds 21, 215-255.

539 Boelman, N.T., Asner, G.P., Hart, P.J., Martin, R.E., 2007. Multi-trophic invasion resistance in
540 Hawaii: Bioacoustics, field surveys, and airborne remote sensing. Ecological

541 Applications 17, 2137-2144. https://doi.org/10.1890/07-0004.1

542  Borg, M., 2016. TuneR: a framework for tuning software engineering tools with hands-on

543 instructions in R: TuneR: a framework for tuning software engineering tools. J. Softw.
544 Evol. and Proc. 28, 427-459. https://doi.org/10.1002/smr.1784

545  Borker, A.L., Mckown, M.W., Ackerman, J.T., Eagles-Smith, C.A., Tershy, B.R., Croll, D.A,,
546 2014. Vocal activity as a low cost and scalable index of seabird colony size: Automated
547 acoustic seabird monitoring. Conservation Biology 28, 1100-1108.

548 https://doi.org/10.1111/cobi.12264

549  Both, C., Visser, M.E., 2001. Adjustment to climate change is constrained by arrival date in a
550 long-distance migrant bird. Nature 411, 296-298. https://doi.org/10.1038/35077063
551  BradferLawrence, T., Desjongueres, C., Eldridge, A., Johnston, A., Metcalf, O., 2023. Using
552 acoustic indices in ecology: Guidance on study design, analyses and interpretation.
553 Methods Ecol Evol 14, 2192-2204. https://doi.org/10.1111/2041-210X.14194

554  Bradfer! 'Lawrence, T., Duthie, B., Abrahams, C., Adam, M., Barnett, R.J., Beeston, A., Darby,
555 J., Dell, B., Gardner, N., Gasc, A., Heath, B., Howells, N., Janson, M., Kyoseva, M.,
556 Luypaert, T., Metcalf, O.C., Nousek JMcGregor, A.E., Poznansky, F., Ross, S.R.P. [1J.,
557 Sethi, S., Smyth, S., Waddell, E., Froidevaux, J.S.P., 2024. The Acoustic Index User’s
558 Guide: A practical manual for defining, generating and understanding current and future
559 acoustic indices. Methods Ecol Evol 2041-210X.14357. https://doi.org/10.1111/2041-
560 210X.14357

561 Brosseau, J.E., Eddington, V.M., Craig, E.C., White, E.R., Kloepper, L.N., 2024. The effect of
562 localized disturbance on the acoustic behavior of the common tern ( Sterna hirundo ).
563 JASA Express Letters 4, 091201. https://doi.org/10.1121/10.0028204

564  Brownlie, K.C., Monash, R., Geeson, J.J., Fort, J., Bustamante, P., Arnould, J.P.Y., 2020.

565 Developing a passive acoustic monitoring technique for Australia’s most numerous
566 seabird, the Short-tailed Shearwater ( Ardenna tenuirostris). Emu - Austral Ornithology
567 120, 123-134. https://doi.org/10.1080/01584197.2020.1732828

568 Buehler, D.M., Piersma, T., 2008. Travelling on a budget: predictions and ecological evidence for
569 bottlenecks in the annual cycle of long-distance migrants. Phil. Trans. R. Soc. B 363,
570 247-266. https://doi.org/10.1098/rsth.2007.2138

571  Bugoni, L., Cormons, T.D., Boyne, A.W., Hays, H., 2005. Feeding grounds, daily foraging
572 activities, and movements of common terns in southern Brazil, determined by radio-
573 telemetry. Waterbirds 28, 468-477. https://doi.org/10.1675/1524-

574 4695(2005)28%5B468:FGDFAA%5D2.0.CO;2

575  Burger, J., Gochfeld, M., 1998. The common tern: its breeding biology and social behavior.
576 ToExcel, New York, NY.
577  Burger, J., Gochfeld, M., 1991. Cadmium and lead in common terns (Aves: Sterna hirundo):

578 Relationship between levels in parents and eggs. Environ Monit Assess 16, 253-258.
579 https://doi.org/10.1007/BF00397612

580 Burger, J., Gochfeld, M., Boarman, W.1., 1988. Experimental evidence for sibling recognition in
581 common terns (Serna hirundo). The Auk 105, 142-148.

582 https://doi.org/10.1093/auk/105.1.142


https://doi.org/10.64898/2026.05.27.728265
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.05.27.728265; this version posted May 30, 2026. 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 a CC-BY-NC-ND 4.0 International license.

583  Buxton, R.T., Brown, E., Sharman, L., Gabriele, C.M., McKenna, M.F.,, 2016. Using

584 bioacoustics to examine shifts in songbird phenology. Ecol Evol 6, 4697-4710.

585 https://doi.org/10.1002/ece3.2242

586  Buxton, R.T., Jones, I.L., 2012. Measuring nocturnal seabird activity and status using acoustic
587 recording devices: applications for island restoration: Acoustic Monitoring of Nocturnal
588 Seabirds. Journal of Field Ornithology 83, 47-60. https://doi.org/10.1111/j.1557-

589 9263.2011.00355.x

590 Cabot, D., Nisbet, I.C.T., 2013. Terns. Collins, London.
591  Caldwell, A., Yakola, K., Craig, E., Loring, P., Welch, L., Lyons, D.E., Furey, N.B., 2025. High-

592 resolution satellite telemetry data reveal full migration cycle of Gulf of Maine-breeding
593 common terns (Sterna hirundo). Waterbirds 48. https://doi.org/10.1675/063.048.0301
594  Carey, M.J., 2009. The effects of investigator disturbance on procellariiform seabirds: A review.
595 New Zealand Journal of Zoology 36, 367-377.

596 https://doi.org/10.1080/03014220909510161

597  Carloni, J., 2018. Analysis of long-term productivity monitoring and foraging area identification
598 of breeding common terns in coastal New Hampshire (Master’s Thesis). University of
599 New Hampshire, New Hampshire, USA.

600 Carney, K.M., Sydeman, W.J., 1999. A review of human disturbance effects on nesting colonial
601 waterbirds. Waterbirds: The International Journal of Waterbird Biology 22, 68.

602 https://doi.org/10.2307/1521995

603 Chapman, E., Hofmann, E., Patterson, D., Ribic, C., Fraser, W., 2011. Marine and terrestrial
604 factors affecting Adélie- penguin Pygoscelis adeliae chick growth and recruitment off the
605 Western Antarctic Peninsula. Mar. Ecol. Prog. Ser. 436, 273-289.

606 https://doi.org/10.3354/meps09242

607  Charmantier, A., Gienapp, P., 2014. Climate change and timing of avian breeding and migration:
608 evolutionary versus plastic changes. Evolutionary Applications 7, 15-28.

609 https://doi.org/10.1111/eva.12126

610 Cimino, M.A., Conroy, J.A., Connors, E., Bowman, J., Corso, A., Ducklow, H., Fraser, W.,

611 Friedlaender, A., Kim, H.H., Larsen, G.D., Moffat, C., Nichols, R., Pallin, L., Patterson-
612 Fraser, D., Roberts, D., Roberts, M., Steinberg, D.K., Thibodeau, P., Trinh, R., Schofield,
613 0., Stammerjohn, S., 2023. Long-term patterns in ecosystem phenology near Palmer
614 Station, Antarctica, from the perspective of the Adélie penguin. Ecosphere 14, e4417.
615 https://doi.org/10.1002/ecs2.4417

616 Cimino, M.A., Lynch, H.J., Saba, V.S., Oliver, M.J., 2016. Projected asymmetric response of
617 Adélie penguins to Antarctic climate change. Sci Rep 6, 28785.

618 https://doi.org/10.1038/srep28785

619 Cimino, M.A,, Patterson-Fraser, D.L., Stammerjohn, S., Fraser, W.R., 2019. The interaction
620 between island geomorphology and environmental parameters drives Adélie penguin
621 breeding phenology on neighboring islands near Palmer Station, Antarctica. Ecology and
622 Evolution 9, 9334-9349. https://doi.org/10.1002/ece3.5481

623  Colombellil'TNégrel, D., 2023. Estimating Little Penguin population sizes using automated

624 acoustic monitoring and citizen science. Ibis 165, 1423-1431.

625 https://doi.org/10.1111/ibi.13201

626  Cordonnier, M., Ridley, A.R., Lengagne, T., Dutour, M., 2023. The impact of high temperatures
627 on bird responses to alarm calls. Behav Ecol Sociobiol 77, 82.

628 https://doi.org/10.1007/s00265-023-03354-2


https://doi.org/10.64898/2026.05.27.728265
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.05.27.728265; this version posted May 30, 2026. 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 a CC-BY-NC-ND 4.0 International license.

629  Croxall, J.P., Butchart, S.H.M., Lascelles, B., Stattersfield, A.J., Sullivan, B., Symes, A., Taylor,

630 P., 2012. Seabird conservation status, threats and priority actions: a global assessment.
631 Bird Conservation International 22, 1-34. https://doi.org/10.1017/S0959270912000020
632  Davis, L.S., 1982. Creching behaviour of Adelie penguin chicks (Pygoscelis adeliae). New
633 Zealand Journal of Zoology 9, 279-285.

634 https://doi.org/10.1080/03014223.1982.10423856

635 Diamond, A.W., Devlin, C.M., 2003. Seabirds as indicators of changes in marine ecosystems:
636 Ecological monitoring on Machias Seal Island. Environmental Monitoring and

637 Assessment 88, 153-175.

638 Dobson, F.S., Becker, P.H., Arnaud, C.M., Bouwhuis, S., Charmantier, A., 2017. Plasticity results
639 in delayed breeding in a long' Idistant migrant seabird. Ecology and Evolution 7, 3100-
640 3109. https://doi.org/10.1002/ece3.2777

641 Dugger, K.M., Ballard, G., Ainley, D.G., Lyver, P.O., Schine, C., 2014. Adélie penguins coping
642 with environmental change: Results from a natural experiment at the edge of their

643 breeding range. Front. Ecol. Evol. 2. https://doi.org/10.3389/fev0.2014.00068

644  Eddington, V.M., Ahlberg, S.E., Kuczynska, V., White, E.R., Kloepper, L.N., 2025. Evaluating
645 an Acoustic method for estimating trends in bat summer colony counts with AudioMoth
646 recorders.

647  Edney, AJ., Wood, M.J., 2021. Applications of digital imaging and analysis in seabird

648 monitoring and research. Ibis 163, 317-337. https://doi.org/10.1111/ibi.12871

649 Ezard, T.H.G., Becker, P.H., Coulson, T., 2007. Correlations between age, phenotype, and

650 individual contribution to population growth in common terns. Ecology 88, 2496-2504.
651 https://doi.org/10.1890/06-2020.1

652  Field, S.A., Tyre, AJ., Possingham, H.P., 2005. Optimizing allocation of monitoring effort under
653 economic and observational constraints. Journal of Wildlife Management 69, 473-482.
654 https://doi.org/10.2193/0022-541X(2005)069%5B0473:OA0OMEU%5D2.0.CO;2

655  Fradet, D.T., Cimino, M.A., White, E.R., Kloepper, L.N., 2025. Designing a BirdNET classifier
656 for high wind detection in passive acoustic recordings to support wildlife monitoring. The
657 Journal of the Acoustical Society of America 157, 4502—-4512.

658 https://doi.org/10.1121/10.0036887

659  Frederiksen, M., Harris, M.P., Daunt, F., Rothery, P., Wanless, S., 2004. Scale " dependent

660 climate signals drive breeding phenology of three seabird species. Global Change

661 Biology 10, 1214-1221. https://doi.org/10.1111/j.1529-8817.2003.00794.x

662  Giese, M., 1996. Effects of human activity on adelie penguin Pygoscelis adeliae breeding

663 success. Biological Conservation 75, 157-164. https://doi.org/10.1016/0006-

664 3207(95)00060-7

665 Gordo, O., 2007. Does climate change affect Common Swift Apus apus migratory phenology?
666  Herndndez-Matias, A., Jover, L., Ruiz, X., 2003. Predation on common tern eggs in relation to

667 sub-colony size, nest aggregation and breeding synchrony. Waterbirds 26, 280-289.
668 https://doi.org/10.1675/1524-4695(2003)026%5B0280:POCTE1%5D2.0.CO;2

669  Hill, A.P., Prince, P., Pifia Covarrubias, E., Doncaster, C.P., Snaddon, J.L., Rogers, A., 2018.
670 AudioMoth: Evaluation of a smart open acoustic device for monitoring biodiversity and
671 the environment. Methods Ecol Evol 9, 1199-1211. https://doi.org/10.1111/2041-

672 210X.12955

673 Hinke, J.T., Barbosa, A., Emmerson, L.M., Hart, T., Juares, M.A., Korczak[ ] Abshire, M.,
674 Milinevsky, G., Santos, M., Trathan, P.N., Watters, G.M., Southwell, C., 2018. Estimating


https://doi.org/10.64898/2026.05.27.728265
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.05.27.728265; this version posted May 30, 2026. 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 a CC-BY-NC-ND 4.0 International license.

675 nestlevel phenology and reproductive success of colonial seabirds using timeJlapse
676 cameras. Methods Ecol Evol 9, 1853-1863. https://doi.org/10.1111/2041-210X.13015
677  Hutchinson, A.E., 1980. Estimating numbers of colonial nesting seabirds: A comparison of

678 techniques.

679 Jahn, O., Ganchev, T.D., Marques, M.l., Schuchmann, K.-L., 2017. Automated sound recognition
680 provides insights into the behavioral ecology of a tropical bird. PLoS ONE 12, e0169041.
681 https://doi.org/10.1371/journal.pone.0169041

682 Kahl, S., Wood, C.M., Eibl, M., Klinck, H., 2021. BirdNET: A deep learning solution for avian
683 diversity monitoring. Ecological Informatics 61, 101236.

684 https://doi.org/10.1016/j.ecoinf.2021.101236

685 Kasten, E.P., Gage, S.H., Fox, J., Joo, W., 2012. The remote environmental assessment

686 laboratory’s acoustic library: An archive for studying soundscape ecology. Ecological
687 Informatics 12, 50-67. https://doi.org/10.1016/j.ecoinf.2012.08.001

688  Kloepper, L.N., Linnenschmidt, M., Blowers, Z., Branstetter, B., Ralston, J., Simmons, J.A.,
689 2016. Estimating colony sizes of emerging bats using acoustic recordings. R. Soc. open
690 sci. 3, 160022. https://doi.org/10.1098/rs0s.160022

691 Lascelles, B.G., Langham, G.M., Ronconi, R.A., Reid, J.B., 2012. From hotspots to site

692 protection: Identifying Marine Protected Areas for seabirds around the globe. Biological
693 Conservation, Seabirds and Marine Protected Areas planning 156, 5-14.

694 https://doi.org/10.1016/j.biocon.2011.12.008

695 Linares, C.G., Phillips, R.A., Buxton, R.T., 2022. Monitoring vocal activity and temporal

696 patterns in attendance of White-chinned Petrels using bioacoustics. Emu - Austral

697 Ornithology 122, 27-38. https://doi.org/10.1080/01584197.2021.2018337

698  Madsen, P.T., 2005. Marine mammals and noise: Problems with root mean square sound pressure
699 levels for transients. The Journal of the Acoustical Society of America 117, 3952—-3957.
700 https://doi.org/10.1121/1.1921508

701  Mougeot, F., Bretagnolle, V., 2000. Predation risk and moonlight avoidance in nocturnal

702 seabirds. Journal of Avian Biology 31, 376-386. https://doi.org/10.1034/j.1600-

703 048X.2000.310314.x

704  Nelson, J.B., Baird, P.H., 2001. Seabird Communication and Displays, in: Biology of Marine
705 Birds. CRC Press, pp. 307-357.

706  Ninnes, C.E., Waas, J.R., Ling, N., Nakagawa, S., Banks, J.C., Bell, D.G., Bright, A., Carey,
707 P.W., Chandler, J., Hudson, Q.J., Ingram, J.R., Lyall, K., Morgan, D.K.J., Stevens, M.1.,
708 Wallace, J., Mostl, E., 2011. Environmental influences on Adelie penguin breeding

709 schedules, endocrinology, and chick survival. General and Comparative Endocrinology
710 173, 139-147. https://doi.org/10.1016/j.ygcen.2011.05.006

711  Nisbet, I.C.T., 1976. Early stages in postfledging dispersal of common terns. Bird Banding 47,
712 15.
713  Nisbet, I.C.T., Cohen, M.E., 1975. Asynchronous hatching in common and roseate terns, Sterna

714 hirundo and S. dougallii. Ibis 117, 374-379. https://doi.org/10.1111/j.1474-

715 919X.1975.th04225.x

716  Nisbet, I.C.T., Drury, W.H., 1972. Measuring breeding success in common and roseate terns.
717 Bird-Banding 43, 97. https://doi.org/10.2307/4511853

718  Palmer Station Research Associate, 2023. Palmer Station Automated Weather Data System
719 observational data, 2001-present (ongoing). https://doi.org/10.48567/0FZS-FY93


https://doi.org/10.64898/2026.05.27.728265
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.05.27.728265; this version posted May 30, 2026. 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 a CC-BY-NC-ND 4.0 International license.

720 Pérez[1Granados, C., Schuchmann, K., 2021. Nocturnal vocal behaviour of the diurnal

721 Undulated Tinamou (Crypturellus undulatus) is associated with temperature and moon
722 phase. Ibis 163, 684—694. https://doi.org/10.1111/ibi.12909

723  PérezIGranados, C., Traba, J., 2021. Estimating bird density using passive acoustic monitoring:
724 a review of methods and suggestions for further research. lbis 163, 765-783.

725 https://doi.org/10.1111/ibi.12944

726  Pershing, A.J., Alexander, M.A., Brady, D.C., Brickman, D., Curchitser, E.N., Diamond, A.W.,
727 McClenachan, L., Mills, K.E., Nichols, O.C., Pendleton, D.E., Record, N.R., Scott, J.D.,
728 Staudinger, M.D., Wang, Y., 2021. Climate impacts on the Gulf of Maine ecosystem: A
729 review of observed and expected changes in 2050 from rising temperatures. Elementa:
730 Science of the Anthropocene 9, 00076. https://doi.org/10.1525/elementa.2020.00076
731  Pieretti, N., Farina, A., Morri, D., 2011. A new methodology to infer the singing activity of an
732 avian community: The Acoustic Complexity Index (ACI). Ecological Indicators 11, 868—
733 873. https://doi.org/10.1016/j.ecolind.2010.11.005

734  Podolskiy, E.A., Ogawa, M., Thiebot, J.-B., Johansen, K.L., Mosbech, A., 2024. Acoustic

735 monitoring reveals a diel rhythm of an arctic seabird colony (little auk, Alle alle).

736 Commun Biol 7, 307. https://doi.org/10.1038/s42003-024-05954-8

737  Quinn, J.S., Whittingham, L.A., Morris, R.D., 1994. Infanticide in skimmers and terns: Side
738 effects of territorial attacks or inter-generational conflict? Animal Behaviour 47, 363—
739 367. https://doi.org/10.1006/anbe.1994.1049

740 R Core Team, 2025. R: A Language and Environment for Statistical Computing.
741  Santos, M.M., Hinke, J.T., Coria, N.R., Fusaro, B., Silvestro, A., Juares, M.A., 2018. Abundance

742 estimation of Adélie penguins at the Esperanza/Hope Bay mega colony. Polar Biol 41,
743 2337-2342. https://doi.org/10.1007/s00300-018-2373-7

744  Scopel, L., Diamond, A., Kress, S., Shannon, P., 2019. Varied breeding responses of seabirds to a
745 regime shift in prey base in the Gulf of Maine. Marine Ecology Progress Series 626, 177—
746 196. https://doi.org/10.3354/meps13048

747  Shonfield, J., Bayne, E.M., 2017. Autonomous recording units in avian ecological research:

748 current use and future applications. ACE 12, art14. https://doi.org/10.5751/ACE-00974-
749 120114

750  Smith, O., Craig, E., 2023. Effects of Atlantic butterfish ( Peprilus triacanthus ) in diets of

751 Common Terns ( Sterna hirundo ): a case study of climate change effects in the Gulf of
752 Maine. ACE 18, artl. https://doi.org/10.5751/ACE-02440-180201

753  Soravia, C., Ashton, B.J., Thornton, A., Ridley, A.R., 2021. The impacts of heat stress on animal
754 cognition: Implications for adaptation to a changing climate. WIREs Climate Change 12,
755 e713. https://doi.org/10.1002/wcc.713

756  Sorokaite, J., 2005. Parental behaviour of common terns (Serna Hirundo): Sexual differences
757 and changes in the course of the reproduction season. Acta Zoologica Lituanica 15, 254~
758 258. https://doi.org/10.1080/13921657.2005.10512619

759  Spurr, E.B., 1975a. Communication in the Adélie penguin, in: Stonehouse, B. (Ed.), The Biology
760 of Penguins. Macmillan Education UK, London, pp. 449-501.

761 https://doi.org/10.1007/978-1-349-02270-0_20

762  Spurr, E.B., 1975b. Behavior of the Adélie penguin chick. The Condor 77, 272-280.

763 https://doi.org/10.2307/1366222

764  Sueur, J., Aubin, T., Simonis, C., 2008. seewave, a free modular tool for sound analysis and
765 synthesis. Bioacoustics 18, 213-226. https://doi.org/10.1080/09524622.2008.9753600


https://doi.org/10.64898/2026.05.27.728265
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.05.27.728265; this version posted May 30, 2026. 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 a CC-BY-NC-ND 4.0 International license.

766  Sugai, L.S.M., Silva, T.S.F,, Ribeiro, JW., Llusia, D., 2019. Terrestrial Passive Acoustic

767 Monitoring: Review and Perspectives. BioScience 69, 15-25.

768 https://doi.org/10.1093/biosci/biy147

769  Van Doren, B.M., Lostanlen, V., Cramer, A., Salamon, J., Dokter, A., Kelling, S., Bello, J.P.,
770 Farnsworth, A., 2023. Automated acoustic monitoring captures timing and intensity of
771 bird migration. Journal of Applied Ecology 60, 433-444. https://doi.org/10.1111/1365-
772 2664.14342

773  \een, J., 1987. Ambivalence in the structure of display vocalizations of gulls and terns: New
774 evidence in favour of Tinbergen’s conflict hypothesis? Behav 100, 33—49.

775 https://doi.org/10.1163/156853987X00053

776  Wiggins, D.A., Morris, R.D., 1988. Courtship feeding and copulatory behaviour in the common
777 tern Serna hirundo. Ornis Scandinavica (Scandinavian Journal of Ornithology) 19, 163—
778 165.

779  Zhao, K., Chen, G., Liu, Y., Mgller, A.P., Zhang, Y., 2022. Population size assessment of Adélie
780 penguin (Pygoscelis adeliae) chicks based on vocal activity rate index. Global Ecology
781 and Conservation 38, e02263. https://doi.org/10.1016/j.gecco.2022.e02263

782  Zogby, D.S., Eddington, V.M., Craig, E.C., Kloepper, L.N., 2026. Quantifying the vocal

783 repertoire of adult common terns ( Sterna hirundo ).

784 https://doi.org/10.64898/2026.05.20.722623

785


https://doi.org/10.64898/2026.05.27.728265
http://creativecommons.org/licenses/by-nc-nd/4.0/

