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Abstract
1.	 Wind energy development poses collision risks to birds, yet species-specific 
vulnerability assessments incorporating measurement uncertainty, flight 
behaviour, and environmental conditions remain scarce for shorebirds.

2.	 We conducted the first collision vulnerability assessment for any Patagonian 
shorebird using GPS telemetry and a novel probabilistic approach incorporating 
GPS altitude measurement uncertainty. We analysed 237 flight observations 
from 15 Two-banded Plovers (Anarhynchus falklandicus) at Bahía Lomas, 
Chilean Patagonia, assessing collision vulnerability as the proportion of flights 
within the rotor swept zone under four turbine configurations. We used beta 
regression models incorporating GPS altitude uncertainty, flight behaviour, and 
meteorological conditions (wind speed and direction from ERA5 reanalysis) to 
identify factors influencing vulnerability.

3.	 Collision vulnerability ranged from 42.6% (low ground clearance: 17.34 m) to 
24.6% (high clearance: 30.00 m). The best-supported models included flight 
speed, solar elevation, and wind direction, but not wind speed. Vulnerability 
varied with wind direction, peaking during winds from the northwest quadrant 
where median flight altitudes (~30 m) coincided with the lower rotor swept zone, 
and was lowest during prevailing southwesterly winds when flights remained at 
low altitudes (median ~ 7 m). Incorporating GPS altitude uncertainty revealed that 
traditional binary classification underestimates collision vulnerability by 22–44%.

4.	 Synthesis and application. Our probabilistic framework incorporating 
measurement uncertainty and meteorological covariates provides a template 
for collision vulnerability assessment applicable across taxa. Increasing turbine 
ground clearance reduced vulnerability by 42%. The influence of wind direction 
on flight altitude—and thus collision vulnerability—highlights the importance of 
incorporating meteorological data in collision assessments, particularly in regions 
with strong prevailing winds.
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1  |  INTRODUC TION

The global renewable energy transition has accelerated wind 
power development worldwide, with installed capacity exceeding 
1000 GW and annual growth rates of 12–15% (GWEC,  2024; 
IRENA, 2024). While essential for climate change mitigation, wind 
energy infrastructure poses threats to avian populations through 
direct collision mortality, habitat displacement, and barrier effects on 
migration routes (Drewitt & Langston, 2006; Marques et al., 2014). 
Annual bird mortality from wind turbines is estimated at 140,000–
700,000 individuals in the United States alone, with shorebirds 
consistently ranking among the most vulnerable groups due to their 
flight behaviours, habitat preferences, and existing conservation 
pressures (Loss et al., 2013; Thaxter et al., 2017).

Meteorological conditions, particularly wind speed and direc-
tion, strongly influence avian flight behaviour and may modulate 
collision vulnerability. Birds adjust flight altitude, speed, and tra-
jectory in response to wind conditions, with headwinds typically 
associated with lower flight altitudes and tailwinds with higher al-
titudes (Shamoun-Baranes et  al., 2006; Kemp et  al., 2013). These 
behavioural adjustments have direct implications for collision risk, 
as flight altitude relative to rotor swept zones (RSZs) determines ex-
posure to turbine blades. Despite this mechanistic link, few collision 
vulnerability studies have incorporated meteorological covariates 
(Marques et al., 2014).

Shorebird populations face precipitous global declines, with 
48% of species showing negative population trends (Rosenberg 
et al., 2019; Smith et al., 2023; Studds et al., 2017). The Charadriidae 
family demonstrates particular vulnerability to wind development, 
with documented impacts including 79–80% population reductions 
at operational wind farms for European Golden Plovers (Pluvialis 
apricaria) and displacement effects extending 400–500 m from 
turbines (Pearce-Higgins et  al., 2009; Pearce-Higgins et  al., 2012; 
Sansom et al., 2016). These impacts compound existing threats from 
habitat loss, climate change, and human disturbance, potentially 
pushing already vulnerable populations towards local extirpation 
(Galbraith et al., 2014).

Chilean Patagonia represents a critical frontier in global renew-
able energy expansion, with the Magallanes region identified as pos-
sessing world-class wind resources for green hydrogen production 
(Ministry of Energy, 2020; Armijo et al., 2020). Current development 
plans encompass over 25 GW of wind capacity across the region 
(Ministry of Energy,  2020), with multiple industrial-scale projects 
undergoing environmental assessments simultaneously. This un-
precedented development scale coincides with globally important 
shorebird habitat supporting significant populations of endemic and 
near-endemic taxa such as Magellanic Plover (Pluvianellus socialis), 
Rufous-chested Dotterel (Anarhynchus modestus), and Two-banded 

Plover (Anarhynchus falklandicus) (Espoz et  al.,  2011; Imberti 
et  al.,  2023), as well as a globally important area for threatened 
Nearctic migrants Red Knot (Calidris canutus rufa) and Hudsonian 
Godwit (Limosa haemastica) (BirdLife International,  2024a, 2024b; 
COSEWIC, 2019; COSEWIC, 2020).

The absence of collision vulnerability data for regional and mi-
gratory shorebirds represents a fundamental gap in environmental 
planning that hinders established best practices for impact assess-
ment (Josimović et  al., 2021; May et  al., 2017). Studies from other 
regions demonstrate that shorebird vulnerability varies dramatically 
among species, flight behaviours, and turbine configurations, making 
extrapolation from other taxa or regions scientifically unjustifiable 
(Fernández-Bellon et  al., 2019; Johnston et  al., 2014). Two-banded 
Plovers offer a valuable model to understanding regional shorebird 
collision vulnerability as year-round residents and intermediate body 
size (55–75 g) allowing GPS transmitter deployment.

Here, we provide the first GPS-based collision vulnerability as-
sessment for any shorebird species in Patagonia. Our objectives 
were to: (1) quantify collision vulnerability under multiple turbine 
configurations using a probabilistic framework that accounts for 
GPS altitude uncertainty; (2) identify behavioural and meteorolog-
ical factors influencing vulnerability; and (3) compare uncertainty-
based estimates with traditional binary classification to evaluate 
methodological implications for collision vulnerability assessment.

2  |  METHODS

2.1  |  Study area and GPS tracking

We conducted fieldwork at Bahía Lomas, Magallanes region, Chile 
(52°28′08″ S, 69°22′54″ W) during November 2023 and November 
2024. We deployed GPS loggers (Nano P1, 2.9 g, Druid Technology 
Co., Ltd.) on 29 adult Two-banded Plovers using a leg-loop harness 
made of 1.5 mm elastic UV and weather-resistant ‘Silicone Pump 
Tubing’ (Product 11,447, Reichelt Chemietechnik GmbH + Co). The leg 
loops were custom-fitted to each bird and firmly secured with a reef 
knot to tie off the tubing following Sanzenbacher et al.  (2000) with 
modifications for shorebirds by Chan et al. (2016). Total tag weight in-
cluding harness (3.1 g) represented 4.43 ± 0.29% of body mass, within 
accepted limits for shorebirds (Kenward, 2001). Devices recorded lo-
cations hourly (±3–5 m horizontal accuracy) with a BOOST function 
enabling higher frequency (up to 5-min intervals) when battery capac-
ity permitted. Devices did not include accelerometers due to weight 
constraints. Data were downloaded remotely via Bluetooth either 
directly with a smartphone and the Ecotopia app or from automated 
HUBs deployed in the field which downloaded data from tags that are 
within 50–100 m radius and then relayed via the cellular network.

K E Y W O R D S
Anarhynchus falklandicus, collision vulnerability, ERA5 reanalysis, GPS telemetry, shorebirds, 
wind energy
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2.2  |  Field methods

We captured adult plovers on their nest using round spring traps 
(RWT60, diameter 60 cm., Moudry, Czechia), using a manual trigger 
(~100 m reinforced fishing line) when the bird returned to incubate, 
capturing it as the tent claps over the nest. All birds received a unique 
metal alphanumerical ring on their right tarsi. We measured body 
mass (±0.1 g), wing chord, culmen and tarsus length and sexed birds 
in the field using plumage characteristics (Martínez-Piña, 2023). The 
complete capture, measurement, and tagging procedure lasted ap-
proximately 15–20 min per bird. Banding and GPS deployment was 
authorized by the Servicio Agrícola y Ganadero of Chile under per-
mits 6610/2023 and 7069/2024. Although formal ethical approval 
was not required for this study, all captures, handling, and trans-
mitter attachment followed best-practice animal welfare standards  
(Fair et al., 2023).

Multiple field visits between November 2023 and May 2025 
were made to frequently visited foraging sites and breeding terri-
tories to search for tagged plovers to remotely download data via 
Bluetooth from the deployed devices with the Ecotopia app and 
a handheld range extender (HUB; ~100 m range). We successfully 
downloaded data from 19 of 29 deployed devices (66% data re-
covery rate), yielding 27,018 GPS locations. GPS fix counts varied 
among individuals (range: 127–3891 fixes; median: 1284 fixes), re-
flecting differences in time from deployment and data download 
success. The duration of fixes downloaded per individual (time be-
tween the first and last location) ranged from 14 days to 18 months. 
Flight observations were similarly distributed (range per individual: 
2–47; median: 12; see Table S1 in Supporting Information).

2.3  |  Flight behaviour classification

We classified flight behaviour using a conservative speed threshold of 
≥3.0 m/s (10.8 km/h) based on radar data for Two-banded Plovers in 
Magallanes (Foco Ambiental & Strix, 2025). This threshold excludes 

walking/running behaviours while capturing all flight activities. GPS 
fixes with negative altitudes, impossible locations (>100 km/h move-
ment), or obvious errors (duplicate timestamps) were excluded.

Altitude data required careful processing to account for GPS ac-
curacy limitations and terrain variation. Raw GPS altitudes were 
converted to height above-ground level (AGL) using 30 m resolution 
digital elevation models (DEM) accessed through the elevatr package 
(Hollister et al., 2023), with estimated vertical root mean square error 
(RMSE) of ±10 m for terrain similar to our study area (Jenness, 2004).

2.4  |  Covariates

We extracted hourly 10-m wind data (u and v components) from ERA5 
reanalysis (Copernicus Climate Data Store; Hersbach et  al.,  2020) 
matched to each GPS fix location and timestamp. Wind speed was 
calculated as √(u2 + v2). Wind direction was decomposed into sine (east–
west) and cosine (north–south) components to appropriately model 
circular variables (Pewsey et al., 2013). Solar angle was extracted for 
each fix using the package suncalc (Thieurmel & Elmarhraoui, 2022).

2.5  |  Collision vulnerability assessment

The RSZ represents the vertical airspace occupied by rotating tur-
bine blades. The lower boundary (ground clearance) is determined by 
turbine hub height minus half the rotor diameter; the upper bound-
ary equals hub height plus half the rotor diameter. We assessed col-
lision vulnerability as the proportion of flight observations occurring 
within the RSZ (Band et al., 2007; Johnston et al., 2014). This metric 
quantifies exposure to potential collision rather than collision prob-
ability per se, which would additionally require estimates of turbine 
encounter rates, avoidance behaviour, and conditional collision 
probability given RSZ transit. Four turbine configurations were de-
rived from environmental impact assessments of three green hydro-
gen projects under development in Magallanes (Table 1; Figure 1).

TA B L E  1 Collision vulnerability of Two-banded Plovers under different wind turbine configurations proposed for Magallanes region green 
hydrogen projects, accounting for GPS uncertainty.

Scenario
Ground 
clearance (m)

Rotor 
diameter (m) RSZ range (m)

Expected flights 
in RSZ

Collision vulnerability (%) 
[95% CI]

Relative vulnerability 
reduction*

Lowa 17.34 171 17.34–188.34 100.9/239 42.6 (38.4–46.5) —

Medium-lowb 22.50 175 22.50–197.50 80.7/239 34.0 (29.7–38.2) 20%

Mediumc 27.34 171 27.34–198.34 65.4/239 27.6 (23.2–31.7) 25%

Highd 30.00 171 30.00–201.00 58.4/239 24.6 (20.3–28.8) 42%

Note: Projects and reference:
aH2-Magallanes, Phase 1, Foco Ambiental and Strix, 2025.
bHNHEnergy, GAC, 2024.
cH2-Magallanes, Phase 2, Foco Ambiental and Strix, 2025.
dFaro del Sur, Geobiota, 2025.
*Relative to low clearance scenario.
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2.5.1  |  Accounting for GPS altitude uncertainty

GPS altitude measurements contain inherent vertical uncertainty 
that varies with satellite geometry. Each GPS fix includes a vertical 
dilution of precision (VDOP) value quantifying this uncertainty. 
Rather than treating altitude measurements as perfectly accurate, we 
incorporated measurement uncertainty into collision vulnerability 
estimates using a probabilistic approach.

We calculated vertical uncertainty for each fix as VDOP × 5 m (user 
equivalent range error), where 5 m represents the midpoint of published 
ranges for civilian GPS (3–7 m; D'Eon et al., 2002; Recio et al., 2011), 
combined with DEM uncertainty (±10 m for 30 m resolution), esti-
mated from published RMSE values for DEM data in similar terrain 
(Jenness, 2004), to yield total AGL uncertainty of approximately ±14–
22 m depending on satellite geometry. For each flight observation, we 
calculated the probability of actual altitude falling within the RSZ given 
this uncertainty, assuming normally distributed measurement error.

We calculated collision vulnerability as the mean probability across 
all flight observations, representing the expected proportion of flights 
within RSZ accounting for measurement uncertainty. Confidence in-
tervals were estimated using bootstrap resampling (1000 iterations). 
This probabilistic method provides more robust vulnerability estimates 
than binary classification, particularly for flights near RSZ boundaries 
where measurement uncertainty can substantially affect classification. 
Traditional binary classification (treating each altitude measurement as 
exact) was calculated for comparison with our probabilistic approach 
(see Table S2 in Supporting Information).

2.6  |  Statistical analysis

We employed beta regression within a generalized linear mixed 
model framework using the glmmTMB package (Brooks et al., 2017) 

to examine factors influencing collision vulnerability. We used the 
continuous probability values (0–1) from our uncertainty-based 
collision vulnerability assessment (Section  2.4) as the response 
variable. This approach fully utilizes probabilistic information and 
appropriately weights observations based on their position relative 
to RSZ boundaries and measurement uncertainty. We used a logit 
link function, making coefficients directly interpretable on the log-
odds scale. Probabilities of exactly 0 or 1 were adjusted to 0.001 and 
0.999 respectively to meet beta distribution requirements.

Initial diagnostic tests revealed temporal autocorrelation 
(Durbin-Watson = 1.72, p = 0.042), necessitating incorporation of 
an autoregressive correlation structure (AR1) to account for non-
independence of consecutive observations from the same indi-
vidual. Candidate predictors included flight speed, solar elevation 
angle (linear and quadratic terms), wind speed, and wind direction 
components (sine and cosine). We compared all combinations of 
these predictors using AIC and likelihood ratio tests (see Table S3 
in Supporting Information), selecting the best-supported model for 
each turbine scenario.

To evaluate whether collision vulnerability was better explained 
by wind direction relative to each bird's heading rather than absolute 
wind direction, we additionally computed flight-referenced wind 
components by projecting the wind vector onto the bird's flight vec-
tor (derived from GPS speed and course). This yielded a tailwind/
headwind component (parallel to the flight path) and a crosswind 
component (perpendicular to it). We compared models using ab-
solute wind direction (sine and cosine components), signed and 
unsigned flight-referenced components, and a categorical head-/
cross-/tailwind classification.

All models included individual as a random intercept and an 
autoregressive (AR1) correlation structure. Continuous predictors 
were standardized. Model validation included simulation-based re-
sidual diagnostics using DHARMa (Hartig,  2026), dispersion tests, 

F I G U R E  1 Schematic diagram of the four wind turbine configurations assessed in this study, showing ground clearance heights, rotor 
diameters, and rotor swept zone (RSZ) extents for each scenario derived from environmental impact assessments of green hydrogen projects 
proposed for Magallanes, Chile.
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and evaluation of zero-inflation. All analyses were conducted in R 
4.3.2 (R Core Team, 2024).

3  |  RESULTS

We obtained flight data (≥3.0 m/s) comprising 237 observations 
(0.9% of total fixes) from 15 of the 19 birds. Four individuals showed 
no GPS fixes meeting our flight speed threshold. Three had short 
data durations (3–7 days) with limited GPS fixes (73–152), and one 
had longer deployment (76 days) but yielded no flight detections. 
Flight altitudes showed a strongly right-skewed distribution with 
heights ranging from 0.1 to 418.3 m AGL (mean = 20.1 m ± 34.1 
SD, median = 8.7 m; Figure  2). Flight speeds averaged 10.4 m/s 
(±5.0 SD, range 3.0–32.4 m/s). Speed distribution showed normal 
characteristics without obvious multimodality that might indicate 
distinct flight behaviour categories. Wind speed during flights 
averaged 8.4 m/s (±3.0 SD, range 1.0–15.1 m/s), with wind direction 
predominantly from the southwest (mean = 237°), consistent with 
Patagonian prevailing westerlies.

3.1  |  Collision vulnerability assessment

Collision vulnerability varied significantly among turbine configura-
tions, decreasing progressively with increasing ground clearance 

(Table  1). Under the lowest clearance scenario (17.34 m), 42.6% of 
flights (95% CI: 38.4–46.5%) occurred within the RSZ, while 24.6% 
(95% CI: 20.3–28.8%) occurred within RSZ under the highest clear-
ance scenario (30.00 m)—a 42% relative reduction (Figure 2).

Traditional binary classification yielded systematically lower es-
timates (20.3–29.5%; Table S2), underestimating collision vulnerabil-
ity by 22–44%.

3.2  |  Factors influencing vulnerability

The best-supported model for the Low, Medium-low, and Medium 
scenarios included flight speed, solar elevation, and wind direction 
(sine and cosine components), but not wind speed or the quadratic 
solar elevation term (Table  S3; AIC weights = 0.18–0.28). For the 
High scenario, the best-supported model included wind direction 
only (AIC weight = 0.32). Across all scenarios, models including wind 
direction received substantially greater support than models with-
out it.

The north–south wind component (cosine) was a consistent posi-
tive predictor of collision vulnerability across all scenarios, indicating 
higher vulnerability with northerly wind components (Low: β = 0.49, 
SE = 0.13, p < 0.001; Medium-low: β = 0.57, SE = 0.15, p < 0.001; 
Medium: β = 0.33, SE = 0.11, p = 0.002; High: β = 0.33, SE = 0.10, 
p = 0.002; Table  2). The east–west component (sine) was not sig-
nificant in any scenario (all p > 0.13). Empirical examination by wind 

F I G U R E  2 Flight altitude distribution of Two-banded Plovers (n = 237 flights from 15 individuals) showing frequency histogram of flights 
below (grey) and within (blue) the extent of rotor swept zone from four turbine configurations. Shaded areas indicate rotor swept zones for 
Low (dashed) and High (dotted) scenarios.
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octant revealed that vulnerability was highest during winds from 
the northwest (mean = 0.66, n = 19), where median flight altitudes 
(~30 m) coincided with the lower RSZ boundary, and lowest during 
prevailing southwesterly winds (mean = 0.34, n = 78), where flights 
remained at low altitudes (median ~7 m).

Absolute wind direction explained collision vulnerability sub-
stantially better than wind direction expressed relative to the bird's 
flight direction. Across all four turbine scenarios, the absolute wind 
direction model (sine and cosine components) received the stron-
gest support, outperforming flight-referenced formulations—in-
cluding signed and unsigned tailwind/crosswind components and a 
categorical head-/cross-/tailwind classification—by 8–15 AIC units 
(see Table S4 in Supporting Information). All flight-referenced wind 
formulations performed worse than the base model without any 
wind term.

Flight speed was positively associated with vulnerability in the 
Low and Medium-low scenarios (β = 0.27–0.34, p = 0.012–0.015), 
with weaker effects at higher clearances (p = 0.084 for Medium). 
Solar elevation showed positive but inconsistent relationships 
(β = 0.18–0.24, p = 0.053–0.089; Table 2; Figure 3).

4  |  DISCUSSION

4.1  |  Collision vulnerability and methodological 
advances

Our documentation of 24.6–42.6% collision vulnerability 
indicates substantial exposure to potential collision from wind 
energy development. The predominance of low-altitude flights 
is consistent with recent GPS tracking of American Woodcock, 
where low flight altitudes explained elevated collision vulnerability 
(Berigan et al., 2025), suggesting low flight profiles may be a shared 
vulnerability trait among shorebirds.

Our probabilistic approach incorporating GPS altitude uncer-
tainty represents a methodological advance over traditional binary 
classification. The 22–44% underestimation by binary methods re-
veals that substantial proportions of flight observations occur where 
measurement uncertainty overlaps with RSZ boundaries. Similarly, 
Johnston et al. (2023) demonstrated that flight height measurement 

method significantly affects collision risk estimates, underscoring 
the need for explicit uncertainty quantification.

The 13 percentage point difference between probabilistic 
(42.6%) and binary (29.5%) estimates for the Low scenario reveals 
that approximately 30% of flight observations occur where GPS un-
certainty overlaps with the RSZ. A bird recorded at 20 ± 15 m AGL 
could realistically be 5–35 m, spanning both below and within the 
RSZ. The binary method forces an artificial yes/no decision; the 
probabilistic method correctly assigns partial probabilities. Our find-
ing that ignoring measurement uncertainty underestimates collision 
vulnerability by 31–44% has important implications for environ-
mental impact assessment (Péron et al., 2020; Schaub et al., 2023). 
Similarly, Johnston et al. (2023) demonstrated that flight height mea-
surement method significantly affects collision risk estimates for 
seabirds, with GPS-derived heights yielding systematically different 
vulnerability estimates than barometric altimeters, underscoring the 
need for explicit uncertainty quantification regardless of tracking 
technology.

Beta regression models using probabilistic collision vulnerabil-
ity as a continuous response provide methodological consistency 
throughout the analytical pipeline, similar to stochastic collision 
risk models developed for seabirds (Masden,  2015; McGregor 
et al., 2018). The consistency of behavioural predictors across all four 
turbine configurations demonstrates that conclusions are robust to 
both turbine design specifications and methodological approach.

4.2  |  Wind direction and collision vulnerability

Wind direction, but not wind speed, was retained as a predictor in all 
best-supported models. Vulnerability was highest during winds from 
the northwest quadrant, where median flight altitudes (~30 m) coin-
cided with the lower RSZ, and lowest during prevailing southwest-
erly winds (median altitude ~7 m), well below the rotor. The relative 
importance of wind direction increased with turbine ground clear-
ance: for the High scenario, wind direction alone provided the best-
supported model, while for lower clearance scenarios behavioural 
predictors (flight speed) remained influential. This indicates that at 
lower ground clearances, even low-altitude flights during favour-
able wind conditions contribute substantially to collision exposure, 

TA B L E  2 Coefficients from the best-supported beta regression models examining factors influencing collision vulnerability of Two-
banded Plovers across four turbine scenarios.

Predictor

Low Medium-low Medium High

β SE p β SE p β SE p β SE p

Intercept −0.068 0.315 0.830 −0.563 0.378 0.137 −0.569 0.248 0.022 −0.705 0.234 0.003

Flight speed 0.269 0.111 0.015 0.339 0.135 0.012 0.166 0.096 0.084 — — —

Solar elevation 0.223 0.116 0.053 0.239 0.141 0.089 0.177 0.100 0.077 — — —

Wind sin (E–W) −0.193 0.128 0.130 −0.227 0.156 0.146 −0.144 0.110 0.190 −0.157 0.108 0.146

Wind cos (N–S) 0.491 0.127 <0.001 0.568 0.152 <0.001 0.328 0.107 0.002 0.325 0.104 0.002

Note: Coefficients are on the logit scale; significant effects (p < 0.05) shown in bold. Wind sin = east–west component; Wind cos = north–south 
component (positive values = northerly winds).
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whereas at higher clearances only the wind-driven climbing flights 
reach the rotor zone.

Notably, absolute wind direction predicted collision vulnera-
bility better than wind direction relative to the bird's heading. This 
contrasts with expectations from migration studies, where birds 
optimize flight altitude according to the tailwind assistance they 
experience (Kemp et al., 2013; Shamoun-Baranes et al., 2006). The 
poor performance of flight-referenced wind in our system likely 
reflects the predominance of short commuting and foraging move-
ments rather than sustained directional migration: for brief local 
flights, instantaneous wind assistance is less consequential than the 
broader atmospheric conditions associated with particular wind di-
rections. Absolute wind direction may also serve as a proxy for syn-
optic weather states and boundary-layer dynamics—including fetch, 
turbulence, and orographic lift specific to this coastal site—that 
shape the altitudes at which birds choose to fly. These results sug-
gest that the most informative wind metric for collision vulnerability 

is context-dependent: flight-referenced wind may be appropriate for 
migratory flights, whereas absolute wind direction better captures 
altitude responses during local movements. We recommend that 
future collision assessments evaluate both formulations, as the ap-
propriate choice depends on the behavioural context of the flights 
under study.

4.3  |  Behavioural patterns and mitigation

Flight speed consistently predicted collision vulnerability at lower 
ground clearances, with faster flights associated with increased 
vulnerability. Solar elevation showed weak positive relationships, 
indicating relatively constant vulnerability throughout daylight 
hours—precluding time-of-day curtailment as an effective mitiga-
tion strategy, contrasting with nocturnal migrants where nighttime 
curtailment achieves >90% mortality reduction (May, 2015). Recent 

F I G U R E  3 Effects of predictors on collision vulnerability of Two-banded Plovers (Low scenario, ground clearance 17.34 m). Effect of (a) 
flight speed; (b) solar elevation; (c) wind direction; and (d) empirical mean collision vulnerability by wind direction octant. Lines and bars show 
mean predictions; shaded areas show 95% confidence intervals.
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GPS studies demonstrate that some shorebird species exhibit avoid-
ance of wind turbines (Schwemmer et al., 2023), though Two-banded 
Plover responses to operational turbines remain unknown.

Increasing ground clearance from 17.34 m to 30.00 m reduced 
collision vulnerability by 42%, providing immediate guidance for de-
sign optimization. However, evenoptimized designs maintain >24% 
vulnerability, indicating design modifications alone cannot eliminate 
exposure.

4.4  |  Study limitations and future research

Our hourly fix interval, while typical for small shorebird deployments 
due to battery and weight constraints (Gould et al., 2024), presents 
important limitations that warrant explicit consideration. Similar 
constraints affect most GPS studies of shorebirds in the 50–100 g body 
mass range, where hourly or multi-hour fix intervals remain standard 
(Gould et al., 2024; Schwemmer et al., 2022). Hourly sampling likely 
underrepresents short-duration flights, though internal validation 
comparing high-interval BOOST periods to hourly sampling confirmed 
representative flight behaviour. Finally, our metric captures exposure 
but does not incorporate avoidance behaviour (Cook et al., 2014).

Our findings derive from a single site (Bahía Lomas) during two 
breeding seasons, limiting inference about spatial and temporal vari-
ation across the species' range. Regional extrapolation should be 
cautious pending multi-site studies, though the transitional habitat be-
tween steppe and coastal habitat our study covers in Bahía Lomas rep-
resents a typical scenario where multiple wind projects are proposed. 
Critical research priorities include: (1) multi-species vulnerability as-
sessments; (2) displacement studies quantifying avoidance distances; 
(3) year-round monitoring capturing seasonal variation; (4) cumulative 
impact modelling integrating multiple projects; and (5) demographic 
modelling incorporating additional mortality from wind development.

5  |  CONCLUSIONS

Our documentation of 24.6–42.6% collision vulnerability for Two-
banded Plovers, accounting for GPS measurement uncertainty, 
demonstrates that Patagonian shorebirds face substantial exposure 
to potential collision from proposed wind energy development. 
Incorporating measurement uncertainty into collision vulnerability 
assessment revealed that traditional binary methods underestimate 
vulnerability by 31–44%, with important implications for 
environmental impact assessment. Increasing turbine ground 
clearance provides substantial vulnerability reduction (42%) but 
cannot eliminate exposure.

Our probabilistic framework incorporating GPS altitude uncer-
tainty provides a template for collision vulnerability assessment 
applicable across taxa. We recommend: (1) adopting uncertainty-
based collision vulnerability assessment as standard practice; (2) 
implementing higher ground clearance designs where feasible; and 

(3) establishing post-construction monitoring to quantify realized 
collision rates and avoidance behaviour.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table  S1. Comparison of collision vulnerability estimates using 
binary classification versus probabilistic methods incorporating 
GPS altitude uncertainty for Two-banded Plovers (Anarhynchus 
falklandicus) at Bahía Lomas, Chile (n = 237 flight observations from 
15 individuals).
Table S2. Summary of GPS tracking data for 19 Two-banded Plovers 
(Anarhynchus falklandicus) at Bahía Lomas, Chile. Flight observations 
were classified as GPS fixes with instantaneous speed ≥3.0 m/s. 
Shaded rows indicate individuals with no detected flights.
Table S3. Comprehensive model comparison for factors influencing 
collision vulnerability of Two-banded Plovers across four turbine 
scenarios. Beta regression models were fit with individual as random 
intercept and AR1 temporal correlation structure. Candidate 
predictors: Speed = flight speed (m/s); Sun = solar elevation angle 
(°); Sun2 = quadratic solar elevation; Wind speed = ERA5 10-m wind 
speed (m/s); Wind direction = sine and cosine components of ERA5 
wind direction. k = number of estimated parameters; AIC = Akaike 
information criterion; ΔAIC = difference from best model; 
AICw = Akaike weight. Best-supported model in each scenario 
highlighted in green.
Table S4. Comparison of alternative wind direction formulations for 
modelling collision vulnerability of Two-banded Plovers across four 
turbine scenarios. We tested whether wind direction relative to the 
bird's flight direction (Course) improved model fit over absolute wind 
direction. Relative wind components were calculated by projecting 
the wind vector onto the flight vector: tailwind (positive)/headwind 
(negative) along the flight axis, and crosswind perpendicular 
to it. Categorical wind classified each flight as head-, cross-, or 
tailwind using 90° sectors. All models also included flight speed, 
solar elevation, individual random intercept, and AR1 temporal 
correlation. Across all scenarios, the absolute wind direction 
model (sine + cosine components) received the strongest support, 
outperforming all relative wind formulations and the base model. 
Best model in each scenario highlighted in green. k = parameters; 
ΔAIC = difference from best model.
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