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Abstract

Tropical cyclones are the most powerful storms on earth, causing catastrophic
damage to human lives and infrastructure. Hurricanes also cause wildlife mortality
when they make landfall, but the severity of these effects is difficult to quantify
because data collection is either logistically impossible or deprioritized in the wake
of human tragedy. On August 27, 2020, Hurricane Laura made landfall in southwest-
ern Louisiana with maximum sustained winds of 241 kph (150 mph), making it one
of the most powerful storms to strike the mainland United States. Hurricane Laura
passed directly over the core breeding range of the western Gulf Coast population of
Mottled Duck (Anas fulvigula), during a time when many adult birds were undergoing
a simultaneous wing feather molt and were flightless. We used GPS-GSM telemetry
data to evaluate survival rates of adult female Mottled Ducks in late summer 2020
(bracketing August 27 by one month on either side) relative to the same period in
2018 and 2019. Mortality was lower in 2018 (12 out of 29; 41%) and 2019 (8 out of
28; 29%) than in 2020 (12 out of 18; 67%), and 7 out of 12 mortalities documented
in 2020 occurred when Hurricane Laura made landfall. Survival analyses in program
MARK confirmed lower survival probability in 2020, but there was overlap in 85%
confidence intervals in all years. This single storm resulted in the death of ~40% of
all marked birds in our sample, suggesting that hurricanes have the potential to influ-
ence population demographics. In addition, Hurricane Laura resulted in widespread
habitat loss and degradation that has reduced available nesting habitat in 2021, and
possibly for years to come. The acute and chronic effects of hurricanes may exacer-
bate Mottled Duck population declines, which may worsen in the face of increasingly

frequent and more severe tropical storms.
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1 | INTRODUCTION

Tropical cyclones are the most powerful storms on earth, capable of
causing mass human mortality and widespread devastation of social
and economic systems where they make landfall (Hossain & Mullick,
2020; Vigdor, 2008). Concerningly, global climate change and the re-
sultant increase in sea surface temperatures have contributed to an
increase in hurricane activity over the past half-century (Saunders
& Lea, 2008), and the frequency of powerful storms is expected to
increase in the future (Knutson et al., 2013, 2015). While global at-
tention has rightly focused on human suffering and economic devas-
tation, hurricanes also have both acute and chronic impacts on local
environmental conditions, including wildlife habitat destruction
(Uriarte et al., 2019) and degradation of water quality (Hernandez
et al., 2020), which can percolate through the ecological trophic web
for years (Stroud et al., 2019).

The impacts of hurricanes on wildlife are difficult to determine
because: (a) detailed pre-hurricane data often do not exist, (b) post-
hurricane data collection on wildlife is deprioritized in the wake of
human tragedy, and (c) post-hurricane data collection (e.g., on animal
mortality) may be logistically impossible after a storm. In spite of
these obstacles, Gunter and Eleuterius (1971) noted mass mortal-
ity (“thousands”) of eastern harvest mice (Reithrodontomys humulis)
and dead raccoons (Procyon lotor) “every ten yards or so” following
the passage of Hurricane Betsy along the Mississippi Coast in 1965.
They also report the U.S. Army Corps of Engineers removing 28 tons
of animals (primarily pets and livestock) following the 1969 landfall
of Hurricane Camille in Mississippi, the second-most powerful hurri-
cane to strike the United States (Gunter & Eleuterius, 1971). Despite
higher mobility than mammals, birds are also subject to local mo-
rality and displacement from hurricanes. Beach-nesting and pelagic
seabirds are commonly killed and/or blown inshore (Bugoni et al.,
2007; Hall, 1981; Langham, 1986; Wiley & Wunderle, 1993). Even
species further inland are at risk: Hooper et al. (1990) estimated that
63% of endangered Red-cockaded Woodpeckers (Picoides borealis)
in the path of Hurricane Hugo were killed in South Carolina in 1989.
That being said, birds are highly mobile, and so most hurricane mor-
tality events are modest in terms of population impact (i.e., a few
hundred birds at mostBugoni et al., 2007; Cely, 1991; Ensminger &
Nichols, 1957; Wiley & Wunderle, 1993). In addition to direct mor-
tality, hurricanes can have long-term impacts on bird populations
through destruction and degradation of habitat required for nesting,
roosting, and foraging (Wiley & Wunderle, 1993).

The Mottled Duck (Anas fulvigula) is a non-migratory species of
waterfow! endemic to the Gulf Coast of the United States with a
range stretching from peninsular Florida in the east to the Laguna
Madre region of Mexico in the west, with introduced popula-
tions in South Carolina and Georgia (Bonczek & Ringelman, 2021).
The western Gulf Coast population of Mottled Ducks (hereafter
“Mottled Ducks” for simplicity) extends through Alabama, and in-
dividuals rely primarily on coastal marsh habitats throughout the

annual cycle (Baldassarre, 2014). Accordingly, Mottled Ducks are

particularly susceptible to mortality and habitat loss caused by trop-
ical storms and hurricanes. During the Atlantic hurricane season
June 1-November 30, Mottled Ducks must nest (~35 days), raise
a brood (~50 days), and also undergo a simultaneous wing feather
molt during which they are flightless (~30 days) (Baldassarre, 2014).
Moreover, because they spend their entire annual cycle in coastal
marsh and associated habitats, chronic effects of habitat loss and
degradation from hurricanes have the potential to affect Mottled
Ducks for years after a storm passes. As year-round residents of the
Gulf Coast, Mottled Ducks should be well adapted to cope with hur-
ricanes. Indeed, during the passage of Hurricane Audrey (Category 3)
in southwest Louisiana in late June 1957, “a few mottle [sic] ducks...
appeared to be making out very well in the water and on the drift” at
Rockefeller Wildlife Refuge (hereafter “Rockefeller”) approximately
100 km from the center of the storm (Ensminger & Nichols, 1957).
While the Mottled Ducks may have lost nests or broods during that
June storm, nearly all adult female ducks would have been fully
flighted (Stutzenbaker, 1988) and thus more capable of dealing with
wind and storm surge.

In the pre-dawn darkness of August 27, 2020, Hurricane Laura
made landfall in southwestern Louisiana as a Category 4 storm
with maximum sustained winds of 241 kph (150 mph), just short of
Category 5 designation. As such, Hurricane Laura was tied for the
strongest hurricane in recorded history to make landfall in Louisiana,
and the 5th strongest hurricane to strike the continental United
States. Hurricane Laura made landfall in Cameron, Louisiana (29°46'
N, 93°17' W), passing directly over Rockefeller, and hurricane force
winds extended 95 km from the center, affecting thousands of square
kilometers of coastal marsh habitats. Unlike Hurricane Audrey in
1957, Laura struck in late summer, near the peak of the Mottled Duck
flightless period, which typically spans August and September. Here,
we used data collected from Mottled Ducks marked with GPS-GSM
transmitters in southwest Louisiana to evaluate survival during the
passage of Hurricane Laura in late summer 2020, and compare those

survival rates with the same two-month period in 2018 and 2019.

2 | METHODS

In August and September 2017-2019, we captured adult female
Mottled Ducks in southwest Louisiana on Rockefeller Wildlife
Refuge (29°42' N, 92°52' W) and nearby private property. We cap-
tured ducks by hand on moonless nights using spotlights and air-
boats; all ducks were in some stage of molt, and most were flightless.
We fitted adult female Mottled Ducks with 21 g Ecotone GPS-GSM
Saker-L and 18 g Crex transmitters attached in a Dwyer configura-
tion (Dwyer, 1972) using Conrad-Jarvis 6.35-mm black nylon auto-
motive elastic with neoprene elastomer. We released birds on-site
that same evening after capture and marking. All protocols were ap-
proved by the Louisiana State University Institutional Animal Care
and Use Committee (permit A2016-27) and the Federal Bird Banding
Lab (permit 06669). We programmed the GPS units to log locations
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every two hours during daylight, and locations were transmitted via
the cellular network after every four fixes to an online data portal
where birds were regularly monitored.

Here, we present survival analyses using telemetry data (2018-
2020) collected from July 27 through September 27, which brackets
the landfall of Hurricane Laura on August 27 by one month on either
side. We included all available birds, including those that had been
marked for more than one season. Most survival analyses based on
telemetry data censor animals for which mortality cannot be con-
firmed (e.g., Varner et al., 2014) either through onboard mortality
switches or by physically locating the dead animal. In our analyses,
we counted birds that “disappeared” as mortalities during each of
the three years under investigation; mortality date is thus associ-
ated with the last GPS-GSM check-in on record. Our reasoning is
that a violent and acute weather event such as a Category 4 hurri-
cane is more likely to result in bird mortality and subsequent pre-
clusion from connecting with the cellular network (e.g., covered by
debris, underwater) than bird survival concomitant with transmitter
failure. This assumption is supported by the presence of surviving
birds/transmitters that continued to communicate data through the
cellular network after Hurricane Laura made landfall. We used the
Nest Survival module in program MARK (White & Burnham, 1999)
accessed through the RMark package (Laake, 2013) in program R (R
Core Team, 2018) to evaluate survival rates during the late summer
period in question. We opted to use this survival modeling frame-
work because it permits staggered entry (ducks were marked at
different times) and, unlike known-fate models, does not require
that animals are monitored in discrete intervals (we had variable
check-in periods because of duck movements and cell service cov-
erage) (Rotella, 2021). The Nest Survival module in MARK requires
three dates for each individual: (a) “FirstFound,” which we fixed to
July 27, the beginning of the temporal window; (b) “LastPresent,”
which was the date of last GPS-GSM check-in for mortalities, and
September 27 for survivors; (c) “LastChecked,” which was the date
after the last check-in for mortalities, and September 27 for sur-
vivors. We evaluated annual differences in Mottled Duck survival;
2020 was the only year a hurricane struck southwest Louisiana. In
addition, as a way to specifically diagnose the magnitude of the ef-
fect that hurricane Laura had on Mottled Duck survival, we created
a binary dummy variable to delineate whether a duck experienced a
hurricane (defined as 2 days before and after landfall) and included
this in our set of survival models. While we clearly anticipated this
to be the best-fitting survival model in our candidate set, compar-
ing it using evidence ratios to models without the hurricane dummy
variable provided a useful way to judge the magnitude of difference
in survival rates caused by the hurricane. We ranked models using
AlICc scores (Burnham & Anderson, 2002) and present 85% con-
fidence intervals that are more appropriate than 95% confidence
intervals when using an AlC-based approach to model selection
(Arnold, 2010).

To quantitatively infer the biological impacts of Hurricane
Laura as it made landfall, we also have water-level data collected at

Rockefeller (within 20 km of most coastal Mottled Duck locations in
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representative coastal marsh habitat) for the period between July
27 and September 27, 2020. A Rugged Troll 100 water-level logger
(In-Situ Inc.) was deployed (29°37' N, 92°40" W) in a PVC well in-
stalled to a depth of one meter below the soil surface (as in Folse
et al., 2008). Height of water above the logger and water tempera-
ture were recorded every 30 min. Water-level data were corrected
in post-processing with Win-Situ 5 software (In-Situ 2012) using
concurrent barometric pressure readings from a BaroTroll 100 baro-
metric pressure logger (In-Situ Inc.) deployed within 3.4 km of the
water-level logger. Following post-processing with barometric pres-
sure readings, data were corrected for depth below the soil surface
to convert height of water above the logger to height of water above
the soil surface.

3 | RESULTS

Our sample size consisted of 29, 28, and 18 Mottled Ducks alive on
July 27 in 2018, 2019, and 2020, respectively. Eight out of the 13
birds that checked in immediately prior to the storm were located
within 10 km of the coast at the time of landfall (Figure 1). Three were
located ~25-40 km inland in areas near the path of the hurricane
(e.g., Cameron Prairie National Wildlife Refuge in Bell City, LA, and
south of Bell City, LA), and 2 ducks were located ~50-125 km away
from the path (e.g., JD Murphree Wildlife Management Area in Port
Arthur, TX, White Lake Wetlands Conservation Area in Gueydan,
LA). Over the course of all three years, the observed “mortality”
(which includes disappearances) was high (43%) between July 27
and September 27, which was expected given that most ducks likely
underwent flightless wing molt during this period and were exposed
to numerous predators, especially American alligators (Alligator mis-
sissippiensis). Observed proportional mortality was lower in 2018
(41%) and 2019 (29%) than in 2020 (67%) (Table 1). Survival analysis
in MARK confirmed a lower probability of survival in 2020, but there
was overlap in 85% confidence intervals among all years (Table 1).
Mortality (last GPS-GSM check-in) was distributed throughout the
temporal window in 2018 and 2019, but was concentrated around
August 26 in 2020 (Figure 2), with 7 out of 12 mortalities on August
25 or 26. The survival model that included the dummy variable for
hurricane presence provided the best fit to the data (Table 2), and
was ~12 times more likely than the model containing year and ~32
times more likely than the null model indicating that the presence
of a hurricane was a powerful predictor of Mottled Duck survival.
Hydrograph data collected on-site at Rockefeller indicated water
levels began to slowly increase midday on August 26, 2020, with
storm surge striking close to midnight on the morning of August 27
(Figure 3). Water levels increased 2.8 m between the hours of 0415
UTC on August 26 and 0815 UTC on August 27, with storm surge
peaking at levels ~20 times higher than baseline (3.1 m in compar-
ison with ~0.2 m), and remaining ~4 times higher for weeks after-
ward. Similarly, a United States Geological Survey water-level sensor
at Rockefeller (29°42' N, 92°46" W) showed a peak inundation of
2.8 m (Pasch et al., 2021). The National Oceanic and Atmospheric
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Administration estimated storm surge as high as 5.5 m near landfall
in Cameron, with surge of 1-2 m impacting the entirety of coastal
Louisiana and much of the southeast Texas coast (Pasch et al., 2021).
In major inundation zones, only 2 out of 10 birds were known to
survive (Figure 1).

4 | DISCUSSION

The passage of Hurricane Laura appears to have caused ~40% mor-
tality of marked female Mottled Ducks in southwest Louisiana in
the days surrounding August 27, 2020. Flighted Mottled Ducks tend
to make limited movements and have small home ranges of only a
few hectares throughout the annual cycle (Bonczek et al., unpub-
lished). Thus, we were unable to definitively determine which indi-
viduals were molting and unable to escape the storm, versus those
that chose to ride it out (sensu Ensminger & Nichols, 1957). Based on
movement data before and after the storm, we believe that at least
2, and as many as 5 birds were flighted, of which 3 survived. We
documented no long-distance movements to escape the path of the
hurricane; however, during the course of the storm two individuals
each moved 4 km inland, but it is unclear whether this was a deliber-
ate movement or associated with storm surge. Mottled Ducks are

FIGURE 1 Locations of Mottled Ducks
(Anas fulvigula) marked with GPS-GSM
transmitters in Louisiana and Texas, USA,
superimposed on a composite radar
image (data via National Oceanic and
Atmospheric Administration) of Hurricane
Laura as it made landfall on August 27,
2020. Red squares indicate mortalities,
and green circles indicate birds that
survived

particularly susceptible to hurricanes during molt not only because
they are flightless and unable to move out of the path of storms, but
they also actively leave inland habitats in favor of those on the coast
to molt (Bonczek, unpublished data; Moon et al., 2015) and have a
high degree of molt site fidelity (Wehland, 2012). Indeed, 4 out of
29, 8 out of 28, and 5 out of 18 Mottled Ducks made movements of
~25-110 km in August 2018, 2019, and 2020, respectively in order
to access coastal habitat.

We acknowledge that survival rates and behavior of ducks
equipped with telemetry transmitters may not be representative
of unmarked birds (Kesler et al., 2014), but because we used the
same attachment methods each season, between-year comparisons
should be valid. Still, two possibilities for transmitter effects remain:
(a) It is possible that marked birds (or transmitters) were suffering
from nonlethal deleterious effects that predisposed them to mor-
tality when Hurricane Laura hit, or conversely (b) given that all of
the birds (and transmitters) facing Hurricane Laura had already sur-
vived nearly a full year or more, they may actually represent a sub-
set of particularly high-quality individuals. We are not able to parse
these potential transmitter effects, but we acknowledge that either
is possible. Regardless, if our telemetry data were even moderately
representative of the larger unmarked population, our results imply
that substantial numbers of Mottled Ducks in the affected region

TABLE 1 Raw survival data for Mottled

Number of Mottled Number of Estimated probability of Ducks. and results from program MARK
Year Ducks alive at start mortalities surviving sample period 85% Cl o R prog
parsing survival rates by year
2018 29 12 0.110 0.029-
0.334
2019 28 8 0.201 0.063-
0.483
2020 18 12 0.010 0.001-

0.121
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FIGURE 2 Temporal distribution of observed Mottled Duck
(Anas fulvigula) mortalities in August and September 2018-
2020. Data were collected from ducks marked with GPS-GSM
transmitters in Louisiana and Texas, USA (2018: n = 29, 2019:
n=28,2020:n=18)

TABLE 2 Candidate models describing survival rates of Mottled
Ducks as a function of year and the presence of a hurricane

Degrees of AlCc
Model freedom AlCc AAICc weight
Hurricane 2 3721 0.0 0.897
Year 3 377.0 4.9 0.075
Null 1 379.0 6.9 0.028

may have perished in the storm. This is of particular concern be-
cause the Mottled Duck population in Louisiana has declined to less
than half of what it was a decade ago (Bonczek & Ringelman, 2021),
and Hurricane Laura passed directly over the core of their breeding
range. This emphasizes the potential detrimental effect of severe,
stochastic, point-source mortality events on at-risk wildlife popula-
tions (Hooper et al., 1990), although quantitative evidence for such
remains scant.

The habitat in southwest Louisiana was devastated by Hurricane
Laura's record storm surge, which scoured the landscape and inun-
dated freshwater and upland areas for weeks or months. Previous
research has indicated that hurricanes can fundamentally alter es-
tuarine habitats and food webs, with trickle-up trophic effects on
waterfow! populations (Stroud et al., 2019). In affected areas of
southwest Louisiana, vegetation that is potentially used by Mottled
Ducks for nesting (Bonczek & Ringelman, 2021) was only beginning
toreboundin May 2021, and some habitats (e.g., constructed earthen
terraces) were functionally unavailable (Dopkin et al., unpublished).
Within Rockefeller, impacts of salt stress from storm surge and pro-
longed flooding resulted in widespread plant death leading to peat

collapse (i.e., Chambers et al., 2019) at several coastal marsh sites
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Hydrograph Data from Rockefeller Refuge
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FIGURE 3 Hydrograph data collected from Rockefeller Wildlife
Refuge, Louisiana, USA, as Hurricane Laura made landfall on August
27,2020

(Booth et al., unpublished). In ecosystems with limited sediment in-
puts like those at Rockefeller, peat collapse and subsequent erosion
are directly linked to marsh fragmentation (DeLaune et al., 1994) and
permanent wetland loss (e.g., Cahoon et al., 2003), both of which
are detrimental to breeding and wintering waterfowl. An unforeseen
knock-on consequence of habitat loss and degradation in the region
is displacement of cattle ranching operations, which faced extreme
economic pressure to heavily graze any suitable grasslands that re-
mained (Dopkin et al., unpublished). Thus, the negative impacts of
Hurricane Laura on Mottled Ducks in southwest Louisiana were
both direct and indirect, as well as acute and chronic. Such powerful
storms are forecast to increase in both frequency and intensity in
the future (Knutson et al., 2013, 2015). These storms, whose effects
are intensified by regionally high rates of sea-level rise (Kolker et al.,
2011) and declines in marsh resilience (Stagg et al., 2020), pose a sig-
nificant threat to the coastal marsh systems on which Mottled Duck
populations rely. Our analyses provide some of the first quantitative
data on how hurricanes affect avian survival, and we encourage the
establishment of monitoring programs (e.g., https://gomamn.org/) to

provide similar data in the future.
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