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Abstract

Migratory birds carry out different stages of their life cycle in geographically
disparate locations complicating our ability to track individuals over time. However, the
importance of connecting these stages is underscored by evidence that processes
occurring in one stage can influence performance in subsequent stages. Over half of
migratory species in North America are declining, and it follows that understanding the
factors limiting population growth is a major focus of current avian conservation.
Globally, Black-crowned Night-Herons (Nycticorax nycticorax) are common and
widespread, but populations across the Great Lakes region in long-term decline. Within
Ohio, Black-crowned Night-Herons historically nested at 19 colonies but currently
occupy only five of those sites. The largest colony, West Sister Island, represents an
important breeding area for many species of wading birds and currently hosts the
majority of the night-heron breeding population in Ohio. The number of nesting pairs at
West Sister Island has been monitored since the 1970s, but little is known about the
population outside of the breeding season. My research is the first to examine multiple
stages of the full annual cycle of Black-crowned Night-Herons. My overall objectives
were twofold: (1) to examine how conditions experienced in the nest carry over to
influence survival during the post-fledging period and (2) to describe the migratory
behavior and nonbreeding ecology of Black-crowned Night-Herons.
To examine rates of reproductive success, I monitored Black-crowned NightHeron nests at two mixed-species breeding colonies in Lake Erie. I found that nest

ii

success rates were high in relation to breeding colonies in other parts of the range and
predation events were uncommon. Additionally, I identified potential limiting factors to
individual nestlings by confirming that youngest nestlings within a brood are at a
disadvantage in terms of growth rates, as those with slow growth were also less likely to
survive to fledging. Black-crowned Night-Herons that occupied nests higher in the
canopy produced more offspring to fledging. I utilized an automated telemetry array in
Ohio and Michigan to track post-fledging movements and survival. I did not find
evidence that carry over effects were present from pre- to post-fledging, but female birds
experienced higher mortality rates compared to males during the six months following
fledging.
Aside from a small number of recoveries of banded birds, little information exists
on the migratory or stationary nonbreeding portions of the annual cycle of Black-crowned
Night-Herons. To measure movements throughout the annual cycle, I deployed satellite
transmitters on adult night-herons during the post-breeding season. All Black-crowned
Night-Herons exhibited migratory movements and two strategies were evident, where the
total duration of migration was greatly influenced by the time spent at stopover locations.
These different strategies indicated that stopover habitat requirements vary between
individuals during both autumn and spring migration. Migratory routes followed the same
general patterns in autumn and spring. The majority of Black-crowned Night-Herons
spent the nonbreeding season in the southeastern United States, but the spread of
locations spanned five countries. Unlike many migratory species, where the nonbreeding
period is characterized by stationary behavior, Black-crowned Night-Herons made large
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scale movements during the nonbreeding period, relocating up to 902 km from one home
range to the next. The information that our research has provided fills large gaps in our
knowledge of the full annual cycle and can be used to inform conservation planning both
within Ohio and in other declining populations.
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Chapter 1: Ecological correlates of growth and survival in juvenile Black-crowned NightHerons (Nycticorax nycticorax)
INTRODUCTION
In animals, survival rates during early life stages can both influence the fitness of
parents (Klug and Bonsall 2014) and have important impacts on the population dynamics
of a species (Dahlgren et al. 2016). Compared to other stages, the juvenile period is often
characterized by high mortality. The juvenile period of birds can be separated into two
distinct stages: hatching to departure from the nest (pre-fledging) and from fledging to
first breeding (post-fledging; Etterson et al. 2011). For migratory birds, the post-fledging
period is often constrained to only include the period from fledging to migration/dispersal
(Cox et al. 2014). Traditionally, measures of reproductive success included information
on the number of nestlings that successfully fledge from a nest or whether any nestlings
survive to fledge (Ricklefs 1969). Later, the measure of reproductive success shifted to
estimating a daily survival rate by incorporating the time period over which nests were
monitored (Mayfield 1961, 1975). However, both measures neglect survival during the
post-fledging period. Post-fledging survival can be especially low in altricial species (i.e.
species where offspring require considerable parental care) during the first few weeks
when individuals are most susceptible to predation (e.g. Ausprey and Rodewald 2011)
and adverse environmental conditions (e.g. Dybala et al. 2013). Therefore, without
consideration of post-fledging survival, estimates of reproductive success may be biased
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(Naef-Daenzer et al. 2001, Keedwell 2003, Grüebler and Naef-Daenzer 2008, Balogh et
al. 2011).
Conditions experienced in one stage of a species’ annual cycle can carry over to
influence performance of individuals in a subsequent stage (reviewed in Harrison et al.
2011). Within birds, many studies have established this link between nonbreeding and
breeding season processes using stable isotopes. Stable isotope ratios of tissues grown
during the nonbreeding period can identify individuals to a range of different quality
habitats (i.e. xeric or mesic), and individuals occupying higher quality habitats arrive
earlier to the breeding grounds in better condition and produce more offspring (Marra et
al. 1998, Norris et al. 2004, Paxton and Moore 2015, Goodenough et al. 2017). Less
attention has been placed on the individual or population level effects due to transitions
between other stages (Marra et al. 2015). For example, few studies have explicitly
examined effects of pre- to post-fledging (but see Blomberg et al. 2014, Bosman et al.
2016, Jones et al. 2017) (Blomberg et al. 2014, Bosman et al. 2016, Jones and Post
2016)(Blomberg et al. 2014, Bosman et al. 2016, Jones and Post 2016)(Blomberg et al.
2014, Bosman et al. 2016, Jones and Post 2016)(Blomberg et al. 2014, Bosman et al.
2016, Jones and Post 2016)and even fewer between pre-fledging and recruitment
(Cleasby et al. 2010, Saunders et al. 2014).
Many factors including parent-mediated traits (e.g. foraging efficiency, nesting
phenology, nest-site characteristics), species traits (e.g. hatching asynchrony, brood size),
and juvenile traits (e.g. sex, body condition) have immediate effects on individual fitness
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through impacts on growth and survival and these effects may carry over to the postfledging period (reviewed in Maness and Anderson 2013). Foraging performance of the
parents is strongly related to patterns of nestling growth (Gebhardt-Henrich and Richner
1998), and higher rates of growth influence survival (Ricklefs 1984). The timing of
nesting is matched with the highest resource abundance in the most successful nests
(Thomas and Shutler 2001, Durant et al. 2007). Brood size can influence survival, but
relationships vary by species and populations. For example, increased competition can
reduce growth and subsequent survival when brood sizes are large (Gilliland et al. 2016),
or survival can be higher in large broods due to the efforts of high-quality parents
(Lescroël et al. 2010). Similarly, hatching order in the brood, mediated through unequal
resource acquisition or increased sibling aggression, can influence survival whereby later
hatched nestlings within a brood grow slower and are less likely to survive (Fujioka
1985, Mock and Parker 1997). In addition, survival can be biased towards one sex;
although not exclusive, the pattern is most common in sexually size dimorphic species
(Clutton-Brock 1991). Most studies have included only one or a few of these possible
predictors because simultaneous collection can be logistically challenging, and thus their
relative influence on juvenile survival is unknown for most species and systems
(reviewed in Maness and Anderson 2013).
Knowledge of post-fledging ecology and the factors influencing survival during
this period, while gaining traction in avian research, is still mostly limited to studies of
passerines and some precocial species (Maness and Anderson 2013, Cox et al. 2014).
Studying wading birds, or other large species, during this period is challenging because
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movements can be unpredictable in direction and scale. However, advances in tracking
technology via automatization have improved our ability to track individuals over larger
scales and longer time periods (Taylor et al. 2017). The Black-crowned Nigh-Heron
(Nycticorax nycticorax) serves as a good candidate for a study on the post-fledging
period for multiple reasons. Black-crowned Night-Herons are of conservation concern
throughout the Great Lakes region (Hothem et al. 2010). Within Ohio, the number
breeding pairs and active breeding colonies has declined beginning in the 1970s
(Shieldcastle and Martin 1997, Rodewald et al. 2016), resulting in the species being listed
as state-threatened. The breeding ecology of Black-crowned Night-Herons is well
documented throughout the breeding range (Jungsoo and Tae-Hoe 2007, Brussee et al.
2016, Hunt 2016), but outside of the nestling period, the juvenile stage is relatively
unknown (but see Erwin et al. 1996a).
The principle goal of this study was to understand the extent to which individual
phenotypic variation in nestling growth and survival carries over to influence survival
rates during the post-fledging stage. First, I investigated probabilities of nest success
(probability that at least one nestling survived to fledge) at two island breeding colonies
of Black-crowned Night-Herons in Ohio. Second, I examined growth rates of nestling
night-herons in relation to intrinsic and climatic variables. I predicted that growth rate
would be (1) higher for earlier hatched nestlings within a brood and (2) higher for
nestlings with fewer nestmates. Third, I evaluated the effect of intrinsic and nest site
characteristics on nestling survival rates using trail cameras in conjunction with nest
monitoring visits. I predicted that survival would be (1) higher for earlier hatched
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nestlings within a brood, (2) higher for nestlings with fewer nestmates, and (3) higher for
nestlings with a faster growth rate. Lastly, I used an automated telemetry array to track
individuals during the post-fledging period and analyzed how conditions experienced in
the nest carry over to influence post-fledging survival rates. I expected that the
predictions for nestlings would hold true as sub-lethal effects on fledglings during the
post-fledging period. In the modeling framework, I also considered other relevant and/or
potentially confounding variables (e.g. site, year, sex, and hatch date).
METHODS
Study area - I conducted nest monitoring during May – August of 2016 and 2017
at two mixed-species breeding colonies in the Western basin of Lake Erie, West Sister
Island (41.73°N 83.10°W) and Turning Point Island (41.61°N, 83.13°W; Figure. 1.1).
West Sister Island is a 31 ha Wilderness Area managed as a satellite of the Ottawa
National Wildlife Refuge located 13.42 km from the southern shore of Lake Erie.
Turning Point Island (2 ha, 0.22 km to shore) is a manmade island located in Sandusky
Bay, near the city of Sandusky. I chose these two islands because they host the highest
numbers of breeding Black-crowned Night-Herons in Ohio. Following fledging, I
focused tracking efforts within the western Lake Erie basin in Ohio and Michigan
(Figure. 1.1).
Nest monitoring - I visited nesting colonies towards the end of the incubation
period and selected up to 24 nests per year from each colony. On the first visit, I recorded
nest contents, assigned an identifier to each nest, and attached a motion sensitive camera
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(Browning Strike Force HD 2015, Reconyx PC 900, Moultrie Panoramic 150) to a tree 12 m away. I programmed trail cameras to take two pictures (separated by 10 seconds)
after being triggered by motion in the nest. If nestlings were present, I hand-captured and
held them in a cloth bag for processing. I collected physical measurements from each
nestling (culmen length, tarsus length, wing chord, and mass) and clipped one nail for
subsequent identification. On return visits, I checked the contents of each nest and remeasured all nestlings. When nestlings weighed at least 200 g, I banded each nestling on
the left tibiotarsus with a stainless steel US Geological Survey Bird Banding Lab leg
band. I checked nests every 2-14 days until nestlings reached 25 days old after which
they were mobile and difficult to relocate. When nestlings were > 500 g, I chose 1-2
nestlings from each nest to mark with a digitally coded nanotag (Tag mass: 4.8g, model
NTQB-6-2, Lotek Wireless Inc.) attached to a figure-8 harness (Rappole and Tipton
1991). Each nanotag is programmed on the same frequency (166.380), but tags are coded
with a unique series of radio transmissions that repeat at a fixed interval. Nanotags
weighed < 1% of each fledgling’s body mass at tagging. Those marked with nanotags
were also banded with a plastic band (West Sister Island – white with black lettering,
Turning Point Island– blue with white lettering) engraved with a unique alphanumeric
code (1 letter, 2 numbers) to aid in re-sighting.
After all nestlings had fledged or nests failed, I measured the diameter (m) and
height (m) of each nest as well as recorded a GPS location. Additionally, I measured the
distance from each nest to the shoreline using the tracks function (Garmin GPSMAP
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64st) and the ‘near’ feature in the ArcMAP 10.3 proximity toolset (ESRI, Redlands, CA,
USA).
Sexing - At capture, I collected 1-4 scapular or breast feathers from each nestling
of 10 days or older. Feathers were placed in envelopes and stored at -20° C until
processing. DNA was extracted from 151 nestling samples by making a lengthwise cut 510 mm from the calamus, then cutting 1 mm pieces into 150 µL of Chelex solution.
Samples were vortexed, incubated at 60° C overnight, vortexed again, incubated at 95° C
for 20 minutes, and centrifuged for 2 minutes at 10,000 g in a microcentrifuge. I removed
a 100 µL aliquot of the DNA solution and stored at -20° C until amplification.
Polymerase chain reactions (PCR) were conducted using the WZ-common, W-specific,
and P8 primers for amplification following the PCR protocol of Wang et al. (2011). The
PCR products were electrophoresed on 2% agarose gels and visualized using dye.
Correlates of growth and survival - I recorded hatching order and age of nestlings
by observed hatch date or when unknown, by relative size (length of the bird’s culmen)
following Custer and Peterson Jr. (1991). Growth rates of nestlings were calculated using
the changes in mass, culmen, tarsus, and wing chord recorded between the first and
second measurement dates, divided by the number of days between measurements. The
four measures of growth were combined as one composite measure via a principal
component analysis (see statistical analysis below). I recorded two measures of brood
size. The first measure represents the maximum number of nestlings present in the nest at
any point. Because most mortality occurred early in the nesting period, our second
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measure of brood size was determined by the number of chicks present in the nest by day
seven of the last hatched chick. I used the first measure in reporting the range of brood
sizes and the second in our analyses of growth and survival. Because brood reduction
(where mortality is higher for younger nestmates; Lack 1968) occurs early in the nestling
period of Black-crowned Night-Herons, the reduced measure of brood size represents the
number of nestlings present for the majority of the nestling period (29 – 34 days;
Thompson et al. 1979) and thus, provides a more biologically relevant predictor of
nestling growth and survival. To examine the effect of environmental conditions on rates
of growth, I obtained meteorological data from a NOAA weather station in Sandusky,
Ohio (https://www.ncdc.noaa.gov/, 41.45° N, -82.71° W) located 46.3 km and 1.2 km
from West Sister Island and Turning Point Island, respectively.
Pre- and post-fledging survival - I monitored survival of Black-crowned NightHerons in two stages (nestling and post-fledging). All nestling Black-crowned NightHerons from selected nests were monitored via trail cameras and nest checks from day 0
to day 25. Following tagging, I tracked fledgling night-herons during the post-fledging
period defined as mid June – November. Within this period, I defined thirteen 13-day
periods over which to track survival and attempted to locate each radio-marked bird at
least once within each 13-day period. I used an array of 13 radio telemetry towers on the
western and southern shores of Lake Erie, with sites in both Ohio and Michigan to track
night-herons within the study area (Figure 1.1). Each tower is fixed with two 9-element
Yagi antennas connected to an automated receiver (models SRXDL, SRX600, SRX800;
Lotek Wireless, Inc.) powered by a solar panel and marine battery. Antennas were
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located approximately 10 m above the ground on all towers resulting in a maximum
detection radius of approximately 15 km while birds are in flight. Tag identification
number, antenna number, date, time, and signal strength were recorded for each received
detection. In addition to the telemetry tower array, I also covered the study area using
hand held receivers (model SRX800-M1; Lotek, Inc.) and roof-mounted 5-element
antennas on trucks, strut-mounted 3-element antennas on fixed-wing aircraft, and handheld antennas on foot or by boat. As part of this coverage, I drove a standardized route
and visited wildlife areas twice within each survival interval (Appendix A, Figure A.1).
Additionally, I flew over the study area 5 times in 2016 and 4 times in 2017 (Appendix
A, Figure A.2). Upon signal detection, I visually located tagged night-herons through
radio telemetry homing techniques to determine mortality status and record a GPS
location. Because Black-crowned Night-Herons are mostly nocturnal, I often located
birds while roosting (e.g. in cattail stands). To minimize disturbance caused by flushing
the individual, I would use triangulation to estimate the bird’s location and return at a
later date. If individuals were located in the same area on three consecutive tracking
events, I would navigate to the exact location to determine if the individual was alive or
dead. Where mortalities were confirmed, I recovered bands and nanotags and recorded
observations of bird remains. With this protocol, I was able to accurately determine the
timing of mortality to one of the 13 survival intervals.
Statistical analysis – To examine differences in environmental conditions over the
two years of the study, I compared total precipitation with Welch’s Two Sample t-test
and used linear regressions to analyze minimum and maximum temperatures. Tests were
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conducted for the nestling period, which I defined as a 35-day window of ordinal dates
144 – 178 (May 23 – June 26) for 2016 and 139 - 173 (May 19 – June 22) for 2017. I
chose these windows as they represented the maximum periods each year when nestlings
were present in nests based off known or estimated hatch dates for all nestlings. I also
summarized precipitation and temperature data into four measures (mean daily
precipitation, total precipitation, minimum mean daily temperature, and maximum mean
daily temperature) calculated over the period of growth measurements for each nestling.
Variation in maximum brood size was examined using a linear regression across years
and sites.
I performed a principal component analysis (PCA) to generate a composite
measure of growth among the four traits (mass, wing, culmen, and tarsus). These growth
rates loaded on four axes with PC1 explaining 63%, PC2 20%, PC3 10%, and PC4 7% of
the variation in the data. I used the estimates of PC1 for each individual as the response
variable in all models of variation in growth rate. Our dataset contained missing values
for sex (32%) and rank (4%). Because these values were missing at random, I used
multivariate imputation by chained equations using package ‘mice’ (Buuren and
Groothuis-Oudshoorn 2011) in Program R (v 3.4.4; R Core Development Team 2018) to
generate values. Imputation is appropriate when missingness is random, and simulation
studies show that multiple imputation performs well where 50% of data is missing
(Nakagawa and Freckleton 2011, Nakagawa 2015).
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To analyze variation in nestling growth rates, I constructed 24 a priori linear
mixed effects models fit with restricted maximum likelihood using package ‘lme4”
(Bates et al. 2015) in R. The fixed-effects of interest were: sex, year, rank in brood, brood
size, site, mean maximum daily temperature, mean minimum daily temperature, mean
daily precipitation, total precipitation, and hatch date. I examined Pearson’s correlation
coefficients for combinations of all fixed-effects and avoided models containing strongly
correlated relationships (-0.6 < r > 0.6). Our model set included a full and null model, all
univariate relationships (11), relevant multivariate models with additive combinations of
fixed-effects (10) and a model with the interaction between brood size and rank in brood.
In all models, I included nest ID as a random effect to account for the inclusion of
multiple nestlings per nest.
I analyzed survival separately for nestlings (0-25 days) and fledglings (26-194
days). For the analysis of nestlings, I used the non-parametric Kaplan-Meier estimator
(package 'survival' in R; Therneau 2015) to derive daily survival estimates and the logrank test to compare differences in survival among groups (site, rank, year). Due to small
sample size (n = 2), I removed fifth-ranked chicks from the comparisons of rank.
Additionally, because sex was unknown for 60% of our sample (due to mortality
occurring before feather collection, i.e. missing not at random), I did not include it in our
analysis of nestling survival. To compare the relative value of continuous and discrete
predictors, I then constructed generalized linear mixed effects models with a binomial
response variable (0 = survived, 1 = died) to test 30 a priori models. Fixed-effects tested
included rank, year, site, brood size, growth rate, hatch date, nest diameter, nest distance
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to shore, nest height. Our dataset contained missing at random values for rank (11%),
nest diameter (13%), nest height (6%), growth rate (43%), and brood size (10%),
therefore I imputed values for each missing value by multiple imputation. Continuous
fixed-effects were scaled and centered. I examined Pearson’s correlation coefficients and
did not include models with both site and nest distance to shore as this relationship was
highly correlated (r = 0.97). The final model set included all univariate relationships (9),
additive combinations (19), as well as a full and null model. All models contained nest ID
as the random effect.
For the analysis of post-fledging survival, I used package ‘RMark’ (Laake 2013)
in R to build known-fate models. I constructed 29 a priori models including univariate
and additive combinations of time, sex, site, brood size, hatch date, rank, and growth rate
in addition to a full and null model to examine the influence of carryover effects on postfledging survival. I evaluated multicollinearity among all covariate relationships, but did
not find strong correlations. I used multiple imputation to generate missing values for sex
(1%), rank (35%), brood size (31%), and growth rate (35%) where values were missing at
random.
For each of the three model sets tested (growth, nestling survival, post-fledging
survival), I utilized an information theoretic framework accounting for small sample sizes
(AICc) to rank competing models considering relative weights (wi) and differences in
AICc (ΔAICc). I considered those models where ΔAICc ≤ 2, were without uninformative
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parameters, and where 95% beta confidence intervals did not overlap zero to be plausible
(Burnham and Anderson 2002, Arnold 2010).
RESULTS
Environmental conditions - Minimum daily air temperature was significantly
lower in 2017 (F1,68 = 4.39, p = 0.03) than 2016, but there was no difference in maximum
daily air temperatures (F1,68 = 3.06, p = 0.08) between the years. Average daily
precipitation was higher in 2016, but this difference was not significant (t38 = -1.19, p =
0.06); total precipitation during the nestling period was also greater in 2016 (6.19 cm)
than in 2017 (1.5 cm).
Nest success - From 2016-2017, I monitored 41 nests at West Sister Island (n = 21
in 2016; n = 20 in 2017) and 35 at Turning Point Island (n = 24 in 2016; n = 11 in 2017).
I define nest success as ≥ 1 nestling surviving to 25 days and failure as mortality of all
eggs or nestlings by 25 days. I found 23 nests with eggs, 9 with chicks and eggs, and 44
with chicks. Nesting substrates included box elder (Acer negundo), hackberry (Celtis
occidentalis), mulberry (Morus rubra), and black cherry (Prunus serotina). Nest heights
ranged from 0.54 – 5.96 m (3.6 ± 1.1 m), and nest diameters from 0.20 – 0.50 m (0.34 ±
0.07 m). The distances of nests from the shoreline were 154.72 ± 24.43 m for West Sister
Island and 6.97 ± 5.25 m for Turning Point Island. Maximum brood size ranged from 1 to
5 (mode = 3). Maximum brood size was smaller in 2017 than in 2016 (F1,70 = 5.39, p =
0.02), and there was no difference in maximum brood size between the two islands (F1,70
= 0.75, p = 0.38). Of 76 nests, 78% were successful, 22% failed, and 5% were unknown.
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Of nests that failed at the egg stage, one failed due to structural collapse, one to Great
Egret (Ardea alba) kleptoparasitism of nest material, and one to removal of eggs by a
night-heron. Causes of failure in nests at the nestling stage were due to unknown in-nest
mortality (64%, n = 9), raccoon predation (14%, n = 2), a fall from nest (14%, n = 2), and
conspecific predation (7%, n = 1).
Nestling growth - Growth rates were recorded for 80 nestlings at West Sister
Island (n = 49 in 2016; n = 31 in 2017) and 46 at Turning Point Island (n = 33 in 2016; n
= 13 in 2017). On average daily growth rates for nestling Black-crowned Night-Herons
were 29.56 ± 1.08 g (mass), 2.02 ± 0.05 mm (culmen), 3.06 ± 0.08 mm (tarsus), and 7.66
± 0.22 mm (wing; see Appendix A for average rates by rank and year). The top ranked
and only model with ΔAICc value < 2 showed effects of rank, brood size, and year on the
growth rates (PCA: PC1 estimate) of nestling night-herons (Table 1.1). Based on the
dataset and models compared, there was an 86% chance that this is the best model.
Parameter estimates of the top model indicate that B- (-1.91 ± 1.19, t = -1.60, p = 0.11),
C- (-6.30 ± 1.32, t = -4.77, p < 0.001), and D-ranked (-9.42 ± 2.62, t = -3.60, p = 0.004)
nestlings grew on average slower than A-ranked nestlings (Figure 1.2). Growth rates
were higher for night-herons in 2016 compared to 2017 (-3.67 ± 1.40, t = -2.60, p = 0.01;
Figure 1.2). Night-herons with more nestmates had higher growth rates (3.08 ± 0.90, t =
3.39, p = 0.001; Figure 1.3).
Nestling survival - I tracked survival of 129 nestlings at West Sister Island (n = 72
in 2016; n = 57 in 2017) and 94 at Turning Point Island (n = 64 in 2016; n = 30 in 2017).
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Considering the full cohort, survival by day 25 was 0.61 (95% CI: 0.55-0.68). The
median age of mortality of all nestlings that died was 6 days. Further, the median age of
mortality by rank was 8, 9, 8, and 3 days respectively for A-, B-, C-, and D-ranked
chicks. Comparisons between groups revealed significant differences in survival rates
among ranks (log-rank test: p < 0.001), but no difference in survival among years (logrank test: p = 0.87) or sites (log-rank test: p = 0.07). Survival rates were similar among
A- (0.71, 95% CI: 0.61-0.83) and B-ranked chicks (0.72, 95% CI: 0.61-0.84), but
declined in C- (0.59, 95% CI: 0.46-0.76) and D-ranked chicks (0.39, 95% CI: 0.22-0.69;
Figure 1.5). Considering the full suite of variables, daily nestling probability of mortality
was best explained by rank, brood size, growth rate, and nest height (Figure 1.6); this
model contributed 91% of the total weight. Out of all models tested, this was the sole
model supported by ΔAICc values. Consistent with the Kaplan-Meier comparison, Dranked chicks had significantly lower survival rates than first-ranked chicks (-3.31 ±
1.09, z = -3.10, p = 0.002). Individuals with higher growth rates were more likely to
survive the nestling period (1.56 ± 0.048, z = 3.22, p = 0.001). Daily nestling survival
was positively correlated with nest height (0.89 ± 0.34, z = 2.6, p = 0.009). Lastly, nightherons with more nestmates had a higher probability of surviving the nestling period
(1.68 ± 0.42, z = 4.00, p < 0.001).
Post-fledging survival – In 2016 and 2017, I nanotagged 79 nestlings at West
Sister Island (n = 40 in 2016; n = 39 in 2017) and 30 at Turning Point Island (n = 20 in
2016; n = 10 in 2017) and monitored survival during the post-fledging period (day 26194). Sexing revealed our sample included 58 males and 46 females; 5 were unknown
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sex. Among the 26 individuals with known mortalities, 20 occurred while on the breeding
colonies, 5 were recovered within the study area, and 1 was found outside the study area.
The probability of survival the entire post-fledging period was 0.70 (95% CI: 0.61 - 0.81;
Figure 1.7). The top ranked post-fledging survival model included sex as the sole
parameter. Five models were within 2 ΔAICc units of the top ranked model; however, the
95% beta confidence intervals for all parameters in the top model set contained zero
(Table 1.4). Additionally, the third ranked model was the null indicating low overall
support for the parameters evaluated. Of the parameters, sex was included in four of the
six top models suggesting some support. Post-fledging survival of males (0.75, 95% CI:
0.60 – 0.86) was greater than that of females (0.59, 95% CI: 0.43 – 0.73; Figure 1.8).
DISCUSSION
I predicted that parameters affecting survival during the nestling period would
carry over to influence survival rates during the post-fledging period. First, we quantified
measures of growth and nestling survival. Consistent with our predictions, we found that
nestling rank influenced both growth and survival rates of nestlings in that earlier hatched
nestlings both grew faster and had higher survival. Additionally, contrary to our
expectations, nestlings with more nestmates had higher growth rates and were more
likely to survive the nestling period. I did not find strong support that rank, brood size, or
growth rate carried over to influence post-fledging survival probability. However, I
provide some evidence that female night-herons were less likely to survive the postfledging period than male night-herons (Figure 1.8). Our study shows that factors
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affecting juvenile survival may vary during the pre-fledging and post-fledging periods;
therefore, these life stages should be considered separately in studies of juvenile survival.
Nest success – Nest success rates in our colonies were comparable to other Blackcrowned Night-Herons colonies in North America. Success rates of 78% slightly exceed
those reported from Alcatraz Island, CA (36-77%; Hothem and Hatch 2004) and
Chincoteage Bay, VA (71%; Erwin et al. 1996b). Predation is the main cause of nest
failure in most populations of Black-crowned Night-Herons (Blus et al. 1997, Hothem
and Hatch 2004). In our study however, predation pressure was low, with only 2 of 76
failing due to raccoon predation. Black-crowned Night-Herons may benefit by nesting on
islands as opposed to inland colonies due to reduced predation pressure from non-avian
predators. Although, this may only be true regionally as American Crows (Corvus
brachyrhynchos), Common Ravens (Corvus corax), Ring-billed Gulls (Larus
delawarens) are important predators during the egg stage in some populations (Wolford
and Boag 1971, Tremblay and Ellison 1979, Brussee et al. 2016). The most common
cause of failure in this population was unknown in-nest mortality, likely due to starvation
of nestlings. I also noted two previously undescribed causes of nest failure in Blackcrowned Night-Herons: heterospecific kleptoparasitism of nesting material and
conspecific predation. In the first case, I documented a Great Egret (Ardea alba)
removing nesting material from a Black-crowned Night-Heron nest at Turning Point
Island during the egg phase. The Great Egret returned to the nest until all nest material
was removed, destroying the eggs in the process. All species of colonial wading birds that
nest at the breeding colonies utilize similarly sized sticks to form their nests, and thus,
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competition for nesting material is potentially high. The Black-crowned Night-Heron
parents did not attempt to re-nest in the same location. In the second case, an adult Blackcrowned Night-Heron (likely not the original nest owner) forced four nestlings to fall
from the nest. Two night-herons (one juvenile, one adult) then began nest maintenance
(i.e. adding new sticks to nest) before eventually abandoning the site.
Nestling growth - Black-crowned Night-Herons exhibit hatching asynchrony
whereby eggs within a nest hatch on different days, resulting in age differences of chicks.
Additionally, night-heron egg sizes of later laid eggs are smaller than those laid earlier in
clutch sizes of two and three (Custer and Frederick 1990). In combination, egg size and
hatching order can magnify the size discrepancy between nestmates, especially in cases
where brood size is large and hatch dates of first to last nestmates are separated by
multiple days (Bitton et al. 2006, Bosman 2014). I found that hatching order had a
significant effect on our combined measure of growth rate in this study in that later
hatched nestlings grew slower than their older nestmates. Black-crowned Night-Herons
in other parts of the breeding range exhibit this same relationship (Custer and Peterson Jr.
1991, Erwin et al. 1996b, Jungsoo and Tae-Hoe 2007). In broods with multiple nestlings,
parents are likely to feed the closest, largest, and/or most responsive nestlings (Kilner and
Johnstone 1997, Kölliker et al. 1998), and where there are developmental differences in
chicks within a nest, younger nestlings likely receive less food than their older nestmates
(Saino et al. 2000, Smiseth et al. 2003). Additionally, aggressive interactions between
nestlings are widespread in Ardeidae and can contribute to feeding success rates (Mock
1985).
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I found that growth rates differed between the two years of the study in that 2017
rates were lower than 2016. Environmental causes of growth variation are often linked to
local weather conditions (Ricklefs 1968, Pérez et al. 2016) or prey availability (NaefDaenzer et al. 2000, Dodson et al. 2016). Here, I did not find that growth rates were
related to temperature or precipitation during the nestling period. This is understandable
given that I did not find much environmental variation between the two years; however,
minimum temperature was significantly lower in 2017. In Black-crowned Night-Herons,
nestlings require almost constant brooding until day 10 (Chapman et al. 1981). Low
ambient temperatures during this early nestling period would require more time spent at
the nest versus other behaviors such as foraging and self-maintenance. In addition to the
year effect of growth rates, I found that brood sizes were significantly different between
the two years of the study, with smaller broods in 2017. I did not quantify prey
availability in this study, but given the little environmental variation present, perhaps
differences in prey would better explain the yearly growth trend. Quantifying both prey
availability and environmental conditions simultaneously as well as over a longer
monitoring period would increase our understanding of the temporal drivers of growth
rate in this system.
Larger brood sizes require greater energy expenditure from parents, and parents
often adjust their provisioning rate according to the number of nestlings in a nest (Conrad
and Robertson 1993, Čech and Čech 2017). Studies of natural variation in brood size
often show a negative relationship with brood size and growth rate (Kalmbach and
Becker 2005, Gilliland et al. 2016). However, Black-crowned Night-Herons with more
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nestmates exhibited faster growth rates in our study. Other studies on Black-crowned
Night-Herons failed to show a relationship between growth rate and brood size (Erwin et
al. 1996b). One possibility suggests that brood size is reflective of the ability of the
parents in that healthier, more experienced parents are able to provide more food and
fledge more nestlings overall than younger, less experienced conspecifics. Ageassortative mating is common in some breeding colonies of Black-crowned Night-Herons
and pairs of older, more experienced birds have higher reproductive success (Fasola et al.
2001). Most night-herons were from even aged pairs in our population, but of the two
nests with one juvenile and one adult, neither were successful. Alternatively, parents may
adjust food delivery rates according to brood size where larger broods are provisioned
more frequently. In brood size manipulation experiments of long-lived species, parental
feeding rates increased in response to brood enlargement (Schreiber 1996, GonzálezMedina et al. 2010). In both natural and manipulated brood sizes of Northern Flickers
(Colaptes auratus), parents increased feeding rates in larger broods, but this did not result
in increases in body mass of nestlings (Gow et al. 2013, Musgrove and Wiebe 2014).
Although larger broods were fed more frequently overall, the per-nestling feeding rates
declined (Gow et al. 2013, Musgrove and Wiebe 2014). This suggests that night-heron
parents possibly increased feeding rates such that the per-nestling delivery rates were
higher than that of smaller broods, facilitating the increase in growth.
Nestling survival – Our estimate of nestling survival to day 25 (0.61) is lower than
that reported from a colony in Chincoteage Bay, VA (0.70-0.94; Erwin et al. 1996b).
However, the negative relationship between hatching order and survival was consistent
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between studies. Reduction of brood size in herons and egrets typically occurs early in
the nesting period, usually within the first two weeks (Mock and Parker 1986). I found
that most mortality occurred before day 10, and that the median age of mortality was
earlier for D-ranked nestlings (day 3) than A-, B-, or C-ranked nestlings (days 8-9).
Under Lack’s original brood reduction hypothesis, the degree of brood reduction is
related to temporal patterns in resource abundance. In years of high resources,
reproductive output is unaffected by hatching asynchrony, but in poor years, parents
reduce brood size in relation to local food supply (Lack 1947, 1954). However, one
assumption of Lack’s hypothesis is that mortality rates are higher in larger broods. I
found that as brood size increased, so did survival probability. Brood sizes of one had the
slowest growth rates and lowest survival. Similarly, in Great Blue Herons, survivorship
declined with smaller broods and was lowest in brood sizes of one (Mock and Parker
1986). Herons may abandon broods of one if sufficient time remains to produce a larger
brood (Mock and Parker 1986). Because growth rates were higher in larger nests, and
growth rate was positively related to survival, it follows that larger broods had higher
survival. In our system, it seems that, following the brood reduction period, it is
beneficial to maintain a larger brood size.
Our study provides evidence that parental nest-site selection promoted survival. In
mixed-species wading bird colonies, vertical nest site selection is related to body size os
adults where nest heights increase with larger body sizes (Burger 1979, Park et al. 2011).
Colonial wading bird colonies often host many species breeding in close proximity. At
our study sites, Black-crowned Night-Herons nest with up to 5 other species of waders in
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the canopy (Great Blue Heron: Ardea herodias, Great Egret: Ardea alba, Cattle Egret:
Bubulcus ibis, Little Blue Heron: Egretta caerulea, Snowy Egret: Egretta thula). Vertical
stratification of nests may reduce aggressive interactions between heterospecifics (Burger
1978). Of the nest characteristics I examined, nest height was the only predictor of
nestling survival. At our colonies, parents that nested higher had more nestlings surviving
to fledging. Nesting higher may provide some advantages in relation to the parents’
ability to see predators, reduced potential of flooding, or simply easier access to the nest
(Burger 1979). Evidence is mixed regarding the influence of nest site characteristics on
fledging success in different populations of night-herons. For example, in two colonies,
night-heron fledging success was also positively related to nest height, and higher nests
were less likely to be predated by black rats (Ashoori and Barati 2013, Etezadifar and
Barati 2015). In another study, nest height was unrelated to fledging success, but was
negatively related to the distance from the tree trunk where mortality was associated with
adverse weather (Kim and Koo 2009). These mixed effects suggest that nest site selection
of night-herons is site specific and likely related to local predation pressure as well as
competition with other wading birds.
Because our nestling dataset contained a high level of missingness for the variable
‘sex’, I was unable to include it in our nestling analysis and I cannot rule out the potential
contribution of sex as a predictor of nestling survival rate. Most commonly, sex-biased
survival occurs where sexual size dimorphism is present and survival is related to the
body size and/or weight of an individual (e.g. Martin et al. 2007). However, sex-biased
survival can also occur where there is no size difference (Clutton-Brock 1991). I used
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feathers as genetic material in this study, but contour feathers do not become unsheathed
until day 10 in Black-crowned Night-Herons resulting in no data for individuals that died
during the brood reduction period. Future studies should prioritize collection of genetic
material early in the nesting period and investigate the role of sex on nestling survival
probability given that differences appear to exist post-fledging.
Post-fledging survival – Of the models I evaluated, I found some evidence that
survival during the post-fledging period is influenced by the sex of the fledgling. During
this period, survival was higher for males than females. Sex-biased mortality can be
related to size differences between sexes where the larger sex faces greater consequences
of reduced food availability given their higher nutritional requirements (Anderson et al.
1993). Alternatively, mortality can be higher for the smaller sex and related to sibling
competition during the nestling stage (Arroyo 2002). Size differences of male and female
Black-crowned Night-Herons are moderate with males being slightly larger (Pyle 1997),
and I did not detect a difference in growth rates of nestling male and females. Regardless,
sex-biased juvenile mortality is one mechanism that can contribute to variation in adult
sex ratio, especially when natal philopatry is high (Kalmbach and Benito 2007). A
reduction in the number of breeding females can greatly alter the trajectory of a
population (Donald 2007). To further understand the relative impact of male-biased
juvenile survival in this population, I would need to quantify rates of recruitment at our
study colonies and examine the sex ratio of adult birds.
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Although I believe that the assumptions of the known-fate model were met in this
study and that the post-fledging survival estimates are valid, there may be some bias in
the evaluation of hatching order as a survival predictor. The proportion of fledglings of
different ranks was uneven in our dataset, with only 4% of values represented by thirdranks and no fourth-rank individuals. Since survival differences between first-ranked and
second-rank night-herons were marginal during the nestling period, it is not surprising
that I didn’t detect a difference in survival between ranks during the post-fledging period.
Consistent with our results however, in Little Egrets (Egretta garzetta), rank in brood had
no effect on survival during the first year (Hafner et al. 1998).
Few studies have examined post-fledging survival rates in wading birds, but from
what is known, survival estimates seem to vary considerably among species and cohorts.
In Wood Storks and Little Egrets, studied over 4 and 7 years respectively, rates of
survival varied widely among years (Hafner et al. 1998, Hylton et al. 2006, Borkhataria et
al. 2012). In the Wood Stork study, yearly trends of hydrological conditions were closely
linked to lower survival rates in that early onset of the rainy season created unfavorable
foraging conditions which caused individuals to disperse far from their natal area in the
Everglades (Borkhataria et al. 2012). I found little variation in environmental conditions
between the two years of the study, and it follows that survival rates were consistent
(0.68 ± 0.07 in 2016 and 0.66 ± 0.09 in 2017). In a study of Reddish Egrets where
survival analysis continued past the dispersal/migratory period, survival rates declined
during the second year indicating that overwinter survival could be an important
bottleneck for hatch-year wading birds (Geary et al. 2015).
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Conclusion – While predictors of juvenile survival have been widely examined in
avian research, the logistical and technical difficulties associated with collection of
simultaneous predictors and the geographic and temporal scale at which birds move
during the juvenile period has limited our understanding of this stage. As technology used
to track birds continues to expand, it will become increasingly feasible to follow survival
of individuals over longer periods of time, which is necessary for species with delayed
reproduction. Like previous studies, my research indicates that survival of nestling
wading birds is strongly related to individual variation associated with hatching order,
growth rate, and brood size. Although I failed to find a link between predictors of
survival from pre- to post-fledging, I identified that survival may be male-biased during
the post-fledging period. With knowledge of the spatial scale of movement during the
post-fledging period, future studies could examine additional predictors such as local
prey availability and hydrological conditions. Importantly, my research highlights the
need to consider predictors separately during the pre- and post-fledging periods, as
overall survival rates and drivers of survival may operate differently between these two
periods. Black-crowned Night-Heron populations are declining throughout the Great
Lakes region (Rush et al. 2015), and are protected as a threatened species in Ohio (Ohio
Department of Natural Resources 2017). Thus, given their status and the apparent
complexities affecting post-fledging survival, further investigations of this life stage,
especially studies that follow cohorts through their second year (age at first breeding),
would increase our understanding of the relative contribution of juvenile survival rates to
the population dynamics of Black-crowned Night-Herons.

25

Figure 1.1. Location of the Black-crowned Night-Heron colonies (triangles) where
sampling and tagging occurred and the telemetry towers (pentagons) used to detect nightherons during June through November in 2016 and 2017.
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Figure 1.2. Relationship between nestling growth rates (PCA: PC1 estimate) with rank
and year for 125 Black-crowned Night-Herons at West Sister Island and Turning Point
Island in Lake Erie, OH in 2016 and 2017.
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Figure 1.3. Relationship between growth rates (PCA: PC1 estimate) and brood size for
125 Black-crowned Night-Herons at West Sister Island and Turning Point Island in Lake
Erie, Ohio in 2016 and 2017.
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Figure 1.4. Daily survival rate for 223 Black-crowned Night-Heron nestlings from West
Sister Island and Turning Point Island in Lake Erie, Ohio monitored in 2016 and 2017.
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Figure 1.5. Daily survival rate for 199 Black-crowned Night-Heron nestlings of different
ranks from West Sister Island and Turning Point Island in Lake Erie, Ohio monitored in
2016 and 2017.
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Figure 1.6. Marginal effects of the top model predicting nestling survival probability of
Black-crowned Night-Herons in Lake Erie, Ohio during 2016 and 2017. Shaded regions
and error bars represent 95% confidence intervals.

31

Figure 1.7. Interval (13-day) survival rate for 109 Black-crowned Night-Heron fledglings
from West Sister Island and Turning Point Island in Lake Erie, Ohio monitored in 2016
and 2017. Tracking intervals begin on June 13 and ended on November 28.
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Figure 1.8. Estimates of post-fledging survival (± SE) for male and female juvenile
Black-crowned Night-Herons monitored in western Lake Erie from June to November
2016-2017.
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Table 1.1. Akaike’s Information Criterion (AICc) rankings of our full set of linear mixed
effects models examining the effects of sex, year, rank in brood, brood size, site, mean
maximum daily temperature, mean minimum daily temperature, mean daily precipitation,
total precipitation, and hatch date on Black-crowned Night-Heron growth rate (PCA: PC1
estimate) at two island breeding colonies in Lake Erie, Ohio.
Growth models
brood size + rank + year
brood size + rank
full model
brood size*rank
rank + sex + year
rank
rank + site
mean precipitation + minimum temperature + rank
maximum temperature + rank + site + total precipitation
brood size + sex + year
year
brood size
hatch date + sex + year
brood size + site
brood size + mean precipitation + minimum temperature
null model
minimum temperature
mean precipitation
sex
maximum temperature
total precipitation
hatch date
site
brood size + maximum temperature + site+ total precipitation
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AICc
826.03
829.94
836.00
836.38
836.97
839.98
842.10
843.92
846.40
846.70
847.01
849.93
850.34
851.87
852.02
853.60
855.32
855.36
855.57
855.67
855.68
855.71
855.71
856.13

ΔAICc
0.00
3.90
9.96
10.34
10.94
13.95
16.07
17.88
20.37
20.66
20.98
23.90
24.31
25.83
25.99
27.56
29.28
29.32
29.54
29.64
29.65
29.67
29.68
30.10

w i Log-likelihood k
0.86
-404.40
8
0.12
-407.49
7
0.01
-403.36
13
0.00
-407.22
10
0.00
-409.87
8
0.00
-413.63
6
0.00
-413.57
7
0.00
-413.34
8
0.00
-413.42
9
0.00
-416.99
6
0.00
-419.34
4
0.00
-420.80
4
0.00
-418.81
6
0.00
-420.68
5
0.00
-419.66
6
0.00
-423.70
3
0.00
-423.49
4
0.00
-423.51
4
0.00
-423.62
4
0.00
-423.67
4
0.00
-423.67
4
0.00
-423.69
4
0.00
-423.69
4
0.00
-420.59
7

Table 1.2. Akaike’s Information Criterion (AICc) rankings of our full set of generalized
linear mixed effects models examining the effects of sex, year, rank in brood, brood size,
site, hatch date, nest height, nest distance to shore, and nest diameter on nestling survival
probability of Black-crowned Night-Herons at two island breeding colonies in Lake Erie,
Ohio.
Nestling survival models
brood size + rank + growth + nest height
full model
brood size + rank + growth
brood size + rank + growth + site + year
brood size + rank
growth
growth + rank
growth + hatch date
growth + site + year
brood size
brood size + site + year
brood size + nest diameter + site
brood size + nest distance to shore + year
rank
rank + site + year
null model
hatch date
nest height
nest distance to shore
nest diameter
site
year
site + nest distance to shore + year
nest height + site + hatch date
nest height + nest distance to shore + nest diameter
site + hatch date + year
site + nest height + year
site + nest diameter + year
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AICc
184.93
190.15
192.52
195.24
208.39
208.83
209.28
210.52
211.30
241.00
244.74
244.75
245.08
256.46
259.35
272.31
272.34
272.58
272.81
273.25
273.62
274.34
274.62
274.67
274.91
275.97
276.19
276.90

ΔAICc
0.00
5.22
7.59
10.31
23.46
23.91
24.35
25.59
26.38
56.07
59.82
59.82
60.15
71.53
74.43
87.38
87.41
87.65
87.88
88.33
88.69
89.41
89.69
89.74
89.98
91.04
91.27
91.97

wi
0.91
0.07
0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Log-likelihood
-84.12
-82.32
-89.00
-88.19
-98.00
-101.36
-98.44
-101.17
-100.51
-117.45
-117.23
-117.24
-117.40
-123.09
-122.41
-134.13
-133.11
-133.23
-133.35
-133.57
-133.75
-134.11
-132.17
-132.19
-132.31
-132.85
-132.96
-133.31

k
8
12
7
9
6
3
6
4
5
3
5
5
5
5
7
2
3
3
3
3
3
3
5
5
5
5
5
5

Table 1.3. Akaike’s Information Criterion (AICc) rankings of our full model set of
known-fate models examining the effects of sex, year, rank in brood, brood size, site,
hatch date, and time on post-fledging survival probability of Black-crowned NightHerons at two island breeding colonies in Lake Erie, Ohio.

Post-fledging survival models

AICc

ΔAICc

wi

sex
sex + rank
null model
rank
rank + sex + site
sex + growth
year + sex
sex + rank + growth
hatch date
growth
hatch date + sex + site
year
site
brood size
time
rank + growth
brood size + rank
brood size + sex + site
sex + year + growth
hatch date + growth
hatch date + brood size
brood size + growth
growth + time
year + time
brood size + rank + growth
site + brood size + hatch date
brood size + rank + time
site + year + time
full model

234.56
234.77
235.03
236.11
236.20
236.50
236.57
236.57
236.62
236.91
236.94
236.99
237.01
237.03
237.37
237.83
238.12
238.16
238.51
238.58
238.62
238.92
239.24
239.44
239.77
240.62
240.70
241.50
244.63

0.00
0.21
0.47
1.55
1.64
1.94
2.01
2.01
2.06
2.35
2.38
2.43
2.45
2.47
2.81
3.27
3.56
3.60
3.95
4.02
4.06
4.36
4.68
4.88
5.21
6.06
6.14
6.94
10.07

0.12
0.11
0.10
0.06
0.05
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
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Log-likelihood k
97.94
94.11
100.42
97.47
93.53
230.47
97.93
226.50
232.60
232.90
228.89
100.37
100.39
233.02
78.34
229.78
230.07
230.11
230.47
232.55
232.60
232.89
210.74
78.33
229.70
232.57
208.06
78.33
201.52

2
4
1
3
5
3
3
5
2
2
4
2
2
2
13
4
4
4
4
3
3
3
14
14
5
4
16
15
21

Table 1.4. Parameter estimates (β), standard error (SE), and 95% confidence intervals
(CI) for parameters in the six most supported models examining the effect of covariates
on the post-fledging survival of Black-crowned Night-Herons at two island breeding
colonies in Lake Erie, Ohio. Parameter estimates were derived from the highest-ranking
model for which each effect is included. Sex [M], rank [A], and site [West Sister Island]
are not shown, since they are the baselines from which survival in other levels were
compared.

Parameter
sex [F]
rank [B]
rank [C]
site [Turning Point Island]
growth

β
-0.6338
0.2683
17.8487
0.3407
0.0072

SE
0.4091
0.4185
7595.5655
0.4512
0.0260
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95% CI
[-1.4356, 0.1680]
[-0.5520, 1.0886]
[-14869.4600, 14905.15700]
[-0.5436, 1.2250]
[-0.0437, 0.0580]

Chapter 2: Migration strategies and nonbreeding ecology of Black-crowned NightHerons (Nycticorax nycticorax)
INTRODUCTION
Effective conservation of declining wildlife populations relies upon accurate
knowledge of where and when individuals are throughout their annual cycle. In migratory
birds, the annual cycle is made up of four stages: breeding (and post-fledging), feather
molt, migration, and nonbreeding. As many as 60% of North American migratory birds
are in decline (Rosenberg et al. 2016), and populations can be limited during one or more
stages of the annual cycle. These stages are often linked through carry-over effects
whereby individual fitness in a given stage is determined by events and experience in a
preceding stage (Harrison et al. 2011, O’Connor et al. 2014). Within avian research
however, there are a disproportionate number of studies conducted solely during the
breeding stage (Marra et al. 2015). For example, the breeding ecology of wading birds
has received much attention (e.g. Frederick et al. 1992, Kelly et al. 1993, Auclair et al.
2015, Brzorad et al. 2015, Brussee et al. 2016), while the remaining stages of their life
cycle have received comparably little (but see Ledwón and Betleja 2015, Stier et al. 2017,
Koczur et al. 2018). By ignoring certain stages or overlooking carry-over effects
occurring across stages, we limit our understanding of processes that regulate the
population dynamics of a species (Schaub and Abadi 2011, Marra et al. 2015).
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Over half of the bird species that breed in North America are migratory and
although migration frequently represents a small portion of the annual cycle, it is often
the most energetically costly and hazardous stage (Newton 2008). As a result, mortality
levels are often greatest during this stage (Sillett and Holmes 2002, Klaassen et al. 2014).
Accordingly, individuals minimize either the amount of time spent and/or the amount of
energy expended while migrating, and strategies operate differently in spring and autumn
(Alerstam and Lindström 1990). In autumn, migrants generally conserve energy by
travelling slower and stopping more, compared to spring when migrants adopt a time
minimization strategy of travelling at higher speeds for shorter durations (Nilsson et al.
2013). Arriving early to the breeding grounds in spring can confer important fitness
benefits such as acquisition of high quality nesting sites and greater reproductive output
(Currie et al. 2000, Morbey and Ydenberg 2001, Smith and Moore 2005). Although less
understood, early arrival to nonbreeding areas may influence body condition and survival
during the nonbreeding period especially of territorial species (e.g. Stutchbury et al.
2010).
Migratory strategy with regard to routes and stopover behavior can differ
markedly within and between populations (Yosef and Wineman 2010, Weimerskirch et
al. 2015). For example, in the UK population of common cuckoos (Cuculus canorus),
there are two distinct migratory routes in autumn and the choice of route can influence
mortality risk (Hewson et al. 2016). Stopover behavior is influenced by an individual’s
energetic condition during migration (Smith and McWilliams 2014), and stopover
decisions may be different between sexes and age classes due to differing selective
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pressures and experience levels (Morbey and Ydenberg 2001, Yosef and Wineman
2010). Migration phenology and, in some cases, migration strategy appear to be changing
in response to recent global climate change (Mills 2005, Gilbert et al. 2016). Therefore,
our ability to predict and respond to individual or population changes in migration relies
on solid baseline knowledge of migration behavior in autumn and spring.
The nonbreeding period often makes up the largest portion of the annual cycle of
migratory species (Marra et al. 2015), although knowledge about general ecology during
this period is lacking for many species. For many migratory species with large breeding
ranges, their nonbreeding ranges often span similarly large areas, encompassing
considerable environmental variation (Newton 2008). Choice of nonbreeding habitat can
influence survival rates (Johnson et al. 2006) and overall energy expenditure which can,
in turn, carry over to affect individual fitness in subsequent stages (Reudink et al. 2009,
Harrison et al. 2011, Alves et al. 2013).
The oldest and most widely used form of tracking birds throughout the annual
cycle is through bird banding (Newton 2008). Avian research programs result in a vast
number of birds captured annually in the United States, but recapture rates at distant sites
are often quite low (i.e., < 0.1% for passerines; Ryder et al. 2011, Brown and Miller
2016), complicating any robust analysis attempts. However, our ability to track
individuals throughout the annual cycle has improved greatly in the last two decades due
to the advancements in tracking technology especially through tag minimization and
increases in location accuracy (López-López 2016). Satellite tracking via global
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positioning systems currently offers the most accurate location data, but other methods
such as geolocators and very high frequency telemetry are also widely used (LópezLópez 2016). Because the cost of high resolution tracking devices is prohibitive, the
number of individuals that can be tracked is often limited. Integrating multiple data
sources can be an attractive way to overcome this issue and ultimately gain a more
accurate picture of the full annual cycle of a species (Ryder et al. 2011, Van Wilgenburg
and Hobson 2011, Rushing et al. 2013).
With recent advances in tracking technology came associated modifications and
improvements in the statistical methodology of quantification of home range size (Walter
et al. 2015). The home range is a fundamental spatial unit that defines an area in which
animals carry out daily and/or seasonal tasks of foraging, reproduction, offspring care,
and resting over a defined period of time (Burt 1943). Moreover, home range sizes may
vary between individuals, and in many cases home range sizes are related to resource
abundance and population size (Sprent and Nicol 2012, Efford et al. 2016). Accordingly,
animals may shift the size of their home ranges or relocate to new areas in response to
seasonal changes in availability of resources (e.g. Stirrat 2003). Examining space use
during stopover and nonbreeding periods can also elucidate the degree to which species
and individuals use the same habitat types in different periods. For example, species may
track ecological niches through different seasons or switch to a different niche between
seasons (Martinez-Meyer et al. 2004). Quantifying differences in home range size and
spatial overlap within and across species can provide crucial information necessary for
effective management at appropriate scales of species of conservation concern.
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While most populations of North American herons are at least partially migratory,
we have little information on migratory behavior or connectivity of populations to
specific nonbreeding areas (but see Mikuska et al. 1998). This is likely due to the large
overlap in stationary nonbreeding and year-round ranges of many species within
Ardeidae along with the lack of data from tracking studies (but see Huschle et al. 2013).
One such heron species, the Black-crowned Night-Heron (Nycticorax nycticorax), is
listed as threatened, endangered, or a species of concern in ten states, seven of which can
be found in the Great Lakes region (Hothem et al. 2010). I studied the species in Ohio
where the number of active breeding colonies of Black-crowned Night-Herons has
declined significantly since the 1970s, likely due to land use changes, in particular the
large-scale conversion of wetlands to agriculture (Dahl and Johnson 1991, Rodewald et
al. 2016). To date, fine-scale tracking of Black-crowned Night-Heron movements has
been limited to one study documenting post-breeding migration of two night-herons from
a population in the Upper Vistula Valley of Poland (Ledwón and Betleja 2015). This
study documented a strategy of traveling slowly with several long stopovers resulting in a
migration of at least two months ending in the Sahara Desert, some 4000 km from the
breeding grounds. Other knowledge of migration routes and nonbreeding locations of
Black-crowned Night-Herons has been derived from recoveries and resightings of birds
banded within North America. From these data, three strategies were identified: shortdistance (< 2,000 km), long-distance (>2,000 km), and sedentary (Danny Bystrack,
USGS Bird Banding Lab, unpublished data). Recoveries indicate that birds breeding in
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the Upper Midwest Great Lakes Region can be found during the nonbreeding period in
the Caribbean, with Cuba serving as the core nonbreeding site (Marra et al. 2014).
In this study, I investigated the migratory and nonbreeding seasons of Blackcrowned Night-Herons to fill gaps in our understanding of the full annual cycle of this
species. I combined tracking and band recovery data to: 1) determine the migratory
strategy of Ohio night-herons 2) identify autumn and spring migratory routes 3) examine
correlations between migratory characteristics within and between seasons (timing,
duration, distance, speed) 4) describe the nonbreeding distribution of Black-crowned
Night-Herons captured in Ohio 5) estimate winter home range sizes, and 6) identify
habitat types available during stopover and nonbreeding areas.
METHODS
Field Methods - I captured 17 adult Black-crowned Night-Herons at 3 sites in the
western basin of Lake Erie, Ohio from June to September 2016-2017. I marked 9
individuals at Turtle Creek Marina (41.61°N, 83.13°W), 5 individuals at Wild Wings
Marina (41.60°N, 83.11°W), and 3 individuals at Turning Point Island (41.46°N,
82.73°W). I attracted night-herons to trapping sites baited with cleaned Walleye (Sander
vitreus) and Yellow Perch (Perca flavescens) carcasses, and captured birds using a
bungee net (n=15), a net gun (n=1), or a net launcher (n = 1; Woodin et al. 2012, Clark et
al. 2014). Upon capture, I collected morphometric data (culmen length, tarsus length,
wing chord, and mass) and banded birds with U.S. Geological Survey aluminum bands
and one alphanumeric color band for field identification. I then attached platform
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transmitting terminals (TAV-2630, Telonics, Inc.) to Black-crowned Night-Herons with a
backpack harness made of 6-mm Teflon ribbon (Telonics, Inc.). The transmitters transmit
data to low-orbiting satellites that collect and relay information to Argos processing
centers where location data is calculated using the Doppler Effect (Argos User’s Manual
http://www.argos-system.org/manual/). Transmitters ranged from 3.4-5% of the
individual’s body mass. At the time of capture, I also collected DNA samples (3-6
feathers), which I later used to determine the sex of all captured adults via PCR following
Wang et al. (2011).
Data collection and processing - I varied duty cycles of transmitters among
seasons to optimize data collection, maximize battery life, and to meet the project
objectives. Units were programmed to gather locations from 1:30 – 5:30 UTC every day
during spring (30 Mar – 30 Jun) and autumn migration (31 Aug – 30 Nov), every other
day during nonbreeding (1 Dec – 29 Mar), and every third day during breeding (30 Jun –
30 Aug). Data were collected using the Argos system and processed using the Kalman
Filter (Argos User’s Manual http://www.argos-system.org/manual/). Locations received
from the Argos system are categorized into a location class (LC) based on the level of
precision associated with each point. Argos reports the following estimated error values:
LC 3 (< 250 m), LC 2 (250 – 500 m), LC 1 (500 – 1500 m), and LC 0 (> 1500 m). LC A
and LC B are also reported, but no accuracy estimation is provided. Prior to analysis, I
used the hybrid Douglas Argos Filter in Movebank to filter the original locations
(Douglas et al. 2012). The Douglas filter flags implausible locations based on userdefined thresholds of movement rate, spatial redundancy, and angles between movements
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(Douglas et al. 2012). For measurements of distance and for mapping of migratory routes,
I used only these filtered locations. I included all locations in calculating timing of
migration. For home range analysis, I included only locations in LC3 and LC2. I
performed all subsequent analyses in ArcGIS 10.3 (ESRI, Redlands, CA, USA) and
Program R (v 3.4.4; R Core Development Team 2018). All movement data are archived
at www.movebank.org.
I defined four periods of movement during Black-crowned Night-Herons’ annual
cycle: breeding, autumn migration, stationary nonbreeding, and spring migration.
Additionally, I summarized migration characteristics into seven categories: departure
date, arrival date, distance to nonbreeding area, migration duration, stopover events,
stopover duration, and flight speed. Because all individuals traveled southward in autumn
and northward in spring, I defined departure as the first day a bird was located ± 0.5°
latitude away from stationary areas. Arrival at breeding/nonbreeding sites was defined as
the first 15 or more days with locations clustered around a defined area. For instances
when transmitters did not capture exact departure or arrival due to varying duty cycles, I
report the date corresponding to the median of the collected locations. The geodesic
distances (km) from capture site to nonbreeding areas in autumn and from nonbreeding
areas to breeding areas in spring were calculated with the ‘near’ feature within the
ArcMap proximity toolset (ESRI, Redlands, CA, USA). The migration duration was
defined as the arrival date less the departure date. Stopover events were identified by
groups of locations ≤ 15 km apart during migration preceded and followed by movements
of > 15 km. I then calculated the duration of stopover events in days. Due to the duty

45

cycle of the transmitters, I was unable to identify stopover events of < 48 hours. I
calculated flight speed (km/day) by dividing the migration distance by the migration
duration, subtracted by the number of days on stopover. Migration routes were mapped
by connecting consecutive locations with straight lines.
In addition to data from satellite tracking, I used two ancillary datasets to
determine nonbreeding locations of Black-crowned Night-Herons. First, I examined band
recovery and re-sighting data of Black-crowned Night-Herons banded in Ohio provided
by the Bird Banding Lab, USGS Patuxent Wildlife Research Center. Initial banding
occurred from 1936 to 2016, and all individuals were banded as nestlings or fledglings at
five locations in Ohio. Second, I used locations of nanotagged night-herons detected on
Motus telemetry towers (see Chapter 1). All nanotagged (Tag mass: 4.8g, NTQB-6-2,
Lotek Wireless Inc.) individuals were marked as nestlings or fledglings at West Sister
Island (41.73°N 83.10°W) or Turning Point Island as part of a study examining postfledging survival (see Chapter 1). I include only recoveries, re-sightings, or detections of
birds made during the nonbreeding period defined as December – March to ensure that
these locations were during a stationary period.
Home range and stopover estimation - I estimated home ranges of Black-crowned
Night-Herons while on their stationary nonbreeding areas. If birds moved > 20 km during
the nonbreeding period and remained at a site for > 15 days, I considered these
relocations to be separate home ranges. For the home range analysis, datasets of
individuals that did not have spring migration data (either due to tag failure/loss or
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mortality) were restricted by excluding locations once consecutive distances were below
the location error of LC 3 (< 250 m apart). I used the package ‘BBMM’ (Nielson et al.
2013) in R to calculate a 95% home range and a 50% home range to represent the core
area of use. By foregoing the assumption of independence between locations, the
Brownian Bridge movement model (BBMM) has advantages over traditional kerneldensity home range estimators. Because Argos locations depend on the spatial orientation
of satellites, the timing of consecutive locations is unpredictable and often autocorrelated.
The BBMM is particularly suited to Argos data because of its ability to incorporate
location error and serially correlated locations into the estimated utilization distributions.
In order to match the resolution of the land cover dataset (see below) and allow
comparisons between individuals, I set the cell size to be 30 m and the extent of each
home range to be 500 x 500 km.
I used package ‘adehabitatHR’ (Calenge 2006) in Program R to calculate
Minimum Convex Polygons (MCP) for each stopover event. While less accurate than
BBMM home ranges (Walter et al. 2015), MCPs are appropriate where sample size is
small (< 50 locations) (Seaman et al. 1999). Sample size was dependent on the length of
stopover, but was often fewer than 50 locations.
Stopover and nonbreeding habitat - To identify land cover types available to
night-herons during stopover and nonbreeding periods, I superimposed the BBMM 50%
core home ranges and stopover MCPs of Black-crowned Night-Herons with the National
Land Cover Database (NLCD; Homer et al. 2015). For BBMM home ranges located
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outside of North America, I digitized habitat types in ArcGIS using the classifications in
the NLCD by examining aerial imagery (Base imagery source: DigitalGlobe). Cell counts
of habitat types were standardized by stopover MCP or BBMM home range size and
weighted accordingly for individuals with multiple stopovers or home ranges. I report the
cumulative percentage of each landcover type available within stopover areas and
stationary nonbreeding home ranges.
Statistical analysis – Using Pearson’s correlation coefficients, I evaluated the
relationships between autumn and spring arrival dates and migratory parameters
(departure date, stopover duration, flight speed, and migration distance). Pearson’s
correlations were also used to examine the relationships between spring and autumn
departure and arrival. Differences in the speed, stopover duration, and migration duration
of spring and autumn within individuals were compared using paired t-tests. I also
conducted an a posteriori evaluation of autumn migration strategy. I identified a bimodal
distribution of migration duration which was determined by whether an individual
stopped over during migration and classified migration strategy accordingly (0 = no
stops, 1 = at least one stop). I used a logistic regression to examine the univariate
relationships of departure date, arrival date, flight speed, and migration distance with
migration strategy. Results are presented as mean ± standard error, and I used an α level
of 0.05 for all tests.
RESULTS
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I received 12508 location records from 17 PTTs between July 2016 and May
2018. Filtering retained 9466 (94.4%) location estimates with 58.4% of these locations
being in LC3, LC2, or LC1. The time each heron was tracked ranged from 112 to 487
days. Molecular sex determination revealed our sample included 2 female and 15 male
night-herons.
Migration and stopover – I obtained data for one autumn migration from 14
individuals and two autumn migrations from one individual. In all years, Black-crowned
Night-Herons left the study site between 11 September and 20 November (Table 2.1,
Figure 2.1). Departure differed by 10 days in two consecutive years for the one repeated
individual, with 2017 earlier than 2016. Black-crowned Night-Herons that departed early
from the study area also arrived early to the nonbreeding grounds (r = 0.76, n = 15, p <
0.001; Figure 2.2). Black-crowned Night-Herons travelled on average 1517 ± 138.22 km
during autumn migration and took on average 17 ± 4 days to arrive at a nonbreeding
location. Black-crowned Night-Herons that traveled further distances did not depart the
study area earlier (r = -0.31, n = 15, p = 0.25). I recorded at least one stopover by 6 of 15
(40%) Black-crowned Night-Herons during autumn migration. Birds stopped 1-7 times
for a total of 7 ± 3 days. Migration strategy (i.e. stopping or not stopping) was not
correlated with departure date (-0.02 ± 0.02, z = -0.66, p = 0.51), arrival date (0.04 ±
0.03, z = 21.5, p = 0.14), flight speed (-0.01 ± 0.01, z = -1.65, p = 0.09), or migration
distance (0.0004 ± 0.001, z = 0.50, p = 0.61). Migratory speed was on average 225.80 ±
35.55 km/day. Autumn arrival did not correlate with stopover duration (r = 0.39, n = 15,
p = 0.14) or migration speed (r = -0.48, n = 15, p = 0.06). One (6.7%) Black-crowned
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Night-Heron traversed the Gulf of Mexico to reach Honduras during autumn migration,
another (6.7%) crossed the Straits of Florida to Cuba, and thirteen (86.7%) night-herons
settled in the continental US (Figure 2.3). All birds arrived at a nonbreeding location by
early December (18 Sept-10 Dec).
Spring migration was recorded for 6 individuals. Black-crowned Night-Herons
initiated northward migration from early April through June (Table 2.1, Figure 2.1).
Spring migration duration averaged 16 ± 3 days and ranged between 4 and 26 days.
Night-herons travelled on average 1544 ± 137.39 km to reach breeding sites. Stopovers
were common during spring migration: four night-herons stopped 1-2 times spending 6 –
14 days at stopover sites. Migratory speed was on average 182.75 ± 27.03 km/day. Birds
arrived at their breeding sites between April 13 and June 30. As in fall, migration
departure timing was the only parameter positively related to arrival timing (r = 0.96, n =
6, p = 0.001; Figure 2.2).
Neither departure (r = 0.58, n = 6, p = 0.21) nor arrival dates (r = 0.56, n = 6, p =
0.24) were correlated between spring and autumn migration. Overall, the duration of
spring migration (16 ± 3 days) was similar to that of autumn (17 ± 4 days); however,
within individuals spring migration duration was significantly longer than in autumn (t =
3.08, df = 5, p = 0.02; Figure 2.4). Average migration speeds of all tracked night-herons
were slower in spring. Five of six night-herons migrated at faster speeds in autumn (t = 2.49, df = 5, p = 0.05; Figure 2.4). All night-herons made the same number or more stops
during spring compared to autumn migration. On average, stopover duration was similar
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between seasons and was not significantly different within individuals (t = 1.99, df = 5, p
= 0.10) (Figure 2.4). Additionally, the distance travelled was shorter in spring for two
individuals (Heron 65 and Heron 80), yet the travel speed was slower and with more
stopover days (Table 2.1).
Nonbreeding areas, movements, and home range - I collected nonbreeding
locations for 35 night-herons (satellite tagged: n =15, band recoveries or re-sightings: n =
15, nanotagged: n = 5). Night-Herons marked in Ohio wintered in North Carolina, South
Carolina, Florida, Cuba, Jamaica, Dominican Republic, and Honduras (Figure 2.5). For
this satellite tagged individuals, the nonbreeding period lasted 178 ± 10 days. During this
time, 33% of tracked night-herons used more than one nonbreeding site whereas 66%
remained at one nonbreeding location throughout the nonbreeding period. Night-Herons
relocated to up to four different nonbreeding sites (Figure 2.6). For individuals that made
intraseasonal movements (n = 5), the mean distance traveled within the nonbreeding
period was 643.79 ± 186.23 km. The timing and direction of movements on the
nonbreeding grounds varied between individuals (Figure 2.6). Black-crowned NightHerons that wintered in Cuba (n = 3) spent on average 94 ± 25 days in the country. In
2016, two birds departed Cuba on 5 February and 24 February to relocate to a new home
range in Florida, and in 2017, one bird exited Cuba on 16 December and moved to
Everglades National Park in Florida. The Black-crowned Night-Heron that was tracked
for two autumn migrations utilized the same nonbreeding site in both years (i.e. < 1 km
apart).

51

I collected sufficient locations to calculate winter home range sizes for 13 herons.
Winter home range sizes representing the 50% BBMM core area varied from 0.93 –
381.90 km2 and from 4.42 – 1527.63 km2 for the 95% BBMM (Table 2.2). I identified
fifteen habitat types available to Black-crowned Night-Herons during stopover and
nonbreeding periods (Table 2.3). The five most available habitat types on stopover were
pasture/hay, deciduous forest, developed (open space), cultivated crops, and open water
(Table 2.3, Figure 2.7). Among the stopover areas with potential foraging habitat, rivers,
lakes and estuaries were present at 56% of stopover events. Small emergent wetlands and
ponds (< 1 km) were available at 44% of stopover locations. One individual stopped for
11 days at a catfish farm in Dallas County, Alabama. There was no overlap in stopover
locations between individuals. Habitat types most available at nonbreeding areas included
woody wetlands, emergent herbaceous wetlands, open water, pasture/hay, and cultivated
crops (Table 2.3, Figure 2.7).
DISCUSSION
Our study provides novel insight into the annual cycle of Black-crowned NightHerons. I identified migration routes and described the nonbreeding distribution of Blackcrowned Night-Herons banded in Ohio. Most routes followed south from the study area
including an Appalachian Mountain crossing and were generally consistent between
autumn and spring. The nonbreeding distribution of Ohio’s Black-crowned Night-Heron
population is large, with locations spanning North Carolina to Honduras. I documented
differences in migration strategies within and between seasons and identified strong
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correlations in migratory departure and arrival timing in both autumn and spring. Blackcrowned Night-Herons exhibited two strategies of movement during migration, where the
total duration of migration was greatly influenced by the time spent at stopover locations.
These different strategies highlighted that stopover habitat requirements vary between
individuals. Our findings include the first description of large scale movements and
overall space use of night-herons while on the nonbreeding grounds. Finally, I provide
evidence that habitat utilization differs between stopover and nonbreeding periods with
disturbed habitats more commonly used on stopover.
Migration routes - Although band recoveries from the Great Lakes region indicate
that some individuals are sedentary or short-distance dispersers (Marra et al. 2014), all
individuals in our study exhibited migratory movements. For the majority, migration
occurred along a defined corridor connecting the Mississippi and Atlantic Flyways (U.S.
Fish and Wildlife Service and Canadian Wildlife Service 2012) during autumn and
spring. Only one night-heron deviated from this pattern, remaining in the Mississippi
Flyway and crossing the Gulf of Mexico with a jumping off point connecting Alabama to
the Yucatan Peninsula. Our findings are contrary to two previously hypothesized routes
to reach the Greater Antilles: following the Mississippi River drainage then heading east
and south through Florida or migrating through Mexico and hopping eastward from the
Yucatan (Hothem et al. 2010). Apart from one individual, routes were generally reversed
in spring. This individual followed a pattern more typical of loop migration, travelling
west in autumn within the Mississippi Flyway and returning in the spring from a route in
the Atlantic Flyway. During migration, birds face considerable risks en route, one of
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which is collision with wind turbines (Loss et al. 2013). Our tracks indicate most Blackcrowned Night-Herons are passing over or near the Appalachian Mountains during
migration, a high traffic area for many neotropical migrants. Because wind energy in the
Appalachian region (Appalachian Regional Comission 2006) and across the US
(American Wind Energy Association 2017) is expected to increase in coming years,
future migration studies should accurately identify areas of airspace (geographically and
elevationally) that are used by many species as well as those that are of conservation
concern in order to mitigate future mortality risks.
Nonbreeding distribution - Assuming that our data are representative of the entire
Ohio population, the majority of night-herons winter in the southeastern US (60%, n =
21) with the remaining birds wintering in the Caribbean (31%, n = 11) and Central
America (9%, n = 3). Night-herons exhibited a high level of population spread, with the
maximum distance between nonbreeding areas exceeding 2,500 km. Population spread is
important in determining the relative vulnerability of a breeding population to
environmental change or catastrophic events (Finch et al. 2017). For example, where
spread is high, populations may experience a buffering effect of hazardous conditions
since some individuals would likely not be affected (Webster and Marra 2005). Although
little is known about nonbreeding site fidelity in wading birds, the Black-crowned NightHeron in our study for which we have two years of data returned to the same nonbreeding
location in successive years. Determining the degree of intermixing of night-herons from
Ohio with other Great Lakes colonies is an important next step in beginning to
understand the relative influence of this period on the annual cycle.
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Migration timing and strategy - Departure and arrival dates were highly variable
in both autumn and spring. Black-crowned Night-Herons left the study area in autumn
from September – December, similar in timing to observed departures of night-herons
breeding in Oregon (Littlefield and Cornely 1984). Arrival to the breeding area occurred
between mid-April and late June in our study. In other populations, night-herons arrive to
breeding areas from February to May (New York: Allen and Mangels 1940, Maine:
Wilson, Jr. et al. 1996, California: Hothem et al. 2010). Consistent with other studies
(McKinnon et al. 2016, Ouwehand and Both 2016, Cooper et al. 2017), arrival timing
was highly correlated with departure timing in both autumn and spring. This supports the
idea that later departing Black-crowned Night-Herons do not adjust their speed to
compensate for delayed departure.
Wintering at more northern latitudes is associated with early arrival to breeding
areas in some species (e.g. Hötker 2002, Bregnballe et al. 2006). In this study, I found no
evidence that Black-crowned Night-Herons wintering at more northern latitudes arrived
at the breeding grounds earlier. Likewise, there was no relationship between migration
distance and arrival timing to nonbreeding sites. Perhaps individuals wintering at more
southern latitudes depart earlier in spring and catch up to those at northern latitudes,
mediating the effect of distance. Another possibility is differential migration, whereby
individuals of different ages, sex, or body sizes migrate different distances to
nonbreeding locations (reviewed in Cristol et al. 1999). Although not examined in
Ardeidae, differential migration is common among many other bird families. In Savannah
Sparrows (Passerculus sandwichensis), males overwintered further north than females,
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arrived earlier to the breeding grounds, and had earlier hatch dates than those wintering
further south (Woodworth et al. 2016). I did not have an equal sex ratio (n=2 females,
n=15 males) in the dataset necessary to fully examine the common differential migration
hypotheses (early arrival, body size, and social dominance). The two females both
wintered in Florida indicating that there may not be separation by sex in the nonbreeding
distribution.
Stopover events were common, but not ubiquitous, in Ohio night-herons, with
40% stopping at least once in autumn and 60% in spring. A Black-crowned Night-Heron
tracked from Poland to Africa made four stopovers en route from 9 – 20 days in length
(Ledwón and Betleja 2015). Agami Herons also stopped for long lengths (24 – 62 days)
during their post-breeding migrations from French Guiana (Stier et al. 2017). Long
stopovers seem to be less common in other species of wading birds (Ardea purpurea: van
der Winden et al. 2010, Botaurus lentiginosus: Huschle et al. 2013). In our study, there
was no overlap between individuals or years in the locations of stopover events. This lack
of fidelity to specific locations indicates that birds are not utilizing staging areas (areas
with abundant and reliable resources, typically associated in preparation for long,
migratory flights; Warnock 2010), but rather stop in suitable areas as available en route.
Because I recorded only one migration per season for most individuals, I could not
address whether or not migratory strategies were flexible or consistent over time.
However, the one night-heron that was tracked for two autumn migrations did not stop in
either instance providing some evidence that strategies may be consistent. Longer term
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studies would reveal if individual strategies are fixed, or if stopover behavior is related to
certain temporal patterns (e.g. climate, resource availability, or individual condition).
Migratory species generally spend more time on migration in autumn than in fall
(Nilsson et al. 2013). However, in this study, I found that the duration of spring migration
was longer on average than autumn for the six individuals tracked during both
migrations. While this pattern is generally less common, other waterbird species have
been found to follow a similar pattern, and associated studies have identified several
possible explanations. First, there may be individual costs associated with early arrival to
the breeding grounds (White Stork: Ciconia ciconia, Janiszewski et al. 2013). For birds
travelling to northern breeding areas, arriving too early could expose them to inclement
weather and/or freezing temperatures, increasing energetic output and risking mortality.
Lake Erie and its associated marshes usually freeze over during the winter months, and
arriving before ice melt could face night-herons with limited access to foraging areas and
increase starvation risk. Second, seasonal differences in wind conditions could cause
differences in migratory speed leading to discrepancies in migration duration (Lesser
Black-backed Gull: Larus fuscus fuscus, Bustnes et al. 2013, Kranstauber et al. 2015).
Because the difference in migration duration was largely whether or not an individual
stopped over, it is unlikely that wind conditions played an important role here, but for
those individuals that did not stop, there may be differences if wind conditions were more
favorable in autumn. For the two individuals that did not stop during spring and autumn,
migratory speed was higher in autumn. Lastly, capital breeders (i.e. species that store
energy in advance of breeding, buffering the effect of local environmental conditions;
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Jönsson 1997) require energy stores acquired before arrival to breeding areas, often
resulting in longer stopovers in spring (White-fronted Geese: Anser albifrons, Kölzsch et
al. 2016). Capital breeding has been identified in several northerly-breeding species of
waterfowl and shorebirds, although the extent to which endogenous reserves are used
seems to exist on a spectrum (e.g. Morrison and Hobson 2004, Sénéchal et al. 2011). To
my knowledge, the use of endogenous reserves has not been examined in Ardeidae, but
capital breeding does not seem to be a probable strategy since stopover duration was not
significantly longer in spring. I did not find any relationship between autumn and spring
departure or arrival dates suggesting that local conditions (e.g. wind, temperature,
resource availability) are more likely to drive timing of migration between seasons in
Black-crowned Night-Herons than intrinsic factors (e.g. sex, age).
Home range and nonbreeding movements - Home range sizes were variable
within and between individual Black-crowned Night-Herons, and larger than that
reported for other wading birds (Koczur et al. 2018; Table 2.2). Intraspecific variation in
home range size can be linked to many factors both intrinsic (e.g. body size, sex, or age)
and extrinsic (e.g. resource quantity/quality or climate related variables (van Beest et al.
2011). During the nonbreeding period, five of fifteen Black-crowned Night-Herons
relocated to as many as four geographically distinct nonbreeding sites spending a few
weeks to a few months in each location. Until recently, except for a few species, long
distance Neotropical migrants were assumed to remain relatively stationary throughout
the nonbreeding period (Newton 2008). However, tracking studies have revealed that
large scale movements during the nonbreeding period are not uncommon for a growing
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number or passerine species (Stutchbury et al. 2016). In night-herons, relocation
movements ranged from 62 - 902 km and there was no consistency in the direction of
movements. Outside of passerines, nonbreeding movements of similar scale and behavior
have been reported in waterfowl and raptors (King Eiders: Somateria spectabilis, Oppel
et al. 2008; Swainson's Hawk: Buteo swainsoni, Kochert et al. 2011). Water depth,
vegetation composition, and prey availability are the most reliable predictors in
determining where and when wading birds forage (Bancroft et al. 2002, Gawlik 2002).
Therefore, the large-scale movements I observed suggest regional rather than local
changes in water levels or prey availability may drive within-season relocation.
Additionally, the movements coincided with the typical seasonal drying patterns in the
Greater Antilles (Taylor et al. 2002) adding further evidence that the night-herons that
moved Cuba to Florida responded to changes in available foraging habitat. Given recent
climate change, projections indicate increases in temperature and variability in
precipitation in the Caribbean (Biasutti et al. 2012) which could lead to changes in the
seasonal availability of resources and ultimately alter the movement behavior of wading
birds.
Stopover and nonbreeding habitat – Our classification of available habitat types
indicates that Black-crowned Night-Herons occupy different habitats between stopover
and nonbreeding periods. Disturbed landscapes were more commonly found in stopover
areas (47.93%) than nonbreeding home ranges (18.43%). The second most available
habitat type during stopover events was deciduous forest. These forest patches often
included a small wetland, but the total percentage of habitat types associated with water
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was only 10.16% during stopover. Comparatively, within nonbreeding home ranges,
68.01% of landcover was comprised of wetland habitat including woody wetlands,
emergent herbaceous wetlands, and open water. If refueling was critical to complete
migration, I would expect that night-herons would use habitat types and scales similar to
what is available during the nonbreeding season and that individuals would likely
concentrate in a few critical areas. Cultivated crops were present in similar proportions
between stopover areas and nonbreeding home ranges. Very little is known about the
habitats night-herons utilize outside of the breeding season, and further research with
higher resolution locations would allow a more sophisticated analysis of habitat use
during stopover and nonbreeding.
Conclusion – This study represents the first instance of tracking Black-crowned
Night-Herons throughout the full annual cycle. Black-crowned Night-Herons used two
distinct strategies during spring and autumn migration and the timing of migration
exhibited considerable flexibility. Population spread on the nonbreeding grounds was
high, therefore Ohio night-herons may be less vulnerable to negative effects associated
with environmental change. Our results also underscore the benefit of integrating
multiple datasets when sample size may limit inference. Without incorporation of
multiple datasets, the range of movement behaviors and/or the distribution of
nonbreeding locations would have been underrepresented in my analysis. With evidence
from the satellite tracking data, I found that Black-crowned Night-Herons are not among
those species that remain sedentary during the nonbreeding period, rather individuals
move long distances to occupy new home ranges. Expanding tracking efforts to include
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other declining populations is an ideal next step to inform conservation planning and
investigate connectivity throughout the species’ entire vulnerable range.

Figure 2.1. Autumn (left, n = 15) and spring (right, n = 6) migration phenology of
satellite-tagged Black-crowned Night-Herons captured in Ottawa and Erie counties, Ohio
in 2016 and 2017. Black circles represent departure and arrival dates derived from
location data, or when unknown, I used the median date between the collected locations.
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Figure 2.2. Relationships between departure and arrival dates for autumn and spring
migration of satellite-tagged Black-crowned Night-Herons captured in Ottawa and Erie
counties, Ohio in 2016 and 2017. Departure date was correlated with arrival date in both
seasons (p = ≤ 0.001).
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Figure 2.3. Autumn (left, n = 15) and spring (right, n = 6) migration routes of Blackcrowned Night-Herons captured in Ottawa and Erie counties, Ohio in 2016 and 2017.
Routes are estimated by connecting locations filtered using the Douglas Argos filter in
Movebank. Positions of initial autumn and final spring stationary periods as represented
by the center of the BBMM home range are shown by triangles. Differences in autumn
endpoints and spring starting points are due to winter movements.
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Figure 2.4. Seasonal difference in migration duration (a), stopover duration (b), and speed
(c) within individual Black-crowned Night-Herons (n = 6) tested by paired t-tests.
Migration duration was significantly longer in spring (p = 0.02; denoted with *).
Migration speed and stopover duration did not differ between seasons.
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Figure 2.5. Nonbreeding locations of 35 Black-crowned Night-Herons captured in Ohio,
USA. Stars represent transmitter deployment and banding sites (n=5); triangles (n=24)
represent Black-crowned Night-Herons marked with satellite transmitters; squares (n=15)
represent recovery or resightings of banded Black-crowned Night-Herons; circles (n=5)
represent detections of nanotagged Black-crowned Night-Herons at Motus tower
locations.
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Figure 2.6. Intraseasonal nonbreeding movements of Black-crowned Night-Herons
captured in Ottawa and Erie counties, Ohio in 2016 and 2017. Circles represent the center
of BBMM home ranges. Dates represent initial arrival to a nonbreeding location.
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Figure 2.7. Frequencies of top land cover types available to Black-crowned Night-Herons
during autumn and spring stopover and stationary nonbreeding seasons in 2016 - 2018.
Habitat delineation was based on the National Land Cover Database (Homer et al. 2015).
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Table 2.1 Migration characteristics of satellite-tagged Black-crowned Night-Herons captured in Ottawa and Erie counties,
Ohio in 2016 and 2017. Data are missing for individuals where transmitters failed before spring migration or where location
data was truncated before spring migration.
Autumn migration
Spring migration
ID
Sex Departure Arrival Distance Duration Stopover events Stops Speed Departure Arrival Distance Duration Stopover events Stops Speed
57
M
09 Oct 16 22 Oct 16
1710
14
1
8
285
60
M
14 Sep 16 09 Nov 16
804
57
7
38
42
61
M
09 Oct 16 10 Oct 16
1253
2
0
0
627 10 Apr 17 13 Apr 17
1267
4
0
0
317
62
M 11 Nov 16 15 Nov 16
950
5
0
0
190
63
F
14 Sep 16 11 Oct 16
1342
28
2
11
79
64
M 20 Nov 16 27 Nov 16
994
8
0
0
124 15 Jun 17 30 Jun 17
994
16
1
9
142
65
M
08 Oct 16 14 Oct 16
2130
7
0
0
304 01 May 17 16 May 17 1651
16
1
6
165
68
M
11 Sep 16 18 Sep 16
2142
8
0
0
268
69
M
09 Oct 16 15 Nov 16
1537
38
4
23
102
74
M
28 Sep 17 05 Oct 17
1746
8
0
0
218 04 Apr 18 14 Apr 18
1746
11
0
0
159
76
M 08 Nov 17 12 Nov 17
1021
5
0
0
204
79
M
30 Sep 17 05 Nov 17
2894
37
2
24
223 22 Apr 18
80
M
28 Sep 17 02 Oct 17
2245
5
0
0
449 23 Apr 18 12 May 18 1775
20
1
9
161
81
M 17 Nov 17 10 Dec 17
1775
24
2
15
197 13 Apr 18 08 May 18 1830
26
2
14
153
83
F
28 Sep 17 02 Oct 17
1252
5
0
0
250
Means by year
2016
09 Oct 16 26 Oct 16
1385
19
1
8
218
2017
13 Oct 17 26 Oct 17
1714
14
1
7
237 09 May 17 20 May 17 1304
12
1
5
208
2018
15 Apr 18 01 May 18 1784
18
1
8
158
All
1517
17
1
7
226
1544
16
1
6
183
Distance (km), duration (days), stopover events (number of cumulative events), stops (total stopover days), speed (km/day)
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Table 2.2. Brownian bridge home ranges (km2) of Black-crowned Night-Herons during
the nonbreeding period 2016-2018.

ID
57
61
62
64
65a
65b
65c
68a
68b
68c
69
74a
74b
76
79
80a
80b
80c
80d
81a
81b
83

50%
107.89
17.80
120.23
37.69
8.38
381.90
3.53
0.93
149.29
132.58
33.41
3.55
27.56
37.34
30.68
274.93
22.45
113.86
138.21
70.89
62.53
12.34
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95%
599.01
347.61
1342.62
798.75
45.45
1527.63
16.23
4.42
1464.84
969.53
148.29
15.81
106.21
154.82
113.00
1315.15
99.41
483.67
653.07
387.30
190.41
96.09

Table 2.3. Land cover types available to Black-crowned Night-Herons during
autumn/spring stopover (n = 10) and nonbreeding periods (n = 13).
Habitat type
Barren Land (Rock/Sand/Clay)
Cultivated Crops
Deciduous Forest
Developed, High Intensity
Developed, Low Intensity
Developed, Medium Intensity
Developed, Open Space
Emergent Herbaceous Wetlands
Evergreen Forest
Grassland/Herbaceous
Mixed Forest
Open Water
Pasture/Hay
Shrub/Scrub
Woody Wetlands

Stopover percent (%)
0.48
7.08
26.76
0.63
4.29
2.02
7.53
1.40
3.42
1.71
1.60
5.36
33.46
0.88
3.40
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Wintering percent (%)
1.36
6.58
0.38
0.58
3.55
1.78
3.79
18.18
2.82
0.74
0.19
12.58
8.73
1.49
37.25

Chapter 3: Conservation and Management Implications
Animals travel to different areas to complete various aspects of their life cycle,
and for migratory birds these areas can be separated by thousands of kilometers (Newton
2008). Birds can face challenges during any portion of their life cycle, and without
knowledge of each stage, it is difficult to pinpoint factors that may pose challenges to
declining populations (Marra et al. 2015). One taxa, the colonial waterbirds, face unique
threats with 64% of species considered to be of conservation concern globally (Kushlan
et al. 2002). Threats are wide-ranging from anthropogenic disturbance through incidental
bycatch of fisheries operations (Anderson et al. 2011) and debris ingestion (Wilcox et al.
2015) to habitat issues of invasive species (Wyman and Cuthbert 2017) and sea level rise
(Erwin et al. 2011). Identifying limiting factors in the context of the annual cycle is
central to modern avian conservation research. This study involved tracking both juvenile
and adult Black-crowned Night-Herons during different portions of their life cycle and
revealed several interesting findings.
Breeding and post-fledging - First, I measured rates of nest success at West Sister
Island and Turning Point Island in Lake Erie, Ohio. I found that, of the 76 nests we
monitored, 78% of them produced at least one nestling surviving to 25 days old. Rates of
nest failure were higher at Turning Point Island (29%) than West Sister Island (17%).
Predation events were not common in the nests I monitored, but two nests at Turning
Point failed due to raccoon predation. Both events were at night (recorded via trail
cameras), and I did not find raccoons present during daytime nest checks suggesting that
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the raccoon(s) swam from the mainland to Turning Point Island. Black-crowned NightHerons are not likely to re-nest following failure, but re-nesting probability is largely
related to the timing of nesting where re-attempts are more likely earlier in the season
(Nickell 1966, Henny 1972). From 2007-2017, numbers of night-heron nests at Turning
Point ranged from 12-73 (Ohio Department of Natural Resources, unpublished data).
Because the number of nesting pairs at Turning Point Island is fairly low, I suggest
continued monitoring of raccoon abundance and predation of night-heron nests.
Several studies have noted the negative effects of human disturbance in colonial
wading birds (reviewed in Carney and Sydeman 1999) as well as Black-crowned NightHerons specifically (Tremblay and Ellison 1979, Parsons and Burger 1982, FernandezJuricic et al. 2007). When approached, wading bird parents often flush from nests
(Conover and Miller 1978, Anderson and Keith 1980), and high amounts of disturbance
during the egg phase can cause parents to abandon nests (Dusi and Dusi 1968, Tremblay
and Ellison 1979). Juvenile behavior can also be altered through increased vigilance and
anti-predator behaviors (Fernandez-Juricic et al. 2007). On two occasions during nest
monitoring at Turning Point Island, we noted people walking through the colony.
Currently, there is no protection from visitor disturbance on the island. I suggest adding
signage at Turning Point Island in warning of the potential effects on the birds during the
nesting period.
Within wading bird colonies where many species nest together, the vertical
location of nests is related to the body size of the species where nest height increases with
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increasing body size (Burger 1979, Park et al. 2011). I found in this study that Blackcrowned Night-Herons that nested higher were more likely to have nestlings that survived
to fledging age. This is interesting given that Black-crowned Night-Herons are one of the
smallest wading birds that nest on the islands. It is possible that night-herons occupy a
small niche of nest heights where survival is optimized and aggressive interactions and
competition with other species are minimized. At West Sister Island, Shieldcastle and
Martin (1997) documented decline in nest numbers along with the shrinking distribution
of the Black-crowned Night-Heron nesting area from 1992-1997. The western portion of
the island is now managed specifically for night-herons. Habitat restorations began in
1998 with the most recent restoration in 2016, where trees were cut at 4-foot heights in 1acre increments to provide more availability of nesting sites in the lower canopy (Brewer
et al. 2000). The Black-crowned Night-Herons at West Sister occupy these trees 1-2
years post restoration, once they begin to regenerate. Vegetation height seems to regulate
the number of nesting night-herons at West Sister Island, as birds typically do not nest
above 5 m (Shieldcastle and Martin 1997). Habitat restoration efforts may increase the
number of nesting night-herons at West Sister Island, but it will be important to continue
to monitor not only the number of nests, but also the rates of nest success and nestling
survival because these rates could be related to population density. For example, in
studies of Grey Herons (Ardea cinerea) and Great Egrets (Egretta alba), the number of
nestlings surviving to fledge declined as number of nests in the colony increased,
suggesting a density-dependent effect (Miller 2001, Takeshi 2013). Expanding
monitoring efforts to other breeding colonies throughout the Great Lakes where nest
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densities differ may increase our understanding of the nest height, nest density, and
nestling survival relationship.
I found some evidence that survival during the post-fledging period may be biased
towards males. In some cases, differential survival is related to size differences between
males and females where the smaller or larger sex faces greater risks (Anderson et al.
1993, Arroyo 2002). In Black-crowned Night-Herons, males can be larger than females,
but in many cases body measurements and mass overlap between sexes (Pyle 1997).
Additionally, I did not find any differences in growth rates of males and females during
the nestling period. If recruitment is high at the breeding colonies, then the ratio of adult
birds could also be biased. An uneven sex ratio of adult birds can limit population size
when the ratio is male-biased (Donald 2007). Our sample of adult night-herons in this
study was strongly male-biased (n = 15 males, n = 2 females). However, I cannot ignore
the possibility that the sex ratio was related to the capture method (i.e. if males are bolder
than females and more likely to enter the trap area). More research is needed to
understand the potential effects of sex on survival during different stages in both juvenile
and adult night-herons.
Migration - In both spring and autumn, migration strategy was two-fold where
some individuals flew to stationary areas nonstop or with few, short stops while others
spent considerable time at stopover sites en route. Accordingly, individuals differed in
their habitat and energy requirements during migration. Night-Herons frequently
occupied disturbed habitats on stopover. During an autumn stopover, one night-heron
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spent 11 days at a catfish farm in Dallas County, Alabama. Black-crowned Night-Herons
are generalist aquatic predators, and are one of many species that utilize aquaculture
facilities. Aquaculture ponds provide a constant and sometimes easily accessible food
source for wading birds and other aquatic predators. While use of aquaculture facilities
may not be common during stopover or nonbreeding, it is important to note because birds
using these areas may face unique risks. Permits are required by USDA-APHIS and US
Fish and Wildlife Service in order to legally take birds at aquaculture facilities, but
growers are encouraged to employ various techniques to exclude or frighten birds from
ponds (Gorenzel et al. 1994). Some examples of harassment techniques include
pyrotechnics, strobe lights, and broadcasting alarm/distress calls (Gorenzel et al. 1994).
Given that habitat availability seems to differ between stopover and nonbreeding areas,
additional research incorporating higher resolution tracking technology (e.g. GPS/GSM
transmitters) would allow a better understanding of behavior on stopover (e.g. resting
versus refueling) as well as habitat utilization during this period.
Our satellite tracking has confirmed that Black-crowned Night-Herons migrate at
night, and that migration routes traverse the Appalachian Mountains. Wind turbines are
already present in many states spanning the Central Appalachian Mountain region, and
wind farms are likely to increase given the attractive location (Appalachian Regional
Comission 2006). Wildlife mortality from collisions with turbines can be substantial; a
recent study estimates that between 140,000 and 328,000 birds are killed annually in the
US from collisions with turbines (Loss et al. 2013), and the total collisions will likely
increase as more wind farms are created. Wind energy is also expected in expand in the
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Lake Erie area in the near future (U.S. Department of Energy 2017). Most Black-crowned
Night-Herons in Ohio breed at West Sister Island or Turning Point Island, which are both
located off-shore on Lake Erie. At these colonies, Black-crowned Night-Herons nest with
other species of wading birds and some songbirds. West Sister Island is located 13 km
off-shore and night-herons and other waders must travel back to shore in order to forage
and provide food for their young, resulting in much time spent over water. While turbines
may be a larger threat to birds during migration, planned development of wind energy
within Lake Erie could put breeding birds at risk of collision during daily
foraging/provisioning movements as well.
Full annual cycle – One of the ultimate goals of full annual cycle research is to
inform integrated population models for a population or species. While there are many
types of analyses to examine single demographic parameters (e.g. the Mayfield method
for nest success (Mayfield 1961), mark-recapture for survival (White and Burnham 1999,
etc.) the goal of integrated population models is to incorporate multiple datasets in a
single analysis to estimate population rates as well as population trajectory (Schaub and
Abadi 2011). In this study, I provide some key information for building an integrated
population model of the Ohio night-heron population with the measures of nestling and
post-fledging survival. Therefore, the next step towards informing an integrated
population model would be to collect the remaining missing information on juvenile
recruitment as well as adult survival rates during each stage of the annual cycle.
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Appendix A: Chapter 1 Supplementary Materials

Figure A.1. Driving route used to search for nanotagged fledgling Black-crowned NightHerons in Lake Erie, Ohio from June to November in 2016 and 2017.
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Figure A.2. Example flight path used to search for nanotagged fledgling Black-crowned
Night-Herons in Lake Erie, Ohio from June to November in 2016 and 2017.
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Table A.1. Mass, wing, culmen, and tarsus daily growth rates (mean ± SD) for Blackcrowned Night-Heron chicks by rank in brood from Lake Erie, Ohio, in 2016 and 2017.
Chick rank
A
B
C
D

n
16
5
16
4
13
3
4
1

Year
2016
2017
2016
2017
2016
2017
2016
2017

Mass (g/day)
35.48 ± 11.20
38.38 ± 6.98
36.03 ± 1.21
23.60 ± 0.93
30.89 ± 0.45
15.16 ± 0.63
25.54 ± 1.04
27.82

Wing (mm/day)
9.06 ± 11.76
9.34 ± 23.30
9.26 ± 1.96
8.61 ± 0.81
7.30 ± 0.53
6.08 ± 0.94
6.63 ± 0.61
5.27
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Culmen (mm/day) Tarsus (mm/day)
2.10 ± 11.57
3.20 ± 17.78
2.25 ± 23.10
3.34 ± 0.99
2.27 ± 2.84
3.50 ± 2.64
1.83 ± 3.81
3.03 ± 1.21
2.56 ± 0.78
3.51 ± 0.57
1.80 ± 0.42
2.38 ± 0.85
2.20 ± 1.13
3.24 ± 0.98
2.13
2.82

