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ABSTRACT: As the effects of climate change become more pronounced, variation in the direction
and magnitude of shifts in species occurrence in space and time may disrupt interspecific inter-
actions in ecological communities. In this study, we examined how the fall and winter ichthyo-
plankton community in the Newport River Estuary located inshore of Pamlico Sound in the south-
eastern United States has responded to environmental variability over the last 27 yr. We relate the
timing of estuarine ingress of 10 larval fish species to changes in sea surface temperature (SST),
the Atlantic Multidecadal Oscillation, the North Atlantic Oscillation, wind strength and pheno-
logy, and tidal height. We also examined whether any species exhibited trends in ingress pheno-
logy over the last 3 decades. Species varied in the magnitude of their responses to all of the envi-
ronmental variables studied, but most shared a common direction of change. SST and northerly
wind strength had the largest impact on estuarine ingress phenology, with most species ingress-
ing earlier during warm years and delaying ingress during years with strong northerly winds. As
SST warms in the coming decades, the average date of ingress of some species (Atlantic croaker
Micropogonias undulatus, summer flounder Paralichthys dentatus, pinfish Lagodon rhomboides)
is projected to advance on the order of weeks to months, assuming temperatures do not exceed a
threshold at which species can no longer respond through changes in phenology. These shifts in
ingress could affect larval survival and growth since environmental conditions in the estuarine
and pelagic nursery habitats of fishes also vary seasonally.
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1. INTRODUCTION

Many organisms rely on their environment to sig-
nal the seasonal timing of life history events, which is
referred to as phenology. Examples of phenological
events include metamorphosis, migration, and repro-
duction (Visser & Both 2005). Seasonal temperature
change is one of the most common environmental
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drivers of phenology across taxa; interannual varia-
tions in temperature have been linked to the timing
of bird and butterfly migrations, bird nesting, plant
flowering, and frog breeding (Parmesan & Yohe
2003, Thackeray et al. 2016, Cohen et al. 2018). Tem-
perature, water column stratification, and upwelling
have been correlated with changes in marine fish
reproductive phenology in the North Sea, California
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Current, and Bay of Biscay (Edwards & Richardson
2004, Greve et al. 2005, Genner et al. 2010, Pank-
hurst & Munday 2011, Asch 2015, Chevillot et al.
2017). The timing of reproduction and subsequent
transport of fish offspring have been hypothesized to
be linked to recruitment success in several fish taxa,
emphasizing the importance of fish reproductive
phenology (Cushing 1990, Durant et al. 2007). Since
sea surface temperature (SST) has risen globally at a
mean rate of 0.13°C decade™ and this rate is ex-
pected to increase in coming decades (IPCC 2014), it
is important to continue studying how changes may
affect the phenology of fish reproduction and larval
transport.

The ability to study the relationship between phe-
nology and environmental conditions is limited by
historical baseline knowledge (Visser & Both 2005).
In the case of fish reproduction, long-term time series
of ichthyoplankton abundance and occurrence best
display how reproductive phenology has varied over
time (Koslow & Wright 2016). The longest-running
continuous time series of ichthyoplankton collections
on the US east coast is located in Beaufort Inlet,
North Carolina, near the seaward edge of the New-
port River Estuary (Ortner et al. 1999). Since 1986,
the NOAA Beaufort Inlet Ichthyoplankton Sam-

pling Program, which is referred to as the Bridgenet
Program, has collected winter-spawned larvae from
Beaufort Inlet en route to their estuarine nursery
habitat. This time series offers insight into the inter-
annual variation of ichthyoplankton phenology as
larval fishes enter estuarine nursery habitat and
insights into the environmental drivers influencing
this interannual variability.

The southern-facing Beaufort Inlet is located in
Onslow Bay, an embayment near the northern
extreme of the southeastern US continental shelf
(Epifanio & Garvine 2001; Fig. 1). During fall and
winter, larvae spawned across Onslow Bay ingress
into Beaufort Inlet while traveling to the nursery
habitats of the Newport and Pamlico River estuaries
(Fig. 1). Though the exact spawning areas of most
species collected by Bridgenet are unknown, many
of the region's and Onslow Bay's climatic and
oceanographic processes thought to be responsible
for larval transport were explored as a part of
NOAA's South Atlantic Bight Recruitment Experi-
ment (SABRE). SABRE examined temporal patterns
in ichthyoplankton abundance, age, and size (Hettler
& Chester 1990, Warlen & Burke 1990); comparisons
of Beaufort's ichthyoplankton community to nearby
inlets (Hettler & Barker 1993); daily variability in
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Fig. 1. Study site. (A) Purple and blue boxes indicate areas of Optimum Interpolation Sea Surface Temperature and Blended

Sea Winds observations, respectively. The red circle indicates Beaufort Inlet, which is magnified in (B). The embayment to the

south of Beaufort Inlet is Onslow Bay. (B) Grey areas represent land, while white regions are coastal and estuarine waters.

Beaufort Inlet (green star) and the 4 major channels branching from the inlet (1: Bulkhead Channel; 2: Morehead City Chan-

nel; 3: Bird Shoal Channel; 4: Shackleford Channel) are pictured. The orange star indicates the location of weekly Bridgenet

sampling from November to April. The red star indicates NOAA's National Data Buoy Center Station BFTN7, from which local
wind and tide data were obtained
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larval fish ingress (Hettler et al. 1997, Forward et al.
1999a, Joyeux 1999); and the implications of inlet
and continental shelf flow dynamics on larval fish
transport (Hettler & Hare 1998, Churchill et al.
1999a,b, Forward et al. 1999a, Hare et al. 1999, Quin-
lan et al. 1999, Rice et al. 1999, Werner et al. 1999).
Variations in transport processes may contribute just
as greatly as temperature to interannual variation
in ingress phenology, but transport has not been
thoroughly or quantitatively explored in previous
research on environmental factors that influence
variations in larval fish phenology (Edwards &
Richardson 2004, Greve et al. 2005, Genner et al.
2010, Asch 2015, Chevillot et al. 2017), although Par-
rish et al. (1981) and Doyle et al. (2019) provide a
conceptual analysis of how these processes may
influence larval fish phenology. Changes in circula-
tion can also lead to changes in local temperature,
so these 2 factors influencing fish phenology could
potentially interact with each other.

Conceptually, the process of estuarine ingress by
larval fish spawned offshore can be divided into 3
stages: (1) transport from offshore to nearshore habi-
tats, (2) alongshore transport until larvae reach the
mouth of an estuary, and (3) transport through the
estuary mouth towards habitat to be used by juvenile
fishes upon settlement (Boehlert & Mundy 1988, Het-
tler & Hare 1998). At each stage, a different suite of
physical variables can influence the phenology of
larval ingress. During the first phase, transport can
be influenced by wind-driven currents and eddies
(Boehlert & Mundy 1988). Offshore temperatures can
also affect this process by accelerating development
(Houde 1989, Meekan et al. 2003, Laurel et al. 2008),
thus controlling when larvae begin displaying be-
havioral responses that will influence transport.
Nearshore wind-driven currents will exert a contin-
ued influence on transport during phase 2 as the lar-
vae seek out the entrance to an estuary. Tidal fluxes
can have a large influence on the third stage of
ingress when larvae are transported from an estuar-
ine inlet to settlement habitat (Boehlert & Mundy
1988). Here, we examine the full suite of processes
that may influence the phenology of larval ingress in
Beaufort, North Carolina.

We used 27 yr of the Bridgenet time series to inves-
tigate historical variability and trends in ichthyo-
plankton ingress phenology through Beaufort Inlet.
The beginning, peak, end, and duration of larval
ingress through the inlet were examined for 10 spe-
cies both individually (species by species) and as a
community. We then examined the relationship
between variability in larval ingress phenology and

environmental variables hypothesized to influence
fish reproduction in Onslow Bay and larval transport
into Beaufort Inlet. Relationships between ingress
phenology and SST, winds across Onslow Bay, winds
local to Beaufort Inlet, tidal strength, the Atlantic
Multidecadal Oscillation (AMO), and the North
Atlantic Oscillation (NAO) were examined. These
factors were selected because they are highly vari-
able from year to year, accounted for in long-term
datasets, and susceptible to shifts as the climate
changes (Saba et al. 2016, Yuan et al. 2017) and have
been shown to influence fish phenology, distribution,
abundance, or recruitment locally or in other regions
(Churchill et al. 1999a, Taylor et al. 2010, Nye et al.
2014, Asch 2015, Morley et al. 2016, Roberts et al.
2019). Lastly, we assessed which of these variables
were responsible for the long-term trends in ingress
phenology that we detected.

2. MATERIALS AND METHODS
2.1. Bridgenet sampling design

NOAA has collected ichthyoplankton samples
from Pivers Island Bridge since 1986 as part of the
Bridgenet program (Fig. 1). These samples were
taken from a 40 m wide channel located 3.5 km up-
stream of the inlet. Larvae were collected with a
2 m? rectangular plankton net with 1 mm stretch
mesh equipped with an analog (pre-1998, 2016-
present) or digital (1998-2016) flowmeter. While the
mesh size used here is larger than in some other
studies of larval fish dynamics (e.g. Asch 2015,
Walsh et al. 2015), previous research at our study
site indicates that selectivity of larval fishes was
similar among nets with mesh sizes of 333, 505, and
1000 pm (Forward et al. 1999a). This net was at-
tached to the Pivers Island Bridge where the aver-
age tidal current velocity at the time of sampling
was 34.0 + 11.5 cm s™' (mean + SD). All samples
were collected just below the water's surface during
nighttime flood tides, approximately 2.5 h before
the predicted high tide. Since most larval fishes in
this area engage in selective tidal stream transport
(Forward et al. 1999a), near-surface samples during
flood tides are likely to be representative of most
species in this assemblage. Three (1986-1988) or 4
(1988—present) replicate tows were conducted dur-
ing each sampling event, which occurred weekly
from October/November to April/May. Samples
were preserved in 95% ethanol and enumerated to
species either at the NOAA Beaufort Laboratory
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(pre-2001) or the Sea Fisheries Institute's Plankton
Sorting and Identification Center in Gdynia, Poland
(2001-present). We examined samples collected
between fall 1986 and spring 2013. Note that hence-
forth sampling season, season, and year refer to the
year sampling ended (i.e. the season 1987 was from
November 1986 to April 1987).

While the Bridgenet site is located 3.5 km shore-
ward of Beaufort Inlet, previous research showed
that larval fish concentrations at this site are corre-
lated with concentrations sampled immediately out-
side the inlet (Hettler & Hare 1998). Based on typical
current velocities near the inlet (Churchill et al.
1999a,b), larval fishes would be transported between
the inlet and the sampling site within 1 to 2 flood tide
cycles. Also, the 4 channels that transport larvae
from the Beaufort Inlet to estuarine habitat have sim-
ilar species composition of fishes but show variations
in the overall abundance of larvae (Forward et al.
1999a). As a result, this site is considered a good
proxy for measuring relative larval ingress into
Beaufort Inlet.

2.2. Phenology metrics

The cumulative catch of each species was plotted
throughout each week of a sampling season. A loess
smoothed average function (span = 0.75, degrees = 2)
was fitted to these plots. This function was used to
calculate the date when 15, 50, and 85 % of individu-
als were captured in a given season. These dates
were referred to as the beginning, peak, and end of
each species’' ingress season, respectively. These
metrics are preferred to the actual first and last
occurrence of a given species, since first and last
occurrence can vary greatly with sampling effort
(Edwards & Richardson 2004, Greve et al. 2005, Bat-
ten & Mackas 2009, Mackas et al. 2012). Phenology
metrics based on loess smoothed data were used
rather than each metric's raw date of occurrence to
account for the effect of Bridgenet's weekly sampling
frequency, which could affect when these catch
thresholds were reached. Ingress duration was
defined as the difference (in days) between the 85
and 15 % metrics.

Bridgenet usually captured the entire period of the
selected species' ingress, but there were exceptions.
The beginning and end metrics were excluded if they
occurred within 2 wk of the start or end date of a sam-
pling season, indicating that the Bridgenet season
might not have captured the entirety of the ingress
period. If either the beginning or end metric was re-

moved in a given season, then that season's peak and
duration metrics were also removed. Entire seasons
were excluded when species were captured on
<13 wk of the sampling season, since such seasons
did not typically show a distinct seasonal pattern of
ingress. Peak ingress metrics were removed for years
that displayed bimodal ingress. A quantitative, but
heuristic, definition of bimodality based on Asch
(2013, 2015) was used. See Table S1 in the Supple-
ment at www.int-res.com/articles/suppl/m650p269_
supp.pdf for metrics removed for each species.

Species were selected for inclusion in this study
based on whether (1) they were consistently and ac-
curately identified to species level; (2) the Bridgenet
sampling season captured their entire ingress season
for >10 yr based on the above criteria; and (3) they were
abundant enough in samples to demonstrate a clear
beginning, peak, and end of ingress. Of the ~150 taxa
collected by Bridgenet, 10 species met these criteria:
American eel Anguilla rostrata, Atlantic menhaden
Brevoortia tyrannus, pinfish Lagodon rhomboides,
spot Leiostomus xanthurus, Atlantic croaker Micro-
pogonias undulatus, striped mullet Mugil cephalus,
speckled worm eel Myrophis punctatus, Gulf
flounder Paralichthys albigutta, summer flounder P.
dentatus, and southern flounder P. lethostigma
(Table S2).

2.3. Environmental variables
2.3.1. SST

Spatially averaged SST across Onslow Bay
(32.125°-35.125° N, 75.375°-78.125° W) was obtained
from NOAA's Optimum Interpolation Sea Surface
Temperature (OISST; www.ncdc.noaa.gov/oisst/data-
access) database (Fig. 1). SST anomalies during the
month of each species’ mean beginning of ingress
and the month prior were used in statistical models of
ingress phenology. SST for species-specific spawning
grounds was not used, because the spawning location
of many of these fishes is not fully known (Able &
Fahay 2010). However, the monthly SST anomalies
from OISST were highly correlated with anomalies
from 7 weather stations and buoys across the south-
eastern USA and were moderately correlated with air
temperature anomalies at Cape Lookout, North Car-
olina (Thaxton 2019). This analysis and that of Joyce
(2002) both suggested that SST changed in a uniform
manner across the region, implying that the SST data
used should capture temperature variability across
spawning grounds.
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2.3.2. Offshore wind

Wind vectors were obtained from NOAA's
Blended Sea Winds database (https://www.ncdc.
noaa.gov/data-access/marineocean-data/blended-
global) and were averaged across Onslow Bay
(32.25°-35.35° N, 75.25°-78.0°W; Fig. 1). Research-
quality data from Sea Winds was only available for
the years 1987 to 2011, so data from the Cape Look-
out weather station (National Buoy Data Center
[NBDC] station CLKN7) were used during 1986 and
2011 to 2013. Monthly average north and east wind
vectors from Sea Winds, NBDC weather stations
(BFTN7 and CLKN7), and 5 NBDC buoys (41025,
41037, 41013, 41004, and 41008) across the south-
eastern USA were highly correlated (Thaxton 2019).
This suggested that the seasonal and interannual
wind patterns were relatively uniform across the
region and that winds from Cape Lookout were a
reasonable proxy for the missing years from Sea
Winds.

Along the southeastern USA, winds blow predomi-
nantly to the north in the spring and summer, then
blow towards the south during the fall and winter
(Fig. S1). Wind-driven currents have been hypothe-
sized to be the main transport mechanism for larval
advection. Due to Ekman transport, winds to the
southwest drive surface and mid-depth water to the
northwest, which could funnel ichthyoplankton into
southern-facing inlets along the coast of our study
region (Luettich et al. 1999, Quinlan et al. 1999,
Werner et al. 1999). Therefore, the timing of the shift
from spring/summer southerly (northward) winds to
fall/winter northerly (southward) winds could be a
driver of ichthyoplankton phenology along coastal
estuaries, with an earlier shift in winds leading to an
earlier entrance of larvae into Beaufort Inlet. Simi-
larly, the time at which winds shift to blowing to the
southeast may be related to the end of ingress, since
this wind direction results in currents moving off-
shore from the inlet.

To determine the timing of these shifts, we plotted
each season's cumulative offshore wind stress to the
northwest from July 1 to June 30 of each year and fit-
ted a loess function to this relationship (span = 0.75,
degrees = 2; Fig. S2). The date at which the cumu-
lative northwest wind stress began to decrease (the
maximum of the loess function) corresponded to
winds moving counterclockwise past the southwest
direction, which was associated with Ekman trans-
port toward the estuary. The southwest wind pheno-
logy was hypothesized to relate to the beginning,
peak, and duration of ichthyoplankton ingress. A

similar analysis was repeated examining cumulative
southeast wind stress, which is associated with
Ekman transport away from the mouth of the estuary.
The southeast wind phenology was hypothesized to
relate to the end and duration of ichthyoplankton
ingress.

2.3.3. Nearshore northerly wind strength

Nearshore winds local to Beaufort Inlet may influ-
ence inter-weekly tidal stream strength, thus affect-
ing the timing of when larvae entered Beaufort Inlet.
Nearshore wind vectors were obtained from the
NBDC CLKN7 weather station at Cape Lookout.
Winds near Beaufort, North Carolina, typically blow
to the south during the Bridgenet sampling season.
Modeling has shown that these northerly (southward)
winds may hinder particle ingress through the inlet
(Luettich et al. 1999, Logan et al. 2000). To determine
its effect on ingress phenology, we averaged daily
northerly wind stress for the month of and month
prior to each species’ mean date of beginning, peak,
and end of ingress (Table S2a) and used these wind
strengths in statistical models of the respective phe-
nology metrics.

2.3.4. Tidal height

Like wind, sea level may indirectly drive ichthyo-
plankton ingress patterns through its effect on tidal
stream strength (Churchill et al. 1999b). Whereas
nearshore wind on a given night may affect tidal
stream strength in the short term, variations in sea
level may influence cumulative tidal stream strength
on a seasonal to interannual basis. Tide level was
obtained from the buoy NBDC BFTN7 at the Duke
Marine Lab. We calculated cumulative maximum
daily tidal height for the 2 mo prior to each species’
mean date of beginning, peak, and end of ingress
(Table S2a). Tidal height metrics were used in mod-
els of the respective ingress phenology metrics.
Cumulative tidal height from October to May was
used to model ingress duration.

2.3.5. AMO and NAO

The AMO index was obtained from the National
Center for Atmospheric Research (Trenberth & Shea
2006; https://climatedataguide.ucar.edu/climate-data/
atlantic-multi-decadal-oscillation-amo), while the NAO
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index was obtained from the NOAA National Weather
Service Climate Prediction Center (https://www.cpc.
ncep.noaa.gov/products/precip/CWIlink/pna/
nao.shtml). These modes of climate variability affect
water temperatures and wind stress across the region,
with positive phases corresponding to warmer tem-
peratures (Hurrell et al. 2003, Visbeck et al. 2003,
Knight et al. 2006). The NAO is variable on monthly to
decadal scales (Hurrell et al. 2003) and associated with
temperature fluctuations on the order of 0.3 to 0.7°C
around the region (Visbeck et al. 2003), whereas the
periodicity of the AMO is on the order of decades and
associated with temperature fluctuations of ~0.5°C
(Knudsen et al. 2011). Both the NAO and AMO were
correlated with variations in the abundance and com-
position of the larval fish community in Roanoke
River, North Carolina (McCulloch 2017), and could
influence fish phenology throughout the southeastern
USA. The value of including these basin-scale indices
is that they integrate temperature and wind stress ef-
fects across a larger area, which can be important in
cases where the exact spawning location and trajec-
tory of larval dispersal are unknown. In other ecosys-
tems, basin-scale climate indices have been shown at
times to explain more variance in larval fish concen-
tration and diversity than local environmental vari-
ables (Auth et al. 2011). Winter (December—February)
averages of the monthly unsmoothed, detrended
Hadley AMO and monthly NAO indices were used in
statistical models of all ingress metrics.

While river flow can influence the reproductive
phenology of anadromous fishes (Anderson & Beer
2009, Peer & Miller 2014), we did not include this
indicator in our analysis because tidal circulation and
winds play a larger role affecting larval fish ingress
in our study system than freshwater input, especially
in the eastern and central sectors of the Newport
River estuary where our study site is located
(Churchill et al. 1999b).

2.4. Phenology changes over time

Temporal changes in the 4 phenological metrics
were assessed for individual species and the commu-
nity as a whole. Linear regression between species
phenology and year was used to calculate trends in
phenology and the associated uncertainty in trends.
Due to large differences in the mean date of ingress
for each of the species, community analyses of phe-
nological trends were performed using anomalies in
the time series of ingress phenology for each species.
The 4 phenological metrics of each species were ana-

lyzed for temporal autocorrelations at lags of 1 to 5 yr.
Approximately 5% of these 200 autocorrelation tests
were significant at a significance threshold of p <
0.05, which is the amount expected to be significant
based solely on spurious results associated with mul-
tiple testing. There was no pattern across the species,
phenology metrics, or time lags in which significance
of autocorrelation tests was more likely to occur.
Therefore, autocorrelation was not considered fur-
ther in subsequent analyses.

2.5. Environmental influences on interannual
variations in phenology

We used both a regression-based approach and
principal component analysis (PCA) to examine the
influence of oceanic variables on ichthyoplankton
phenology. This dual approach was applied because
oceanic variables often exhibit collinearity with each
other, which can be accounted for through the PCA
since each principal component (PC) is independent
of other PCs (Quinn & Keough 2002).

Multiple regression was used to test for relation-
ships between ingress phenology and SST, offshore
wind shifts to the southwest and southeast, nearshore
northerly wind strength, tidal height, AMO, and
NAO. Separate regressions were calculated for each
of the 4 phenology metrics of the 10 species of inter-
est, for a total of 40 species-level analyses. Commu-
nity relationships were initially analyzed with mixed
effects modeling in which species were included as a
random effect and oceanic variables as fixed effects.
In an initial analysis, interspecific difference in phe-
nology explained significantly more variance in each
of the models than environmental effects. This was
due primarily to large differences in the mean date of
ingress for each species. To better highlight the
environmental effects, the final community analyses
were performed using anomalies in the time series of
ingress phenology for each species.

Environmental variables that resulted in the most
parsimonious model of each species’ and the commu-
nity's phenology were chosen by a reverse-stepwise
process in which the Akaike's information criterion
(AIC) was minimized. Model fit was assessed by
p value, AIC, and r? comparisons (Nakagawa & Schiel-
zeth 2013). Effect size, SE, and univariate significance
were calculated for each environmental variable in-
cluded in models. Partial regression plots were used
to visualize multivariate models. These plots show
the partial regression of an individual environmental
variable included in a multivariate model plotted
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against phenology, after accounting for the variabil-
ity attributed to the other variables in the model.

In complementary analyses, PCA and PC regres-
sion were used to assess correlations between envi-
ronmental variables, reduce the dimensionality of
the environmental data matrix, and test for relation-
ships between ingress phenology and combinations
of environmental variables. To standardize across
different scales and units of the variables, a correla-
tion matrix of the environmental variables was used
as the basis of the PCA. Four separate PCAs were
performed since each phenology metric used a dif-
ferent range of months for wind and tidal variables
(November—February for beginning of ingress;
January—April for peak ingress; February—May for
end of ingress; October—May for duration of ingress).
These ranges were chosen because they coincide as
closely as possible with the timing of phenological
events for all 10 species. The SD and percent of vari-
ance explained by each PC were calculated along
with the correlations between PCs and the 7 original
environmental variables. The first 2 PCs were in-
cluded as terms in multiple regressions of ingress
phenology. Separate multiple linear regressions
were calculated for the 4 phenological metrics of the
10 species of interest for a total of 40 species-level
analyses. Community relationships were analyzed
similarly but with anomalies in the ingress phenol-
ogy for each species. Model fit was assessed in the
same way as described above.

2.6. Environmental influences on
phenology trends

We analyzed which environmental variables influ-
enced multidecadal trends in the beginning of spe-
cies' ingress. We focused solely on the start of ingress
for this analysis because fewer multidecadal trends
were seen among other phenology metrics (Fig. 2).
Linear regressions were used to estimate the magni-
tude and direction of the temporal trend in start of
ingress phenology predicted by the best model for
each species. This process was repeated after drop-
ping individual environmental variables from the
model for each species. The observed phenology
trend, selected model trend, and predicted trends
from models with some variables removed were
compared to determine which environmental vari-
ables exerted the greatest directional influence on
trends in phenology.

All analyses were conducted in R v3.3.3 (R Devel-
opment Core Team 2013).

3. RESULTS

3.1. Historic variation and trends in larval fish
ingress phenology

Based on the results of the community analysis of
phenology trends, the ichthyoplankton community
of Beaufort Inlet advanced the beginning of its
arrival to estuarine habitat on average by 3 wk over
the past 27 yr, with the peak of larval ingress occur-
ring 2 wk earlier (Table 1). However, there is no
evidence that the end of larval fish ingress has
shifted, which has resulted in an increase in ingress
duration by ~1 wk decade!. Although species var-
ied in the magnitude and significance of their sea-
sonal shifts in ingress, most showed similarities in
the direction of shifts (Fig. 2, Table S3). The begin-
ning of ingress became earlier among all species,
with the exception of Anguilla rostrata; the peak
advanced in all species but Micropogonias undula-
tus; and ingress duration lengthened in all species
but Lagodon rhomboides. However, there was no
common trend in the direction of shifts in the end
of species' ingress. Some species shifts in ingress
were particularly drastic (Table S3). Mugil cephalus
(-1.5dyr Y p 0.051), Myrophis punctatus (-1.4 d yr};
p = 0.003), M. undulatus (-0.9 d yr‘l; p = 0.054), and
Paralichthys albigutta (-1.3 d yr'; p = 0.016) all had
significant advances in their arrival to the inlet. The
peak ingress of Brevoortia tyrannus (1.2 d yr'}; p =
0.030) has also significantly advanced, and the
ingress duration has lengthened in M. cephalus
(2.8 d yr'}; p=0.002) and P. albigutta (1.7 d yr'%; p =
0.020). No significant changes were seen among
any species for the end of ingress.

3.2. Environmental influences on interannual
variations in community phenology

Relationships between phenology and environ-
mental variables were examined at the community
level using PCA, PC regression, and multiple linear
regression. Both PC regression and linear regression
revealed significant relationships between ichthyo-
plankton ingress and the environment.

The first 2 PCs calculated for the environmental
datasets associated with each of the 4 phenology
metrics were very similar. In all 4 PCAs, PC1 cap-
tured 32.1 to 33.0% of the environmental vari-
ance, and PC2 captured 25.8 to 31.1% (Table S4,
Fig. 3). PC1 was negatively associated with SST
and the AMO and positively associated with the
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Fig. 2. Temporal change in ingress phenology. Species are shown by colored lines and the community by a solid black line.
Grey shading shows +1 SE around the community's temporal trend. For species, dashed and solid lines indicate insignificant
and significant trends, respectively. (A-D) Beginning, peak, end, and duration of larval ingress phenology, respectively. Full
species names are Anguilla rostrata, Brevoortia tyrannus, Lagodon rhomboides, Leiostomus xanthurus, Mugil cephalus,
Myrophis punctatus, Micropogonias undulatus, Paralichthys albigutta, Paralichthys dentatus, and Paralichthys lethostigma

Table 1. Linear mixed models of community changes in larval fish ingress phenology over time. R% variance explained by the
model; AAIC,,;: difference between each full and null model; p: significance of the year term in each model

Model R? AAIC df Intercept Trend + SE )
() (dyr?)

Start anomaly ~ Year + (1ISpecies) 0.0894 17.5 205 1482.2 -0.74 + 0.16 <0.0001

Peak anomaly ~ Year + (1ISpecies) 0.0291 3.6 188 759.8 -0.38 £0.16 0.019

End anomaly ~ Year + (1ISpecies) 0.0050 -0.9 217 282.1 -0.14 £ 0.13 0.296

Duration anomaly ~ Year + (1ISpecies) 0.0563 9.0 188 -1301.7 0.65 +0.19 0.001

NAO. PC2 was positively associated with the tim-
ing of when offshore wind shifted to the southeast,
northerly wind strength near Beaufort Inlet, and
cumulative tide height (Table S4, Fig. 3). PCs 1

and 2 explained a significant amount of variability
in beginning of ingress phenology and the duration
of ingress for the ichthyoplankton community.
PC1 was associated with an advance in beginning
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Fig. 3. Biplots of principal components (PCs) 1 and 2 of environmental variables associated with each phenology metric. Vector
sizes and directions show the weight of each environmental variable in the 2 PCs, with longer vectors indicating greater influ-
ence of a particular environmental variable on a PC. PC1 was typically associated with sea surface temperature anomalies
(Tm.A) and the Atlantic Multidecadal Oscillation (AMO) and North Atlantic Oscillation (NAO) indices. PC2 was typically
associated with the timing of wind shifts to the southeast (OW.SE), southward wind strength near Beaufort Inlet (LW.S), and
cumulative tide height. The angle between vectors relates to the correlation between environmental variables. Angles
approaching 0° indicate strong positive correlations, angles approaching 180° indicate strong negative correlations, and
angles approaching 90° indicate no correlation. (A-D) Beginning, peak, end, and duration of larval ingress phenology, respec-
tively. OW.SW: offshore wind shift to the southwest

of ingress phenology and increases in the duration
of ingress (Table 2). PC2 was associated with a
delay in beginning of ingress phenology and a
shorter duration of ingress (Table 2). No PC ex-
plained a significant amount of variability in peak
or end of ingress phenology.

Multiple regression using environmental vari-
ables provided further insight into how each
variable was related to phenology. Environmental
factors included in the best community model for
each phenology metric are plotted in Fig. 4. Inter-

annual variation in the initial arrival of the fall/
winter ichthyoplankton community to Beaufort Inlet
was best explained by southward wind strength
and the winter AMO and NAO indices (Table 2).
Stronger southward winds were related to a delay
in ingress by 6.1 + 1.8 d (m s™!)"! (mean = SE) of
the change in mean wind strength during the
ingress season. Positive values of the AMO and
NAO were correlated with earlier ichthyoplank-
ton ingress at rates of -17.6 + 8.9 d AMO™! and
-4.7 + 1.9 d NAO™L.
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Table 2. Linear mixed models and principal component (PC) regressions of environmental effects on community changes in

larval fish ingress phenology. p: significance of the specified model; R% variance explained by the model; AAIC,,: difference

between each metric's specified and null model. Effect size and SE are given for terms included in each metric's specified

model. LW: strength of southward winds local to the inlet (d (m s™)~!); AMO: Atlantic Multidecadal Oscillation (d AMO™);

NAO: North Atlantic Oscillation (d NAO™); SST: sea surface temperature (d °C™!); Tide: tide height (d m~'); OWSE: phenology
of offshore winds to the southeast (d per wind day)

Model P R? AAIC, df Term Trend = SE
Start anomaly ~ LW + AMO + NAO <0.0001 0.103 16.5 203 Lw 6.14 £ 1.75
AMO -17.55+8.91
NAO -4.74 + 1.89
Start anomaly ~ PC1 + PC2 <0.005 0.0494 6.6 204 PC1 -2.22 +0.90
PC2 1.87 £ 0.95
Peak anomaly ~ SST + LW+ AMO + NAO + Tide <0.0001 0.138 18.2 184 SST -5.90 + 1.73
Lw 3.16 + 1.40
AMO —27.47 + 8.66
NAO -3.60 + 1.92
Tide 0.47 + 0.34
Peak anomaly ~ PC1 + PC2 0.363 0.0106 -2.0 187 PC1 -0.51 + 0.88
PC2 1.15+0.92
End anomaly ~ SST + OWSE + AMO + NAO <0.0001 0.11 17.5 214 SST -6.11 + 1.51
OWSE 0.06 + 0.02
AMO -11.18 +7.03
NAO -6.11 +1.51
End anomaly ~ PC1 + PC2 0.200 0.0145 -0.8 216 PC1 0.71 + 0.71
PC2 1.15 £ 0.76
Duration anomaly ~ SST + NAO + Tide <0.01 0.0621 6.2 186 SST -525+2.14
NAO 4.05 +£2.50
Tide 0.39 +0.15

Duration anomaly ~ PC1 + PC2

0.011 0.0459 5.0 187 PC1 3.06 + 1.06
PC2 -0.72 + 1.11

SST, southward wind strength, AMO, NAO, and
tidal height best explained community variability in
peak ingress phenology (Table 2). Greater tidal
heights were correlated with delays in peak ingress
by 0.5 + 0.3 d m™! of cumulative high tide height.
Stronger southward winds were related to delayed
peak ingress by 3.2 = 1.4 d (m s7')~! of the change in
wind strength. Increases in SST and the AMO and
NAO were correlated with earlier peak ingress phe-
nology, with effect sizes of -5.9 + 1.7 d °oC!, —27.5
8.7d AMO™, and -3.6 + 1.9 d NAO™, respectively.

Community variability in end of ingress phenology
was best explained by SST, offshore wind phenology
to the southeast, and the AMO and NAO indices
(Table 2). Offshore winds to the southeast were corre-
lated with delays in ingress end by 0.06 + 0.02 d per
wind day. Warmer SST and positive values of the AMO
and NAO were associated with advances in phenology
for the end of ingress metric by 6.1 + 1.5d °C™}, 11.2 +
7.0d AMO™, and 3.1 + 1.6 d NAO™, respectively.

Lastly, the duration of ichthyoplankton community
ingress was best explained by SST, NAO, and tidal
height (Table 2). Warmer SST was related to short-

ened duration by 5.3 + 2.1 d °C™!. Increases in NAO
and tidal height were correlated with increased
ingress duration by 4.1 + 2.5 d NAO'and 0.4 +0.2d
m™! of tide height.

3.3. Environmental influences on interannual
variations in species ingress phenology

The environmental factors included in each species-
level model are shown in a box and whisker plot
(Fig. 5) and partial regression plots (Fig. S3). Statis-
tics for each species-level model can be found in
Table S5. In some cases, the selected model with the
lowest AIC differed between the null model by less
than 2, making it difficult to determine if the environ-
mental model was truly an improvement over the
null model (Burnham & Anderson 2002). Examples of
this can be seen in Table S5.

Environmental factors outperformed a null model
of start of ingress phenology for all species but M.
undulatus, as determined by the AIC. Offshore wind
phenology to the southwest, nearshore southward
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wind strength, AMO, NAO, and tidal height had con-
sistent effect directions across species (Fig. 5). De-
layed shifts in offshore winds to the southwest and
stronger nearshore southward winds resulted in sig-
nificant delays in the start of season ingress among 2
and 4 species, respectively. Positive AMO, NAO, and
higher tidal height were related to earlier ingress

among 2, 5, and 1 of the species, respectively (Fig. 5).
These effect directions were consistent with those
included in the community-level model for nearshore
winds, NAO, and tidal height. SST was generally
associated with advances in ingress affecting 4 spe-
cies. The exception was L. rhomboides, which in-
gressed later in warm years.
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As determined by AIC comparisons, environmental
factors outperformed a null model of peak ingress
phenology for all species, except M. punctatus and P.
lethostigma. SST, offshore wind phenology to the
southwest, nearshore southward wind strength, AMO,
and NAO had consistent effect directions across spe-
cies. Delayed offshore wind to the southwest and
stronger nearshore southward winds were related
to delayed ingress in 3 and 4 species, respectively.
Warmer SST and positive values of the AMO and
NAO were associated with earlier ingress among 5, 3,
and 2 species, respectively (Fig. 5). These species-
level effect directions of SST, AMO, and NAO were
consistent with those of the community model. The ef-
fect of tidal height on peak ingress varied between
the 2 species for which it was included in models;
higher tidal height correlated with earlier ingress for
B. tyrannus and later ingress for A. rostrata.

All species' end of ingress was better explained by
some combination of environmental factors than a

null model. SST, offshore wind phenology to the
southeast, nearshore wind strength, and tidal height
had consistent effect directions across species. De-
lays in offshore winds and higher tidal height de-
layed the end of ingress in 3 and 2 species, respec-
tively (Fig. 5). Warmer SST and stronger southward
winds advanced the end of ingress in 7 and 1 species,
respectively. These effect directions were consistent
with community model results for offshore wind phe-
nology, tidal height, and SST. Species-level relation-
ships between the AMO index and end of ingress
were also mostly consistent with those seen at the
community level (4 species ingressed earlier as AMO
increased), with the exception of L. rhomboides. The
NAO, however, had varying effects on the species for
which it was statistically significant; M. undulatus
and Leiostomus xanthurus had an earlier end of in-
gress during the positive NAO phase, whereas M.
cephalus and P. dentatus had a delayed end of in-
gress during years with a positive NAO.

s1-Aeg

og'Aeq
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Half of the species’ ingress durations were better
explained by a combination of environmental factors
than a null model (Table S5). Warmer SST (L. rhom-
boides and L. xanthurus) and delayed offshore wind
phenology to the southwest (P. lethostigma) were
correlated with shortened ingress duration, whereas
increasing AMO (P. albigutta), NAO (M. cephalus),
and tidal height (M. cephalus and P. lethostigma)
were related to longer ingress duration. Changes in
offshore wind phenology to the southeast had vary-
ing effects on species, with delays in the wind related
to shortened ingress duration in M. cephalus and
longer duration in L. rhomboides and P. lethostigma.

3.4. Environmental influences on
phenology trends

To determine which variables were the predomi-
nant drivers of trends in fish phenology, we removed
each environmental variable one by one from multi-
ple regression models to assess whether phenologi-
cal trends in the model would persist without a given
variable. For species that exhibited significant long-
term trends, this analysis was performed solely on
the start of ingress metric since the greatest number
of trends was detected for that metric. Long-term
trends towards earlier phenology in modeled ingress
start dates were no longer evident when the AMO
was removed from the models of M. cephalus (full
model: 0.77 £ 0.29d yr‘1, p = 0.016; full model minus
AMO: 0.07 + 0.16 d yr™!, p = 0.649) and P. albigutta
(full model: —1.21 + 0.29 d yr™!, p < 0.001; full model
minus AMO: 0.10 + 0.06 d yr™!, p = 0.084), indicating
the AMO was the predominant covariate associated
with the shift towards earlier ingress (Fig. S4). For
M. punctatus, trends towards earlier ingress were
influenced by the strength of nearshore winds and
tidal height. A temporal trend towards earlier phe-
nology was evident when both of these metrics were
modeled separately, and a stronger and more signifi-
cant trend was present when the 2 were modeled to-
gether (full model: -0.74 + 0.15 d yr™}, p < 0.001; full
model minus nearshore wind: -0.30 £ 0.14 d yr!, p =
0.048; full model minus tidal height: -0.33 + 0.10 d
yr !, p = 0.003).

4. DISCUSSION
Over the past 3 decades, the ichthyoplankton com-

munity has changed its phenology to enter Beaufort
Inlet earlier in the year. Though significance varied

between species, we found the beginning of ingress
has advanced for all fishes examined. The direction
of these temporal shifts in phenology is consistent
with SST's effect on ingress phenology, even though
SST has not warmed in the region during recent de-
cades (Shearman & Lentz 2010, Morley et al. 2016).
Our analysis indicates instead that changes in the
AMO, nearshore wind strength, and tidal height may
be responsible for the trend towards earlier ingress
into the estuary among species. Seasonal changes in
the peak and end of ingress were not as consistent
across species or as statistically significant. This may
suggest that the beginning of ingress is more closely
linked to environmental changes, whereas variation
in peak and end of ingress phenology may be medi-
ated by biotic factors, such as predation on ichthyo-
plankton or prey availability.

The October to May sampling season of the Bridge-
net program captured the majority of most species’
ingress, but there were years when part of some spe-
cies' ingress phenology fell outside of this range. We
excluded species' beginning and end of ingress for
years in which they occurred within 2 wk of the
respective start or end date of sampling. These exclu-
sions may dampen some of the detected trends in
species’ phenology. For example, trends towards ear-
lier ingress identified herein may be underestimated
in cases in which recent years were removed due
to ingress starting before the seasonal Bridgenet sur-
vey began. This was potentially the case for Mugil
cephalus, Myrophis punctatus, Paralichthys denta-
tus, and P. lethostigma (Table S1).

Although we did not find evidence of an SST-
driven temporal shift in the timing of larval ingress,
our results suggest that SST may be a significant
driver of interannual variability in ingress phenology.
With the exception of Lagodon rhomboides, warmer
offshore SST was consistently related to earlier phe-
nology. This indicates that the timing of ingress may
be set early in the process of transport into estuaries
during the initial stage when fish are transported
from offshore to nearshore habitats. Ultimately,
temperature's impact on larval ingress phenology is
an integration of effects spanning many life history
stages that occur over days (i.e. larval stage duration
and changes in swimming travel time) to months
(i.e. spawning time, location, and overall transport
distance).

The observed relationship between SST and in-
gress phenology is consistent with similar studies of
fish reproduction and early life history. Fishes have
been found to spawn earlier during warmer years in
Alaska, the North Sea, and the California Current
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(Asch 2015, McQueen & Marshall 2017, Rogers &
Dougherty 2019). This earlier when warmer trend is
common among marine species that spawn or bloom
in spring and summer and has also been observed in
other marine taxa, such as lobster migrations in
Maine, USA, plankton blooms in the North Sea, and
egg laying in seabirds (Poloczanska et al. 2016, Mills
et al. 2017). While the direction of trends observed
here is consistent with previous research, the
strengths of some of these trends are greater than
those in other ecosystems. A meta-analysis by Polo-
czanska et al. (2013) found, on average, a 4.4d
decade™! advance in the phenology of marine spe-
cies. By comparison, we observed advances in in-
gress phenology on the order of 9 to 14 d decade™! in
5 species studied.

As temperatures cool in the fall and winter, 6 of the
10 species examined moved offshore to spawn
(Table S2b). Research from other ecosystems indi-
cates that in warmer years, the preferred thermal
habitat of many fishes with offshore winter migra-
tions occurs nearer to shore (Myers 1998, Sims et al.
2004). This may also occur in the southeastern USA,
and there is evidence that the spawning migrations
of the 3 paralichthyids studied herein may relate to
temperature (Stokes 1977, Able & Fahay 2010, Wang
et al. 2018; Table S2c). The ingress of P. dentatus,
and to a slightly lesser extent P. albigutta and P.
lethostigma, had the strongest relationships with
environmental variables of all species studied.
Warmer temperatures and positive AMO or NAO
indices were related to advances in either the begin-
ning, middle, or end of ingress for all 3 species. If
these groundfishes vary their offshore migration
route based on temperature in a way similar to
groundfishes in other areas (Myers 1998, Sims et al.
2004), they may spawn nearer to shore during
warmer years due to less cooling of the shallow
coastal waters that they typically leave during the
winter. These fishes' offspring subsequently may
have a shorter journey to the estuary in warm years
and thus arrive earlier.

Warmer SST may also lead to quicker reproductive
maturation for some species (Pankhurst & Munday
2011). In the presence of adequate resources, larvae
grow faster in warmer waters (Houde 1989, Meekan
et al. 2003, Laurel et al. 2008). Faster growth may
result in faster transport in larvae that can actively
swim due to increases in swimming speed with faster
development. It is hypothesized that the transport of
Anguilla rostrata larvae is augmented by active
swimming (Wuenschel & Able 2008). The larvae of A.
rostrata grow and transform into long, ribbon-like

leptocephali while in the Sargasso Sea, then travel
hundreds of miles to reach Beaufort Inlet (Smith
1968, Power & McCleave 1983). We found A. rostrata
larvae arrive at Beaufort Inlet sooner in warm years.
In warmer waters with adequate food, these larvae
may grow faster, transform into leptocephali sooner,
and ultimately reach the inlet earlier. M. punctatus
also have leptocephali larvae, but the majority of
their growth does not occur until after they leave the
Gulf Stream (Able et al. 2011). This may explain why
M. punctatus ingress was not correlated with off-
shore temperature. These temperature effects could
also potentially influence our ability to observe larval
fishes in the Bridgenet time series through a few
mechanisms: accelerated development and increased
swimming ability could lead to greater net avoidance;
earlier ingress due to changes in temperature could
increase the likelihood that the onset of ingress might
be missed by seasonal sampling; and temperature-
related changes in mortality could affect the patterns
detected.

We mostly found consistency between the effect
directions of SST, the AMO, and the NAO, which is
expected since SST is used in the calculation of the
AMO (albeit at a broader scale than Onslow Bay) and
the NAO is calculated based on variations in air pres-
sure that are indicative of large-scale temperature
patterns in the North Atlantic (Hurrell et al. 2003).
The wide spatial area captured by these basin-scale
indices may be more representative of the tempera-
tures, wind patterns, ocean circulation, and mixed
layer depth that fishes experience as they migrate
over time. Temperature changes associated with the
AMO and NAO can affect fish phenology via its
impact on spawning habitat location, spawning tim-
ing, or stage duration, whereas changes in ocean cir-
culation associated with the AMO and NAO could
impact ingress phenology via larval transport.

The influence of temperature and photoperiod on
fish phenology has been well studied (Pankhurst &
Munday 2011) compared to the effects of winds,
currents, tides, and other hydrographic processes. In
our study area, both near- and offshore winds exhib-
ited the hypothesized effects on larval phenology.
Stronger southward winds near Beaufort Inlet de-
layed the beginning and peak timing of ingress in
cases when they were included in environmental
ingress models. Since Beaufort Inlet opens to the
south, this is likely due to these winds weakening
northward tidal streams that larvae use to enter the
inlet. Delayed offshore wind phenology correlated
with delayed ingress phenology. We focused on the
timing of offshore wind to the southwest and south-
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east, but other wind directions could also be impor-
tant depending on where species spawn and their
trajectory of larval dispersal. For instance, winds to
the west and northwest partially explain recruitment
variability in P. lethostigma in North Carolina estuar-
ies (Taylor et al. 2010).

Of the 7 environmental metrics examined, tidal
height had the least frequently observed influence
on phenology. While tidal height and corresponding
tidal stream strength affect larval ingress on a given
night, the integration of cumulative tidal height
across a season did not translate to appreciable inter-
annual differences in ingress phenology. The PCA
found that variability in tide height was associated
with offshore wind phenology and the strength of
southward winds near Beaufort Inlet. While this con-
nection between tidal height and wind strength has
not been well studied in the western Atlantic, this is
consistent with research from the western Pacific,
where variations in regional sea level are associated
with fluctuations in trade wind strength (Timmer-
mann et al. 2010, Merrifield & Maltrud 2011). The few
observed relationships in our study between tides
and ingress phenology could be artifacts of covari-
ance between winds and tides near Beaufort Inlet.

Aspects of the environment besides those exam-
ined can also impact fish early life history. Gulf
Stream eddies, meanders, and filaments have been
hypothesized to influence larval transport (Govoni &
Pietrafesa 1994, Govoni & Spach 1999). Tropical
storms and winter storms also play a role in the trans-
port of larval fishes and have been related to settle-
ment of blue crab Callinectes sapidus and larval drift
of Brevoortia tyrannus into North Carolina estuaries
(Checkley et al. 1988, Eggleston et al. 2010).

As larvae approach Beaufort Inlet, localized pro-
cesses can affect larval ingress on a shorter time
scale. River discharge has been related to spawning
seasonality in some fishes and to the recruitment and
distribution of P. lethostigma in North Carolina (Tré-
panier et al. 1996, Taylor et al. 2010, Todd et al.
2012). Strong river flow may also impede ingress by
weakening the strength of the incoming tidal stream,
similar to the effect of northerly wind stress. River
discharge also impacts the salinity of the water in
and around the inlet (Churchill et al. 1999b). These
changes in salinity may affect the ability of larvae to
detect the tidal streams that transport them through
the inlet (Forward et al. 1999b). The shape and size of
the inlets of North Carolina also change over time
due to natural sedimentation, erosion, and anthropo-
genic dredging (Cleary & FitzGerald 2003). Though
changes in inlet hydrography are unlikely to affect

ingress timing, they could affect the distribution of
fish within the inlet from year to year.

Alternatively, changes in fish population abun-
dance, age structure, and size structure could also be
a driver of shifts in fish phenology (Stige et al. 2016,
McQueen & Marshall 2017, Rogers & Dougherty
2019). Spawning behaviors vary across ages and sizes
of fishes, with older fishes spawning earlier among
certain species, such as Atlantic cod Gadus morhua
and walleye pollock G. chalcogrammus (McQueen &
Marshall 2017, Rogers & Dougherty 2019). Similarly,
changes in age class, or size structure, which may in-
fluence phenology, could have occurred in North Car-
olina since several of the species in our analysis have
undergone long-term changes in abundance (e.g. A.
rostrata and B. tyrannus) over the last 30 yr (Simpson
et al. 2016, Rudershausen et al. 2019).

One uncertainty associated with our study is a lack
of data on variations in the location and timing of off-
shore spawning, which could affect ingress pheno-
logy. While there is no ichthyoplankton time series
covering the offshore habitats of Onslow Bay, the
NOAA Northeast Fisheries Science Center does
have an ichthyoplankton monitoring program, whose
southern extent is Cape Hatteras (Walsh et al. 2015).
There is overlap between 4 of the species monitored
by that program and by our research. For 2 of these
species (Leiostomus xanthurus and P. dentatus),
Walsh et al. (2015) did not detect any changes in off-
shore larval distribution or phenology over the last
~40 yr, suggesting little to no changes in the location
and timing of spawning. For Micropogonias undula-
tus, no changes in offshore larval phenology were
detected, but Walsh et al. (2015) noted that this spe-
cies has shifted its distribution northward and in-
shore. Lastly, for B. tyrannus, a shift toward later lar-
val occurrence was detected by Walsh et al. (2015).
This differs from our results examining the ingress
phenology of B. tyrannus. This difference could be
because these 2 studies considered different years,
had different frequencies of seasonal sample collec-
tion, used different metrics to assess phenological
changes, and conducted ichthyoplankton surveys
using different types of nets. Also, larvae found off-
shore may have been exposed to different conditions
than those caught near Beaufort Inlet.

5. CONCLUSIONS

Sustained warming has not yet been seen off the
coast of North Carolina, although this is expected to
occur in the future (Morley et al. 2016). This study
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provides insight into how species may respond when
warming does occur. Extrapolation of the trends ob-
served here with the potential for a 2°C mean surface
temperature change on the southeastern US conti-
nental shelf under a medium emissions climate
change scenario (IPCC 2014) would result in substan-
tial changes to mean ingress phenology of some spe-
cies we studied. This would result in a 30 d delay in
the beginning of Lagodon rhomboides ingress, a 27 d
advance in the peak ingress of Micropogonias undu-
latus, and a 55 d advance in the end of Paralichthys
dentatus ingress. These projections assume linear re-
sponses of phenology to temperature, although there
may be thresholds beyond which organisms can no
longer adapt to changes by altering their phenology
(Sparks et al. 2000, Neuheimer et al. 2011). These fu-
ture changes in phenology could have negative eco-
logical consequences for these fishes, depending on
how their prey and predators respond to climate
change. Previous research has shown that phenologi-
cal responses to climate change vary across trophic
levels (Beaugrand et al. 2003, Voigt et al. 2003, Ed-
wards & Richardson 2004, Thackeray et al. 2010,
Visser et al. 2012, Burkle et al. 2013, Asch et al. 2019),
so shifts in larval ingress phenology may not match
shifts in the phenology of their prey.

This study expands upon previous work on climate
change and fish phenology by examining factors be-
yond SST. We explored how larval transport processes
relate to ingress phenology and found evidence that
at least some species studied are influenced by wind-
driven currents. Larval transport mechanisms such as
these need further study. We used winds as a proxy
for current-facilitated larval drift, whereas a more
direct measurement of currents may better elucidate
why the timing of larval transport varies between
years. As we continue to improve our ability to ob-
serve and quantify these phenomena, we should fur-
ther examine how transport by currents relates to the
movement of larvae on the southeastern US continen-
tal shelf and other ecosystems.

In conclusion, we found intuitive relationships be-
tween fish phenology and environmental variables
that were consistent across taxa and could be inter-
preted in terms of life history traits. The Bridgenet
time series and similar ichthyoplankton time series
offer opportunities for further study of relationships
between the environment and ingress phenology.
Comparisons across similar time series in New Jersey
(Wuenschel & Able 2008) and South Carolina (Allen
& Barker 1990) could provide insight into the future
of certain fishes as they change their range with
changing ocean conditions and would also elucidate

whether environmental influences on phenology are
consistent across a species' range. Lastly, factors be-
sides the environment, such as effects of population
size and age structure, may influence phenology and
are worthy of future study.
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