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Abstract 

According to the latest estimates, the Gulf of Maine is currently warming faster than 99% of the 
world’s oceans. As a result, this region has become an ideal location for research into the effects that 
warming has on the historical fisheries that make up this ocean basin. Both white hake (Urophycis 
tenuis) and red hake (Urophycis chuss) are common Gulf of Maine groundfish species, distributed 
both inshore and offshore. While these two species are closely related phycid hakes, white hake stocks 
are recognized in the Gulf of Maine as rebuilding, while red hake are above target biomass levels. 
As a species commonly found throughout the Gulf of Maine that prefers cooler waters (4–12°C), we 
hypothesize the effects of climate change might influence stock behavior, such as changes in species 
distribution. We used generalized additive models (GAMs) to describe the relationship between hake 
abundance and environmental conditions using bottom temperature, bottom salinity, depth, and catch 
data contributed by the Maine Department of Marine Resources during their Maine – New Hampshire 
Inshore Trawl Surveys of the last 22 years (2000 – 2021). Our results reveal species-specific preferences 
for bottom temperature (white hake ~9 to ~13℃, red hake < 12℃) and depth (white hake ~55 to ~100m, 
red hake > ~65m), with no significant correlation to bottom salinity. Spatially over time, white hake 
abundance displayed a gradual center of gravity northward, while red hake rapidly increased inshore. 
Overall, these results highlight species-specific density changes in inshore distribution, consistent 
with previous studies, with considerable implications on future management strategies in this region.
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Introduction

The Gulf of Maine (GoM) is known historically for 
its commercial fisheries, including demersal Atlantic 
cod (Gadus morhua) and American lobster (Homarus 
americanus), and pelagic migratory Atlantic bluefin tuna 
(Thunnus thynnus) (Jones and Borque, 1998; Lotze and 
Milewski, 2004). These fisheries have been, and continue 
to be, a staple of New England’s economy and culture 
(Lotze and Milewski, 2004). However, in recent decades 
the GoM has been subject to record trends in warming, 
faster than reported 99% of the global ocean (Pershing 
et al., 2015), with signs of continued warming (Saba  
et al., 2016). These unprecedented temperature increases 
are alarming to fishery managers, as Pershing et al. (2015) 
directly correlated the decline of the Atlantic cod fishery 
to such warming. Despite speculation into the drivers of 

declining fish stocks, it is clear that increased warming in 
the GoM region will have major effects on New England 
communities, and native fishery species (Perry et al., 
2005; Cheung et al., 2013; Mills et al., 2013, Pershing 
et al., 2021). 

With this increasing awareness of the correlation between 
climate pressures and population dynamics, research into 
how climate change will affect the fish assemblages in the 
GoM have increased (Overholtz and Link, 2009; Gaichas 
et al.; 2014; Hare et al., 2016). While such investigations 
have proven useful to track this ecosystem, finer scale, 
species-specific investigations are still necessary. Species-
specific investigations have been conducted on a range of 
species including American lobster, (Goode et al., 2019), 
Atlantic herring (Clupea harengus) (Moyano et al., 2020), 
Atlantic mackerel (Scomber scombrus) (Overholtz et al., 
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2011), Atlantic cod (Pershing et al., 2015; Fogarty et al., 
2008), and northern shrimp (Pandalus borealis) (Richards 
et al., 2012). However, there is still a wide range of species 
yet to be investigated, including GoM hakes. 

White hake are a historically important groundfish species 
in the GoM (Ames, 2012). Found primarily in muddy 
substrates along the continental shelf and slope (Musick 
1974; Ames, 2012), this once prominent commercial 
species dominated the GoM in the 1960s (Fritz, 1965). 
Although primarily caught as bycatch, historical reports 
state white hake landings were at a time higher than both 
Atlantic cod and haddock (Melanogrammus aeglefinus) 
in the fall months (Fritz, 1965). This dominance however 
was short lived, with white hake showing a decrease in 
landings by 62% between 1992 and 1996 (Sosebee et al., 
1998). In the last decade, white hake have been variously 
assessed as overfished and not subject to overfishing 
(Northeast Fisheries Science Center 2019, 2021), and 
not overfished and not subject to overfishing (Northeast 
Fisheries Science Center 2013, 2017, 2022). While white 
hake are common in New England commercial fisheries, 
they are not the only hake species found in the GoM. 

Red hake (Urophycis chuss) are a sibling species to white 
hake. Unlike white hake, the red hake fishery is historically 
very small in the GoM (O’Brien et al., 1993), occasionally 
targeted as a bait species but primarily landed as bycatch 
(New England Fishery Management Council, 2022). 
Currently, the GoM red hake stock status is unknown 
(Northeast Fisheries Science Center, 2020a) with 
overexploitation unlikely (Northeast Fisheries Science 
Center, 2020b) and catch limits well above recent landings 
since a productive year class in 2014 (National Marine 
Fisheries Service and New England Fishery Management 
Council, 2021). 

A comparison of these two species by Markle et al. 
(1982) theorized that both ontogenetic and interspecific 
environmental partitioning between species was found 
for a range of fundamental life history characteristics. 
For reproduction, both species show variation with white 
hake employing the “get big quick” strategy, while red 
hake employ the “get mature quick” strategy (Markle 
et al., 1982). These distinct strategies distinguish internal 
physiology of these species, focusing energy to contrasting 
life stages and at different rates to fulfill their respective 
reproductive strategies (Markle et al., 1982).

While both species begin life as plankton, red hake 
migrate from the pelagic environment as post-larvae 
much earlier than white hake (~30 mm compared to 80 
mm respectively) (Musick 1974; Sosebee et al., 1998), 
settling at the bottom. At the bottom, red hake display a 

symbiotic relationship with sea scallops (Placopecten 
magellanicus), residing in the scallop’s mantle until they 
outgrow their host (~110–140 mm) (Musick, 1974; Markle 
et al., 1982). No accounts of a sea scallop and white hake 
symbiotic relationship have been recorded, making this 
relationship unique to red hake (Musick, 1974; Markle 
et al., 1982; Sosebee et al., 1998). Early juvenile habitat 
selection is distinct for both species, with white hake 
preferring nearshore eelgrass beds and estuaries (Sosebee 
et al., 1998), while red hake prefer sea scallop beds 
(Markle et al., 1982; Steiner et al., 1982; Haedrich, 2003). 
While they show early habitat separation, both later stage 
juveniles and adults have been shown to coexist in both 
inshore and offshore soft bottom habitats, with both species 
showing preference to moderate temperatures (4–12°C) 
(Musick, 1974; Markle et al., 1982). While white hake are 
widely dispersed from Florida to Newfoundland, red hake 
are more geographically concentrated in the mid-Atlantic 
bight and GoM (Musick, 1974). 

The current lack of extensive ecological knowledge in 
later life stages, paired with the impending pressures of 
climate change in the GoM, results in uncertain future 
viability of a GoM hake fishery. Hare et al. (2012) included 
both species in their risk assessment analysis, finding 
both species to be experiencing high climate exposure 
(temperature increase), with the biological sensitivity of 
red hake being low, while white hake was moderate. Hare 
et al. (2012) included a combination of factors ranging 
from stock status, prey specificity, and mortality. This 
correlates with the findings of Adams et al. (2018), which 
suggests that fishing pressure, like climate change, can 
also drive density changes in species distributions. Recent 
stock volatility of white hake in the GoM (rapid increase 
and decrease in population size), coupled with continued 
warming introduces potential drivers of increased risk, 
ultimately causing distribution fluctuations. Both studies 
highlight the need for continued investigations over a 
long-term data series, in aims to highlight the changing 
sensitivity of vulnerable species. 

For this study, we aimed to correlate white and red 
hake abundance to environmental variables (bottom 
temperature, bottom salinity, and depth) over the past 
22 years. While we do expect both hake species to have 
different environmental preferences, we hypothesize 
observable overlap in preference due to their close 
biological relationship. Based on documented habitat 
density changes in other species, as well as prior 
understanding of hake habitat preferences, we expect 
to observe northern, offshore movement through time 
for both species (Kleisner et al., 2017; Adams et al., 
2018). Ultimately, we expect hakes to be affected in both 
abundance and distribution due to climate change, with 
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white hake being affected adversely due to their recent 
volatile stock trends, similar to the findings of Hare et al. 
(2012), supported by the claims of Adams et al. (2018).

Methods

Data Collection

White and red hake abundance and environmental data 
from the Maine Department of Marine Resources (ME 
DMR) Maine New Hampshire Inshore Trawl Survey 
(MENH survey) were used in these analyses. This survey 
has been conducted since the fall of 2000, sampling out 
to the 12 nm line, from Seabrook, NH to the Canada-
United States border. The survey consistently has 
sampled depth strata from 6.9–100 m, including depths 
>100 m (maximum = 223.1 m) starting in 2004 (Fig. 1). 
This fisheries independent, multispecies trawl survey 
specifically targets inshore waters of both Maine and 
New Hampshire to enhance knowledge of exploited and 

other fish populations. Furthermore, this survey is unique 
in that it samples areas where federal trawl surveys run 
by National Oceanic and Atmospheric Administration 
(NOAA) fisheries (Northeast Fisheries Science Center 
(NEFSC) offshore trawl survey) are unable to reach, 
providing data for inshore species distributions. 

The gear for this survey consists of a modified shrimp 
net, which has 5.1 cm mesh wings and a 2.5 cm mesh 
liner in the cod end. The foot rope is 17.4 m long, and the 
head rope is 21.3 m long, with 15.2 cm rubber cookies. 
This gear was chosen due to its light weight, aiming to 
minimize habitat disruption during sampling, as well as 
its ability to sample multiple species of different sizes. 
Fishers in this region collaborated with ME DMR on 
the trawl survey design and gear type. The target trawl 
is aimed to be 20 minutes, with an average of 18.8 ± 2.2 
minutes covering 0.78 ± 0.12 nautical miles. In addition 
to physical characteristics of the catch being recorded 
(species, length frequencies, weight), environmental 
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Fig. 1. Survey depth map from the Maine-New Hampshire fall Inshore Trawl Survey from 2000–2021. 
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variables (bottom temperature, bottom salinity, and 
depth) were recorded using a SeaBird CTD (19plus) after 
the trawl net is recovered on deck. This analysis only 
includes trawls where all three environmental conditions 
(temperature, salinity, and depth) as well as catch were 
recorded, excluding those where data was missing (83 
trawls). Length frequencies were conducted for both white 
and red hake, for all tows, up to ~125 individuals. In cases 
where total catch for a species was > ~125 individuals, 
a random subsample was taken later extrapolated to 
calculate the total catch. While these trawl surveys have 
been conducted both in the spring and fall, ~87% of white 

hake and ~82% of red hake sampled (by both weight and 
number caught) came from the fall survey and therefore 
only fall survey data was used in our analysis. This was to 
be expected based on the known seasonal distributions of 
hake in this region (Fahay and Able, 1989; Ames 2012) . 

Generalized Additive Models

We compared environmental conditions collected during 
sampling to the overall biomass of both white and red 
hake sampled. Abundance is calculated by the following 
formula, where X represents either white or red hake:

​
X Abundance = ​ 

Number of X caught
   ____________________________________    

Length of Tow * Average Wing Spread of Trawl Net
 ​​

The length of each tow (m) was recorded for each survey 
set, and the average wing spread (m2) of the net was 
previously calculated by ME DMR.

From the abundance calculation for each individual 
tow over the 22 years of sampling, generalized additive 
models (GAMs) using RStudio (version 4.1.2 using the 
mgcv package) were developed to relate hake abundance 
to each continuous environmental variable (bottom 
temperature, bottom salinity, depth). GAMs are extensions 
of generalized linear models (GLMs), where data does not 
fit a linear trend, but is rather more complex and nonlinear 
(Hastie and Tibshirani, 1987). The GAMs were fitted with 
the following equation:

​​E​[y]​ = ​g​​ −1​​(​​ ​β​ 0​​+ ​∑ 
k
​ ​ ​S​ k​​​(​X​ k​​)​​​)​​​​

In the GAM equation, E[y] is the expected value of the 
response variable (in this case species abundance), g is 
the link function, β0 is the y-intercept, X is an explanatory 
variable (in this case a set of environmental conditions), k 
is the number of knots, and Sk is the smoothing function 
for the explanatory variables. 

Due to identical number of sampling attempts and 
conditions for both species (multispecies sampling), we 
chose to run identical model conditions for both species, 
with only the dependent variables (species abundance) 
changing. We deemed that the high overlap in model 
conditions will allow us to compare these species over 
the last 22 years with increased confidence. 

Before models were constructed, multicollinearity 
between environmental conditions were checked using 
the corrplot package in RStudio (Wei et al., 2017). No 
two environmental variables exceeded a correlation 
coefficient of 0.5, suggesting multicollinearity was 

not significant. Abundance estimates were scaled by a 
factor of eight (smallest factor possible) and rounded to 
whole integers for modeling purposes. For each GAM, 
logarithmic links with cubic regression splines were 
fitted, in order to increase the smoothness of the curve. 
Both models employed four degrees of freedom, to 
reduce the likelihood of overfitting the model, as well 
as creating unrealistic ecological predictions based on 
the limited explanatory variables (Lehmann et al., 2002; 
Mohan et al., 2017). A negative binomial distribution 
was used, due to a high abundance of zeros in the data 
set (Drexler and Ainsworth, 2013). GAM response plots 
were generated for significant environmental variables 
(bottom temperature and depth), whereas nonsignificant 
variables (salinity) were not investigated further (Table 
1). In order to examine the overall fit of both generated 
models, percent deviance explained (DE) was calculated 
using the following equation and reported (Table 1):

​​ null deviance − residual deviance   ________________________  null deviance  ​ * 100​

Temporal Variations

In addition to the generated GAMs for both white and 
red hake, a mapped time series of trawl data over the 
entire survey region was conducted. Trends in white hake 
abundance, red hake abundance, and bottom temperature 
were visualized over the past 22 years to examine spatial 
and temporal variability in this survey. Maps were created 
using ODV (version 5.5.2) using weighted average 
gridding. In aims to reduce outliers and display data 
trends, the 22-year sampling period was split into three 
sampling intervals of seven to eight years: (2000–2006, 
2007–2014, and 2015–2021). Depth data was pooled 
across the 22-year sampling period (Fig. 1) and mapped 
using the same procedure.

DE = 
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Table 1:  Number of white hake and red hake landed per fall survey season. Number sampled per tow is an 
average of all of tows conducted for that year. Average and Standard Deviation of all three values are 
reported as well. 

   
Number Sampled

  ____________ Tow   

Year Number of Tows White hake Red hake

2000 77 12.21 26.03

2001 51 22.65 21.69

2002 55 26.07 14.86

2003 48 25.69 11.59

2004 57 17.11 34.73

2005 43 48.14 24.20

2006 73 30.44 18.40

2007 73 30.32 52.46

2008 64 89.23 87.02

2009 78 34.40 75.92

2010 74 21.78 101.48

2011 73 34.58 26.03

2012 86 11.43 21.69

2013 85 10.58 14.86

2014 93 29.34 11.59

2015 79 84.97 34.73

2016 83 21.83 24.20

2017 101 30.39 18.40

2018 95 73.78 52.46

2019 99 41.00 87.02

2020 91 28.09 75.92

2021 72 17.94 101.48

   
_

 x    ± σ​ 82.63  ±   24.35 19.24  ±  21.76 40.36  ±  38.89

Results

Overall, 1590 (​​​ 
_

 x  ​​  Year​​ ± SD​ = 82.63 ± 24.35) individual 
trawls spanning from the fall of 2000 through the fall 
of 2021 were analyzed (Table 1). In total, 57 555 white 
hake were caught (​​ ~ x ​ ± SD = ​19.24 ± 21.76 per tow), and 
77 029 red hake were caught (​​ ~ x ​ ± SD = ​ 40.36 ± 38.89 
per tow) over the 22-year sampling period (Table 2). 
Length frequency data collected suggests the majority 
of the catch were small individuals (​≤​30 cm, white hake 
= 86%, red hake = 78%. Fig. 2). Distribution of length 
frequencies were consistent over the three sampling 

intervals. Environmental conditions were measured for 
all analyzed trawls, covering a wide range of temperature 
(3.6–16.6°C), salinity (26.0–34.8 ppt), and depth 
(6.9–223.1 m). 

Abundance Trends

Results indicate similar trends between white and red hake 
catch over the past 22 years (Fig. 3), with relatively low 
catch in the first few years of sampling (2000 – 2005). This 
trend changes after 2005, with both species displaying an 
increase in catch, with white hake hitting a maximum in 
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2008, and red hake hitting a maximum in 2010, with both 
species returning to lower abundance until around 2013. 
Around this time, both species begin to diverge in trends, 
with white hake displaying volatile abundance (sharp 
increase and decrease in abundance), while red hake have 
displayed an almost uninterrupted growth. Since 2017, 
white hake have shown a continuous decline in catch for 
this survey, the longest decline observed in the survey’s 
22-year history.

Generalized Additive Models

GAMs were generated for both white and red hake, 
each with a deviance explained of 11.7% and 31.5% 

respectively. For both models, salinity was found to 
be an insignificant variable in abundance calculation, 
therefore was excluded from each model and not plotted. 
Both bottom temperature and depth were both found to 
be significant and these variables were included in each 
model. From the generated GAM response plots, we 
observe that white and red hake display distinct variations 
in abundance based on the environmental variables 
(bottom temperature and depth).

Bottom Temperature

For white hake, bottom temperatures ranging from ~9 
to ~13℃ displayed a positive influence on abundance. 

Table 2:  Variable range and deviance explained for significant environmental variables (bolded, p<0.05) for generated gen-
eralized additive models (GAMs) collected during trawling for both white hake and red hake.

Species Abundance

Temperature (°C) Salinity (ppt) Depth (m)

 DE (%)(3.6–16.6) (26.0–34.8) (6.9–223.1)

White hake < 0.001 0.383 < 0.001 11.7

Red hake < 0.05 0.357 < 0.001 31.5
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Temperatures outside that range showed a negative 
correlation to abundance, with warmer temperatures 
(> ~13℃ ) showing a considerable decrease in abundance. 
Of the total 57 555 white hake caught, 89% (51 402 
white hake) were caught within this positive temperature 
window. Red hake showed a variation of this trend, where 
warmer temperatures (> ~12℃) showed a negative effect 
on abundance, with all temperatures colder (<~12℃) 
displaying an increased positive trend (Fig. 4). Of the 
total 77 029 red hake caught, 96% (73 975 red hake) were 
caught within this positive temperature window. 
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For white hake, abundance showed positive correlation to 
a distinct range in depth (~55 to ~110 m). Depths outside 
this range display a negative trend in abundance, however, 
deeper waters ( > ~200 m) also display a positive trend in 
abundance. Of the total 57 555 white hake caught, 60% 
(34 567 white hake) were caught within this positive depth 
window. Red hake displayed a wide range depth where 
abundance was positively influenced in deeper waters 
(> ~65 m, Fig. 4). Of the total 77 029 red hake caught, 
93% (71 451 red hake) were caught within this positive 
depth window. We observe that 74% of the white hake 
caught were in waters <100 m, while 64% of red hake 
were caught in waters >100 m. 

Temporal Variations

A time series of spatial distribution of fish density for both 
white hake and red hake as well as bottom temperature 
for three sampling intervals (2000–2006, 2007–2014 
and 2015–2021) over the 22-year sampling period was 
conducted (Fig. 5). As previously stated, the sampling 
of waters >100 m started in 2004, which is observed in 
our sample distribution, where tows >100 m made up 
18% in the first interval (2000–2006), compared to 28% 
(2007–2014) and 27% (2015–2021) in the following 
intervals respectively. These time series showed changes 
in both bottom temperatures observed, as well as in hake 
abundance over the sampling intervals.
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White Hake

White hake catch show northern trends in abundance, in 
this spatially limited survey. Between the first (2000–2006, 
Fig. 5A) and second (2007–2014, Fig. 5B) sampling 
intervals, there are no considerable differences observed. 
A major hotspot in the mid sampling regions slightly 
intensifies and expands between periods, as well as a 
slight uptick in catch in the northern regions. A major 
change occurs between the second (2007–2014, Fig. 5B) 
and third (2015–2021, Fig. 5C) sampling intervals, where 
there is a rapid density change in northern waters. Major 
aggregation sites, once located in the mid sampling region, 
became more prominent in northern areas, and spread 
across the region, opposed to the once highly concentrated 
areas. It also appears that there is a wide depth gradient 
preference in this last sampling interval, with white hake 
being caught in all depth strata (Fig. 5C).
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Inshore red hake abundance showed a clear increase, in 
a spatially limited survey. Between the first (2000–2006, 
Fig. 5D) and second (2007–2014, Fig. 5E) sampling 
intervals, there is a clear trend of aggregation sites 
emerging in the mid to southern deeper inshore regions, 
with areas surrounding also showing increased abundance. 
The northern most aggregation site in the second sampling 
interval (Fig. 5E) was also prevalent during the first 
sampling interval (Fig. 5F), but of less significance. A 
continued change occurs between the second (2007–
2014, Fig. 5E) and third (2015–2021, Fig. 5F) sampling 
intervals, with extended aggregation sites in the deep 
inshore regions of the survey. Red hake abundance appears 
to spread along this deep inshore area, with aggregations 
extending both north and south.
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Bottom Temperature

Over the 22-year sampling period, there is a distinct 
bottom temperature warming trend displayed in the 
inshore sampling region. Between the first (2000–2006, 
Fig. 5G) , second (2007–2014, Fig. 5H), and third (2015–
2021, Fig. 5I) sampling intervals, bottom temperatures 
display an increase, with warming of northern deep water 
regions as well. Only the southern deep water sampling 
region displayed a consistent cool bottom temperature 
of the entire sampling period. Over the three sampling 
intervals, we observe a clear increase in stratification of 
bottom temperature between areas, with less uniformity 
throughout the inshore environment. 

Discussion

Based on our analysis, white and red hake display distinct 
environmental preferences for bottom temperature and 
depth, with no significant response to bottom salinity. 
Spatial and temporal trends in hake abundance and bottom 
temperature show correlations between northern, inshore 
deep water density increases in abundance, paired with 
inshore shallow water warming. Both species display 
different responses to a warming inshore environment, 
with white hake displaying a narrow range in preferred 
bottom temperature and depth, while red hake displaying a 
single threshold value for both environmental conditions. 
This highlights distinct behavioral responses to change 
can occur between two closely related species in the 
same region.

Environmental Preferences

Both white and red hake show a strong preference towards 
cold waters (<~12℃), with both species abundances 
displaying a negative relationship with warmer waters 
(>~13℃). White hake display a temperature corridor, (~9 
to ~13℃) a characteristic not displayed by red hake. Both 
species displayed a distinct preference for deeper waters 
(> 65 m), with red hake having an extended depth range 
into deeper areas. Due to the nature of this survey, adults 
and juveniles of both sexes were all sampled for both 
species, with the assumption that their habitat selection is 
consistent in this survey region, regardless of sex or age. 
Due to the lack of extensive sampling of all age classes for 
both species, a pooled approach was deemed appropriate 
for this analysis. The majority of the hake sampled were 
small individuals (​≤​30 cm, white hake = 86%, red hake 
= 78%, Fig. 2), which may overshadow environmental 
preferences of the larger fish sampled. Also as previously 
mentioned, the sampling of waters >100 m did not begin 
until the fall of 2004, potentially influencing these results, 
especially for depth. 

White Hake

In a species overview by Chang et al. (1999), juvenile 
white hake showed a preference of 7–16℃ in the fall 
survey months, at depths <75 m. These results are similar 
to previous studies, which report a preference for cooler 
waters (4–12°C) (Musick, 1974; Markle et al., 1982). Our 
model demonstrates a species more tolerant of warmer 
waters (~9–12℃ ), similar to that of Han and Kulka 
(2009) (4–7℃), who described white hake aggregations 
in the warmer southwest waters of the Grand Banks. These 
results indicate that white hake have both a distinct and 
narrow temperature preference, which may cause concern 
in a warming ecosystem.

Chang et al. (1999) reports age class separation across 
a depth gradient, with older fish found in deeper waters 
offshore. Since our study was conducted in inshore waters, 
and primarily sampled smaller fish (​≤​30 cm, 86%, Fig. 2) 
the observed behaviors/preferences described here are 
limited to specific size classes. This explains the preferred 
depth range in the generated GAM model, displaying 
the depth preferences of the juveniles/developing adults. 
The preferences of larger, adult white hake were likely 
overshadowed in this study, with future research focusing 
on their offshore habits needed. 

Red Hake

As reported in Fahay (1999), juvenile and adult red hake 
are most prominently found in temperatures ranging from 
3–16℃. The results of this study show red hake prefer 
colder waters (< ~12℃), with a strong negative correlation 
to warmer waters. This is similar to the findings of Fahay 
(1999), however our results suggest a lack of tolerance for 
warmer waters which has not been previously described. 
Similarly, Fahay (1999) found juvenile red hake most 
prevalent in shallower waters (<120 m) and adults even 
deeper (<300 m), which overlaps with our findings 
(~65 m–220 m). We found that 64% of the red hake 
landed were in waters >100 m, with a majority of these 
individuals being smaller fish (​≤​30 cm, 78%, Fig. 2). This 
is similar to the white hake results, where the preferences 
of juveniles were shallower waters (<120 m) and deeper 
waters for adults (120 m–220 m), with red hake showing 
a wider range offshore during their juvenile life stage 
compared to white hake. This extended range may allow 
these developing red hake to escape the pressures of a 
warming inshore environment, a behavior white hake 
are not displaying. 

Habitat Selectivity

In addition to the habitat preferences of white and red 
hake being displayed in our analysis, we must also 
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consider the reasoning behind their choice of residency. 
A major component of a species habitat selectivity is 
prey availability, competition, and predator avoidance 
(Kotler and Holt, 1989; Hugie and Dill ,1994). The diet of 
juveniles of both species mostly consists of polychaetes, 
copepods, shrimps, and other crustaceans, with adult 
diets consisting mainly of a variety of fish species and 
squids (Langton and Bowman, 1980; Steiner et al., 
1982; Garman, 1983; Bowman and Michaels, 1984). 
Both species as juveniles have many predators as well, 
including larger hake, other gadoid fishes, elasmobranchs, 
sea birds, and pinnipeds. The habitat selectivity of these 
individuals is hypothesized to be a combination of factors 
(prey availability, predators, environmental conditions), 
with this study focusing on portion of that specific habitat 
niche (environmental conditions: bottom temperature and 
depth). Identifying these other factors is key, as they have 
the potential to better describe the habitat preferences 
of these species compared to environmental conditions.

Developing juvenile white hake prefer inshore eelgrass 
beds (Sosebee et al., 1998) but have shown the ability to 
settle in deeper waters (70–80 m) on the Grand Bank (Han 
and Kulka, 2009). Juvenile red hake prefer sea scallop 
beds (Markle et al., 1982; Steiner et al., 1982; Haedrich, 
2003), with both species moving away from eelgrass 
beds but still occupying shallower waters as they mature. 
While we do not observe our samples to be of developing 
hakes, it is still noteworthy that developing individuals can 
tolerate shallow, warm waters during development. Han 
and Kulka (2009) suggests that white hake recruitment 
on the Grand Bank is highly impacted by environmental 
conditions, specifically near surface currents impacting 
settlement rate. These factors were not investigated in 
this study but may explain density changes in species 
distribution over the study period. 

Additionally, both species have been shown to have strong 
preferences to fine grain, muddy substrates (Chang, et al., 
1999; Fahay, 1999), all of which are details that were 
not investigated in this study. Similar to conclusions 
made by Kleisner et al. (2017), accurately predicting a 
species future habitat requires complex knowledge that 
is currently unknown for our study species. Extended 
research incorporating additional environmental and 
biological factors would provide stronger habitat 
predictions.

Temporal Variations

Over the 22-year sampling period, the data collected 
displays distinct variations in white and red hake 
abundance and habitat selectivity, as well as warming 
trends in bottom temperature. Based on the GAM model 

results, we conclude that there is overlap between the 
habitat selectivity trends of these species over time with 
the warming of the inshore waters, with the caveat that 
other unmeasured factors are also in play. 

White Hake

The temporal trends in white hake abundance over the 22-
year sampling period supports our hypothesis regarding 
the species-specific response to a warming inshore region. 
White hake display a northern movement in abundance, as 
well as an uptick in aggregations in later years, despite a 
decrease in abundance. These results align with findings of 
Hare et al. (2012) and Adams et al. (2018), which suggest 
that a combination of fishing pressures and a warming 
environment contribute to white hake distribution 
variations. As described in Pershing (2015), northern 
migrations of cool-water dependent Atlantic cod as a result 
of a warming GoM directly corresponded to the collapse 
of the once prominent fishery. This northern movement of 
multiple GoM species has been described as a result of a 
shifting Gulf Stream and weakening Atlantic meridional 
overturning circulation (AMOC), with risks of permanent 
changes in local species distributions (Mountain and Kane, 
2009; Nye et al., 2011). 

Red Hake

Unlike white hake, red hake did not exhibit a distinct 
northern movement as bottom temperatures increase, but 
rather a movement towards deeper inshore areas. Similar 
to white hake, red hake have displayed a preference for 
deeper waters (up to 220 m) and cooler temperatures (up to 
16.6°C), making their lack of distinct northern movement 
highly species specific. While it is theorized that species 
that fall within similar taxonomic groups respond to 
climate pressures similarly, species specific habitat 
preferences may affect the way a species behaves to a 
changing climate (Pinsky et al., 2013). A study by Kleisner 
et al. (2016) described white hake as higher trophic level 
species compared to red hake, with a broader offshore 
range. This distinction was theorized to drive distribution 
shifts in both latitude and depth (Kleisner et al., 2016). 
While white hake may have the ability to thrive in northern 
regions due to a combination of desirable environmental 
variables, red hake may be able to thrive in more offshore 
regions instead, without the necessity of moving poleward.

Bottom Temperature

As previously suggested by Pershing (2015), a poleward 
shifting Gulf Stream and weakening AMOC is theorized to 
be the main contributor to warming in the GoM, impacting 
the behavior of species within the region. The results of 
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this study are consistent with previous research, which 
expects bottom temperatures in the region to increase 
through time, especially in fall months (Pershing et al., 
2015, 2021; Thomas et al., 2017), thus reducing suitable 
habitat for many species (Kleisner et al., 2017). Only the 
deep water southern region displayed a continued cool 
temperature, most likely a cause of depth stratification and 
other external forcings (currents, bathymetry). While our 
time series covers an extended period of time, sampling 
only occurred during the fall months, thus do not provide 
the level of fine scale detail of a year that other studies 
have reported. Therefore, we can only attribute the change 
in bottom temperature recorded for this specific season, 
in the inshore survey area.

Preferences of smaller hake

Although we observe correlations in our spatial data to 
bottom temperature, we do acknowledge that other factors 
not measured in this study may also affect hake habitat 
preferences. Our trawl data suggest that the majority 
of the hake samples were smaller individuals (​≤​30 cm, 
white hake = 86%, red hake = 78%, Fig. 2), therefore 
we feel confident that our observed temporal variations 
may be aligned with recruitment success and the settling 
preferences of juveniles/developing adults. We observe 
white hake preferring northern regions, while red hake 
preferring deeper areas of the inshore GoM. Investigations 
into the historical preferences of the juveniles during times 
of low and high abundance would allow us to conclude if 
juvenile hake habitat preferences are changing or constant 
based on recruitment success. As the GoM continues 
to change, understanding the preferences of juvenile 
groundfish like hake is essential for future management. 

Limitations and Future Study

While our findings are informative for two understudied 
hake species in the GoM, we do acknowledge the 
limitations of this study. Primarily, our data comes only 
from fisheries independent data, targeting only inshore 
waters during the fall months. While this survey has 
strength in determining inshore presence or absence in 
the fall months, it does not consider seasonal shifts in 
abundance across the entire GoM. We propose further 
study combining inshore surveys and offshore surveys 
(i.e. NEFSC offshore trawl survey), as well as combining 
fisheries independent data sources with fisheries 
dependent data. Furthermore, habitat preference is very 
complex to determine, and involves a range of variables 
that were not recorded for this study (substrate type, 
prey, predators, currents, reproduction, etc.). While we 
are confident in our findings that these two hake species 
have specific bottom temperature and depth preferences, 

understanding their entire scope of habitat selectivity is 
still widely unknown. With the lack of sampling of deeper 
waters (> 220 m), the trend in both white and red hake 
abundance in deeper waters is unclear based on these 
models. While depth in the GoM is mostly constant, the 
impending threat of temperature shifts due to climate 
change causes greatest concern to both of these cold-water 
hake species. Future research using data from the NEFSC 
offshore trawl survey should be conducted to investigate 
deeper habitats in the GoM. 

Conclusion

While our study is the first investigation into the direct 
effects of climate change on inshore white and red hake 
populations, there is still much unknown. The scope of 
sampling gives us a limited understanding regarding the 
pressures both species are experiencing as a result of a 
warming environment. While these two species share 
many physical and morphological characteristics, their 
habitat preferences and tolerance are very dissimilar. 
These preferences go as far as each species displaying a 
unique response to their changing environment. While this 
study does not consider all drivers of habitat preferences, 
the observed patterns of both species through time is 
hypothesized to help better inform management practices 
as well as highlight the gap in published data regarding 
these species, specifically in inshore areas. Specifically in 
Canadian waters, environmental aspects are considered 
for stock assessments (Kulka et al., 2022), a practice we 
suggest implementing in the GoM for hake. Ultimately, 
unlike the findings of Pershing et al. (2015), we do 
not feel that there is currently enough data analyzed to 
strongly support a proper mitigation plan with both white 
and red hake, although we feel confident that increased 
investigations into their life history will allow managers 
the ability to impose future management decisions with 
confidence.
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