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Abstract 22 

Climate change influences ecological processes and biogeochemical cycles of marine 23 

environments. Species may respond and adapt to these changes through shifting spatial 24 

distributions, but options may be limited by the required occupancy of essential habitats which 25 

are anchored in space. Marine fish species typically have complex life cycles composed of 26 

multiple life stages with different degrees of habitat preferences. Limited knowledge of when 27 

spatial constraints are most likely to occur in marine fish life cycles has impeded the development 28 

of realistic distribution forecasts. In this study, we develop and implement analytical techniques 29 

to identify spatial constraints, defined by both the consistency through which a particular 30 

geographic area is used year after year, and by the extent of such area with respect to the entire 31 

population range. This  approach is applied to ten case studies including six groundfish species 32 

from the Eastern Bering Sea, three from the Scotian Shelf, and one from the Barents Sea. Our 33 

analyses illustrate that the early phase of the species’ life cycle is more spatially constrained than 34 

older life stages, and that adult stages are more closely associated with  particular temperatures or 35 

climate velocities. We detected significant species-specific variability in both the degree to which 36 

species are anchored in space throughout their life cycle, and the ontogenetic changes of the 37 

geographic association. Some of this variability can be explained by the species life history 38 

strategy and this provides promising avenues to extend similar analyses to data poor species. The 39 

presence of life history spatial constraints, particularly during early life stages, indicates 40 

restrictions exist  to changes of spatial distribution and thus questions the assertion that global 41 

warming will uniformly result in an increase of harvest at higher latitudes and decreases at lower 42 

latitudes. Species distribution models are often parameterized from data based on life stages that 43 

are highly variable in space, such as the adult stages during summer months which may result in 44 

unrealistic forecasts of distribution. Our study develops ecological and analytical insights that are  45 
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critical for developing accurate projections of species distributions under different climate change 46 

scenarios.  47 

Key words: Life history, marine subarctic, spatial distribution, ontogeny, constraint 48 
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Introduction 50 

A focal point in the study of fisheries oceanography is to understand and predict how fish 51 

populations respond to climate change, and to regional and local scale oceanographic variability 52 

(Kendall and Duker, 1998; Cury et al., 2008; NOAA et al., 2014a). Within this framework, a 53 

great challenge exists which is to quantitatively characterize the adaptive potential of marine 54 

organisms (Merilä and Hendry, 2014). Climate change is affecting ecological processes and 55 

biogeochemical cycles of many marine environments. Species may respond and adapt to these 56 

changes through both phenotypic plasticity and microevolutionary adaptations (Crozier and 57 

Hutchings, 2014). For example, one way in which adult marine fish quickly adapt to climate 58 

change is by shifting their spatial distribution (Poloczanska et al., 2013). Commercial 59 

exploitation has also shown to result in spatial shifts, in particular a deepening among older age 60 

groups (Frank et al., 2018). Retrospective analyses of long-term monitoring or survey programs 61 

have documented several shifts of marine fish spatial distribution across both latitudinal and 62 

bathymetric gradients (Perry, 2005; Nye et al., 2009; Pinsky et al., 2013; Pinsky et al., 2020). 63 

These trends are particularly evident in sub-arctic and temperate environments (Kleisner et al., 64 

2017), where the effects of global warming appear to be the primary driver (Saba et al., 2016). 65 

Range shifts of marine fish are now  impacting coastal communities that are dependent on 66 

commercial fisheries (Selden et al., 2020; Rogers et al., 2019).  67 

There are limits to how far individuals in a population can adapt to a changing climate. 68 

Marine fish species have complex life cycles composed of multiple life history stages that 69 

undergo ontogenetic changes of spatial distribution and habitat requirements. As a consequence 70 

they exhibit different degrees of habitat preferences during their life cycle (Barbeaux and 71 

Hollowed, 2018; Bartolino et al., 2011). During some life stages individuals are constrained in 72 

space due to the presence of critical habitats and oceanographic conditions, such as bathymetry, 73 
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sediment characteristics, or topographically induced currents and tides, which are also fixed in 74 

space and time. (Lough et al., 2006; Ciannelli et al., 2010; Stuart-Smith et al., 2021). Imprinted 75 

behavior (Cury, 2019) and social facilitations (Corten, 2002) also contribute to the presence of 76 

persistent spatial aggregations of individuals in geographically fixed habitats. Examples of 77 

spatially constrained habitats include spawning sites (Ciannelli et al., 2014), nursery areas (Beck 78 

et al., 2001), and dispersal pathways between them (Petitgas et al., 2013). During other life stages 79 

the same individuals are able to change their distribution and track climate velocities (e.g., 80 

Alvarez-Berastegui et al., 2014).  81 

The effects of climate variability on species distributions are often assessed by examining 82 

a single or few life history stages based on  readily available data (e.g., Wisz et al., 2015; Thorson 83 

et al., 2016; Kleisner et al., 2017). However, parameterizing species distribution models based on 84 

one or a few life stages may produce results that over-estimate the degree of spatial re-85 

distribution in response to climate change, and misinterpret the processes involved in driving 86 

such spatial responses (Asch and Erisman, 2018). Recognizing where and when in the species’ 87 

life cycle these spatial constraints occur is important to produce more realistic distributional 88 

forecasts. To date, there is no systematic knowledge of when in marine fish life cycles such 89 

spatial constraints are most likely to occur. Spatially constrained stages may act as a bottleneck to 90 

adaptation, and can have fitness repercussions (Caddy, 2014). Therefore, identifying these 91 

constraints has important implications for monitoring and managing marine fish species in a 92 

changing climate.  93 

This study has the dual goals of first developing analytical techniques to identify spatial 94 

constraints on a species’ life cycle, and then implementing these new analytical techniques to 95 

compare patterns of life history spatial constraints across species with contrasting life history 96 

strategies. Data rich species/populations from sub-arctic systems in both the North Atlantic 97 
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(Scotian shelf and Barents Sea) and the North Pacific (Bering Sea) (Fig. 1) are evaluated, 98 

although we envision future application of these techniques to species from temperate and 99 

subtropical systems. The selection of species in this study balances the need to include 100 

contrasting life history strategies and highly resolved life cycle data . Here we define the degree 101 

of spatial constraint by both the consistency at which a particular geographic area is used year 102 

after year, and by the extent of such area with respect to the entire population range. 103 

Consequently, life history stages that occupy the same areas over time, and are concentrated in a 104 

relatively small area compared to the population range, are deemed highly constrained. In 105 

discussing our results, relevance is given to global climate change and the ways in which species 106 

can adapt even in the presence of strong spatial constraints. With these study goals and 107 

methodologies, we anticipated the existence of bottlenecks to species adaptability through 108 

changes of spatial distribution, to generate hypotheses to link a species' life history and the 109 

processes affecting the selection of habitat through the life cycle, and to develop spatial 110 

distribution models that consider multiple life history stages and that can be used to project 111 

species distributions in relation to future climate change scenarios. 112 

 113 

Methods 114 

The methodology is organized in two sections. First, we describe the quantitative metrics for 115 

assessing habitat constraints, and in the second, we describe the application of these metrics to a 116 

selection of ten sub-arctic fish populations that are representative of contrasting life history 117 

strategies and habitat requirements.  118 

 119 

Metrics for assessing habitat constraint 120 
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We defined the habitat constraint (HC) for a species (s) at a target age or size (a), as the product 121 

of the consistency C, dimensionless, ranging from 0 (not consistently occupied) to 1 (consistently 122 

occupied) at which a specific habitat is occupied, and the geographic extent E, dimensionless, 123 

ranging from 0 (small extent) to 1 (large extent) of that habitat:  124 

 125 

𝐻𝐶𝑎 = 𝐶𝑎(1 − 𝐸𝑎)       (1) 126 

 127 

As such, the habitat constraint metric can only range from 0 to 1. It approaches 1 when, over the 128 

studied period, fish at a target age or size are consistently using a very small fraction of the area 129 

where the population is known to occur. Conversely, the constraint metric will be close to zero 130 

when target age or size distribution is highly variable from year to year and widely spread over 131 

the population range. Note that the habitat constraint changes for each species, however in 132 

equation (1) the sub index for species has been omitted. 133 

We used Generalized Additive Models (GAM) to determine Ca. GAMs allow for 134 

nonlinearities between covariates and response, and therefore are well suited to capture unique 135 

patterns of spatial dependency over space (Wood, 2017). Let Xa,lat,lon,y be the natural log of the 136 

local abundance of the studied species at the target age or size a, collected over multiple years y, 137 

at locations defined by geographic coordinates (lat, lon). We quantify the consistency of habitat 138 

use (Ca) as the difference of the residual error between the base model (2), which only includes 139 

yearly variable intercepts (𝛽𝑎,𝑦) and the day of the year effect (i.e., phenology d),  140 

 141 

𝑋𝑎,𝑙𝑎𝑡,𝑙𝑜𝑛,𝑦 = 𝛽𝑎,𝑦 + 𝑠𝑎(𝑑) + 휀_𝑏𝑎,𝑙𝑎𝑡,𝑙𝑜𝑛,𝑦     (2) 142 

 143 
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and the habitat model (3), which includes also the effect of geographic coordinates (lat, lon) 144 

 145 

𝑋𝑎,𝑙𝑎𝑡,𝑙𝑜𝑛,𝑦 = 𝛽𝑎,𝑦 + 𝑠𝑎(𝑑) + 𝑔𝑎(𝑙𝑎𝑡, 𝑙𝑜𝑛) + 휀_ℎ𝑎,𝑙𝑎𝑡,𝑙𝑜𝑛,𝑦   (3) 146 

 147 

The parameter 𝛽𝑎,𝑦 is a stage and year specific intercept that accounts for interannual changes in 148 

abundance, g is a two-dimensional smooth function that varies by stage, s is a one-dimensional 149 

smooth function that also vary by stage, and 휀 is a random error assumed to be normally 150 

distributed (on the log scale) with mean equal to zero and variance equal to the residual variance 151 

of the model. Models 2 and 3 are fitted separately for each age or size-group of a population. 152 

Given the base and habitat models in 2 and 3, the consistency metric is derived as 153 

follows: 154 

 
155 

𝐶𝑎 =
∑(𝑒_𝑏𝑎,𝑙𝑎𝑡,𝑙𝑜𝑛,𝑦)2− ∑(𝑒_ℎ𝑎,𝑙𝑎𝑡,𝑙𝑜𝑛,𝑦)2

∑(𝑒_𝑏𝑎,𝑙𝑎𝑡,𝑙𝑜𝑛,𝑦)2       (4) 156 

 157 

If a target age or size group consistently uses the same habitat year after year, then the error of 158 

the habitat model (휀_ℎ𝑎,𝑙𝑎𝑡,𝑙𝑜𝑛) will be small, the ensuing Ca metric will be high, and approaching 159 

1. Vice-versa, for a habitat used very inconsistently from one year to the next, Ca will approach 0. 160 

The determination of Ca from models (2) and (3) is executed on presence only data (i.e., positive, 161 

non-zero catches). However, corresponding logistic regression models are also implemented to 162 

the presence-absence data to estimate the probability of occurrence of the target stage, and the 163 

presence-absence and the presence only models are used together to predict density over a 164 

regularly spaced array of stations for the calculation of habitat extent, as discussed in the next 165 

paragraph. 166 
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Given an age or size group a, its geographical extent (Ea), is determined by the smallest 167 

fractions of the total occupied habitat that contains a pre-specified fraction (e.g., f=0.75) of the 168 

predicted total abundance of the species at the targeted age or size. Namely, 169 

 170 

𝐸𝑎 =

𝐴𝑓,𝑎

𝐴𝑡

𝑓
⁄          (5) 171 

 172 

where Af,a is the smallest area containing a fraction f of the species total abundance at the targeted 173 

age/size, and At is the total area occupied by the population. Because available surveys are likely 174 

to cover areas where the targeted species has never occurred, At is here defined by a regular array 175 

of equally spaced grid points that are less than 30 km away from a location with positive 176 

occurrence of the targeted species. Af,a is equal to the aerial sum of all the grid cells (H), each 177 

with area (h), and whose cumulative fraction of predicted abundance is less than or equal to f:  178 

 179 

𝐴𝑓,𝑎 = ∑ ℎ𝑖

𝐻

𝑖=1

 180 

 181 

We choose the fraction f equal to 75% of the predicted biomass within the area At, and for 182 

three of the ten case studies examined, we assessed the sensitivity of f to the habitat extent and 183 

habitat constraint metrics (Appendix S1). To predict the density of the targeted species and stage 184 

at each location in the array (�̂�ℎ𝑖,𝑎), we use the delta method (Porter and Ciannelli, 2018), by 185 

taking the product between the probability of occurrence (u) and the abundance (x) of the target 186 

stage and species predicted from a presence-absence and presence only habitat model (3), 187 

respectively: 188 



Life History Constraints  10/41 

 189 

�̂�ℎ𝑖,𝑎 = �̂�ℎ𝑖,𝑎�̂�ℎ𝑖,𝑎.  190 

 191 

To predict Af,a, the array units (h) are first sorted in decreasing order of the respective 192 

predicted density, such that �̂�ℎ_𝑖 ≥ �̂�ℎ1+1 , and their respective areas are summed until the 193 

fractional biomass threshold f is reached. When so derived, the extent metrics (Ea) can only range 194 

from 0 to 1. It approaches 0 when the target stage is spatially clustered within the species 195 

distribution range, and 1, when the target stage is uniformly distributed across the species 196 

distribution range.  197 

 198 

Applying constraint metrics to species with contrasting life histories 199 

We implemented the habitat constraint models to ten case studies, including six 200 

groundfish species from the Eastern Bering Sea, three from the Scotian Shelf, and one from the 201 

Barents Sea (Table 1). For each studied system, fish distribution data are collected as part of 202 

long-term survey programs conducted by the agencies that oversee fisheries management and 203 

assessment in the region, including the National Oceanic and Atmospheric Administration 204 

(NOAA) for USA (Lauth et al., 2019), the Canadian Department of Fisheries and Oceans (DFO; 205 

Frank et al., 2018), and the Institute of Marine Research (IMR), Norway (Fall et al., 2018) and 206 

the Polar Branch of Russian Federal Research Institute of Fisheries and Oceanography (VNIRO) 207 

for Russia (Stige et al., 2019) in cooperation for the Barents Sea. We only included stages of 208 

species for which the available survey coverage clearly captured the distribution core of the 209 

targeted age or size, and we only included years in which there were more than 40 stations 210 

sampled. In general, the timing of the juvenile and adult survey is summer, while that of eggs and 211 
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larval stages changes depending on the spawning phenology of the species. Additional 212 

information about each survey, including years and months covered, is provided in the Appendix 213 

S2.  214 

To compare patterns of habitat constraint across the ten case studies we first derived an 215 

index of ontogenetic development (Os,a) as the ratio between the size or age of the examined life 216 

history stage and the maximum size or age of the species. We are aware that ontogeny does not 217 

linearly scale with either age or size. Therefore, we also tried alternative ways of calculating the 218 

ontogenetic index, e.g., as the log of the age or size over the log of maximum age or size. Results 219 

were not sensitive to the way in which the ontogenetic index was calculated, and we opted for the 220 

simpler linear formulation. We then fit a GAM to the habitat constraint versus ontogenetic index 221 

metrics. In these analyses, the inter-species variability was first included as a random term, which 222 

allowed us to estimate an average relationship across the ten combinations of species and 223 

populations, and the variance components associated with the fixed and random terms:  224 

 225 

𝐻𝐶𝑠,𝑎 =  𝛽 + 𝑔(𝑂𝑎) + 𝛿𝑠 + 휀𝑎       (6) 226 

 227 

where 𝛽 is a model intercept, g is a smooth non-parametric function, 𝛿𝑠 is a random effect 228 

varying by combinations of species and population (10 estimates) assumed to be normally 229 

distributed, and 휀𝑎is the residual variation, also normally distributed.  230 

In a second GAM formulation, the inter-population variability was modeled as a fixed 231 

effect, which allowed us to estimate a single smooth term and elevation for each examined 232 

population: 233 

 234 
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𝐻𝐶𝑠,𝑎 =  𝛽𝑠 + 𝑔𝑠(𝑂𝑠,𝑎) + 휀𝑎      (7) 235 

 236 

In GAM formulations (6) and (7), the maximum degrees of freedom for the one-dimensional 237 

smooth terms was limited to three, to avoid overfitting.  238 

We applied the above analyses to multiple life history stages, including eggs, larvae, and 239 

eight or nine progressively larger or older juvenile and adult stages. Not all stages were available 240 

for all populations. Some case studies missed the egg and larval stages due to lack of taxonomic 241 

resolution (arrowtooth flounder, Atheresthes stomias) or life history characteristics (Pacific cod, 242 

Gadus macrocephalus, have demersal eggs), and all of the Scotian Shelf case studies did not 243 

include the egg stage. For the Bering Sea case studies, juvenile and adult stages were partitioned 244 

into eight size groups, with size thresholds chosen to even out sample size. For the Scotian Shelf 245 

and Barents Sea case studies, juvenile and adult stages were partitioned into nine age groups, 246 

(age-0 to age-8 and older). For each species, we only included data from sampled stations that are 247 

less than 30 km away from a sampled location that had at least one positive occurrence of the 248 

targeted species at any age or size. Thus, we eliminated surveyed stations where the targeted 249 

species had never occurred.  250 

Given a species, with the exception of the Barents Sea case study, we limited the analyses 251 

to overlapping years of data availability across the stages examined. So, for the Scotian shelf case 252 

studies, we restricted the analyses from 1979 to 1982, which are the years in which 253 

ichthyoplankton collections are available. For the Bering Sea, data were available from 1982 to 254 

2018 for adults and juveniles, and from 1988 to 2018 for eggs and larvae, however, the exact 255 

years changed among the species examined due to the necessity of including no less than 40 256 

sampled stations within each year. For the Barents Sea, temporal coverage differed between 257 
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stages. Eggs and larvae were only available from 1981 to 1993, while the autumn juvenile and 258 

adult surveys are only available from 2003. More information about the years and months 259 

included in the analyses is provided in the Appendix S2. 260 

To estimate the relationship between habitat constraint and the ontogenetic index (Eqs. 6 261 

and 7), we only included species and stages that had more than 400 stations with positive catches 262 

through all years, which correspond to less than the 10% quantile of available sample sizes across 263 

all examined species and stages. A minimum of 400 stations was deemed necessary to 264 

simultaneously fit one- and two-dimensional smooth functions of phenology and distribution in 265 

model (3). This caused the removal of yellowfin sole eggs (n = 33), Alaska plaice larvae (n = 266 

253), Scotian shelf haddock (n = 160) and cod (n = 262) larvae, Scotian shelf cod age-0 (n = 262) 267 

and age-1 (n = 333), Scotian shelf hake age-0 (n = 372), and Scotian shelf haddock age-0 (n = 268 

283) and age-1 (n = 342). To reduce model uncertainties, the size or age specific data should 269 

ideally capture the distribution range and have similar sample size across size or age groups. In 270 

our applications, we removed yellowfin sole larvae because their distribution was clearly 271 

truncated at the northern end of the sampled area, in spite of this stage including 603 stations. For 272 

the remaining cases, the area monitored include clusters of high numerical density, and covers 273 

bathymetric and oceanographic values that are representative of the habitat variability 274 

experienced throughout the population range. Thus, we are confident that the data analyzed 275 

capture well the degree to which different size or age groups distribute over space. All analyses 276 

were conducted in R (version 3.6.2) and GAM models were fitted with the mgcv library (1.8-33). 277 

With the exception of data from the Barents Sea case study, all other R codes and data are 278 

deposited in: https://github.com/lciannel/lifehistoryconstraint. 279 

 280 

Results 281 
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Implementing habitat constraints analyses 282 

The distribution of walleye pollock in the Eastern Bering Sea changes for different ontogenetic 283 

stages and size groups (Fig. 2). At the egg and larval stages, the majority of the estimated 284 

biomass is confined to the Alaska Peninsula and to the Pribilof Islands regions, which are known 285 

spawning locations. The slight difference in distribution between egg and larval stages is 286 

attributable to passive transport by currents from spawning to juvenile habitats. As individuals 287 

grow in size they occupy larger areas of the outer (depth 100-200 m) and middle (depth 50-100 288 

m) shelf regions, illustrated by a progressive increase of the habitat extent for these stages (Fig. 289 

2).  290 

Unlike the pollock case study, in which distribution changes across life stages, the spatial 291 

distribution of haddock in the Scotian shelf does not change through different life stages.  Despite 292 

this, there are differences in the consistency and extent of habitat use across life history. High 293 

concentrations of haddock larvae are located at the southern and western portion of the Scotian 294 

shelf, corresponding to Browns and Emerald Banks, which are known spawning grounds. 295 

Consequently, the majority of the estimated larval biomass is confined to these two locations 296 

(Fig. 3). Habitat expansion and increased dispersion is observed during the age-0 stage, (probably 297 

due to greater mobility of these juveniles), while distribution becomes concentrated and patchier 298 

again at older and reproductively mature life stages (age-1+) (Fig. 3). Note that we provide 299 

similar sets of figures to those for walleye pollock and haddock shown here for the other eight 300 

case studies in the Appendix S3. 301 

For walleye pollock in the Bering Sea, estimates of habitat constraint decline with 302 

ontogeny, ranging from 0.22 at the egg stage to 0.06 at an intermediate adult stage. This is due to 303 

both a higher interannual spatio-temporal variance associated with larger sized individuals, and a 304 

progressive increase of habitat extent (Fig. 4). The consistency at which a stage occupies a 305 
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specific geographic area decreases notably for individuals in the middle of size ranges, between 306 

383 mm and 444 mm in length, denoting large interannual variability of spatial distribution at 307 

corresponding size ranges (Fig. 4). 308 

Haddock’s metrics of habitat constraints are higher than those of pollock, and are highest 309 

between age-2 (0.26) and age-4 (0.27) to then decline for older life stages, at age-8 (0.17) and 310 

age-9+ (0.18). During the larval and age-0 stages, haddock metrics of constraint are also low, but 311 

the sample size for these stages is small compared to that of other stages, and may have 312 

contributed to the high interannual variability and low consistency of spatial distribution (Fig. 5).  313 

By including population as a random term (Eq. 6), we found a significant and linear effect 314 

of the ontogenetic index on habitat constraint across all species (Fig. 6). This outcome implies 315 

that younger stages and size groups, on average, tend to be more highly constrained in space than 316 

older stages and larger size groups. However, the variance component of the random term 317 

(population) is three orders of magnitude greater than the variance explained by the ontogeny 318 

effect, underscoring high inter-population (or species) variability in this relationship (Table 2).  319 

The variability in the shape and elevation of the smoothed ontogenetic index is evident 320 

from the results of the fixed effect model (Eq. 7). Three of the populations exhibit habitat 321 

constraints that persist to juvenile or even adult stages (Alaska plaice, yellowfin sole, flathead 322 

sole) and for two of these species the relationship between the ontogenetic index and habitat 323 

constraint is nonlinear (e.g., flathead sole and yellowfin sole) (Fig. 7). Five populations have a 324 

gradual linear decline of habitat constraint with ontogeny (Barents Sea cod, Bering Sea pollock 325 

and cod, and Scotian shelf haddock and cod), while the remaining two populations have no 326 

significant relationship between habitat constraint and ontogeny (arrowtooth flounder, silver 327 

hake). In addition to variability in the shape of the ontogenetic effect we also found significant 328 

variability in the elevation associated with  each population (Table 2). Yellowfin sole, Alaska 329 
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plaice and flathead sole have the highest intercept estimates, indicating a stronger overall affinity 330 

of these populations to location or substrate, compared to other examined cases. The relationships 331 

between the metrics of habitat constraint and extent with the ontogenetic index did not change 332 

with changes of the parameter f (fraction of biomass for the habitat extent metric) (Appendix S1).  333 

 334 

Discussion  335 

Drivers of life history spatial constraints 336 

Our analyses illustrate that marine fishes, particularly during the early phase of their life cycle,  337 

are more constrained in space than other stages. The existence of life history spatial constraints is 338 

common and well documented in terrestrial vertebrates and invertebrate species, and have 339 

practical implications for conservation. For example, stopover sites of long-distance migratory 340 

birds, such as the bar-tailed godwits (Limosa lapponica) in the eastern Atlantic flyway 341 

(Scheiffarth et al., 2002), are critical to the completion of the species' annual migration. Likewise, 342 

migrating and overwintering generations of the eastern monarch butterflies Danaus plexippus are 343 

known to concentrate from a 4.5 million km2 breeding ground during spring and summer, down 344 

to an approximately 1 km2 area in winter (Reppert and de Roode, 2018). In contrast to these 345 

examples of strong spatial affinity and site fidelity for terrestrial species, the current paradigm for 346 

marine sub-arctic fish, (especially pelagic species; Cheung et al., 2015), is that of a loose 347 

association with geographic locations. This is in part because of their highly dispersing life 348 

history strategy, and in part because of the highly spatially dynamic nature of seascapes. This is 349 

the basic premise behind the postulate that fish species can adapt to global warming by shifting 350 

their spatial distribution, leading to a redistribution of global catches, with loss at the tropics and 351 

gains at higher latitudes (Cheung et al., 2010; Meredith et al., in press) . While there is ample 352 

evidence that many marine fish species are redistributing, here we show that some species from 353 
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sub-arctic seas consistently occupy restricted geographic locations during early phases of their 354 

life cycle. The existence of these spatial constraints will limit the degree to which these species 355 

can adapt to climate change by re-distributing to higher latitudes.  356 

We did not address the drivers of these spatial constraints, but it is reasonable to expect 357 

that natal homing (Cury, 2019) and a life history strategy tuned to the presence and persistence of 358 

topographic, sediment, and bathymetric characteristics are the primary reasons. In the Bering Sea 359 

for example, organic content and sediment characteristics are correlated with higher trophic level 360 

community composition and abundance in benthic habitats (Grebmeier et al., 1989). Flatfish 361 

abundance has strong associations with sediment characteristics, and it is hypothesized that these 362 

associations are the result of diet preferences and benthic prey availability (McConnaughey and 363 

Smith, 2000). Similarly, in the Scotian shelf there are strong habitat associations of the three 364 

gadids studied here (cod, silver hake and haddock) and sediment types (Scott, 1982a; Waiwood 365 

and Buzeta, 1989), and in the nearby Georges Bank newly settled juvenile cod and haddock are 366 

associated with pebble-gravel deposits in the northeast side of the bank (Lough et al., 1989). 367 

Bathymetric-driven circulation features, important for the dispersal of fish eggs and larvae, are 368 

also potential drivers of spatial constraint during early life stages. In the Bering Sea, canyons 369 

along the continental slope drive topographically steered circulation (Ladd, 2014) and affect the 370 

transport pathways of slope spawning flatfish eggs and larvae (Sohn et al., 2016). On the shelf, 371 

circulation features (e.g. gyres) can also aggregate and retain eggs and larvae in spatially 372 

restricted areas around banks (O’Boyle et al., 1984; Smith and Morse, 1985;  Lough et al., 2006). 373 

In our analyses of the Scotian shelf, haddock and cod larvae generally occupied Browns and 374 

Emerald banks, and silver hake was found in the vicinity of Western Bank. These are known 375 

gadid spawning locations in the Scotian shelf region (Hurley and Campana, 1989; Brickman, 376 

2003), and previous studies have underscored the importance of larval retention around these 377 
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banks (O’Boyle et al., 1984). While in principle during spatially constrained phases of a fish life 378 

cycle, water temperature may not be an important driver of spatial distribution, temperature may 379 

still be an important covariate during other life history stages. For example, the spawning habitats 380 

of walleye pollock, in both the Eastern Bering Sea and western Gulf of Alaska, do not 381 

geographically change in relation to changes of water temperature (Bacheler et al., 2010, 382 

Bacheler et al., 2012), while adult stages of walleye pollock outside of the spawning season shift 383 

northward during warm years (Thorson et al., 2020).  384 

Exploitation and predator-prey interactions may also contribute to changes of habitat 385 

constraints through ontogeny. Sub-arctic systems are characterized by relatively few species, 386 

some of which are commercially harvested, with strong trophic interactions (Livingston, 2000; 387 

Frank et al., 2006). Strong exploitation erodes spatial structure and exploitation status is another 388 

important driver of spatial constraint (Ciannelli et al., 2013). In the Scotian shelf, Frank et al., 389 

(2018) found that exploitation drives ontogenetic-like deepening of Atlantic cod. Thus, one 390 

recommendation for future analyses would be compare patterns of range shifts in relation to 391 

exploitation status of the stock. Trophic interactions may shape the degree of patchiness, 392 

especially in pelagic fish species. For example, (Frank et al., 1993) found that capelin larvae on 393 

the Southeast Shoal of the Grand Banks were patchy during early stages, followed by increased 394 

dispersion, and then, with the onset of schooling behavior, distributions became patchier and 395 

were closely associated with their primary food sources. Some species, such as adult Atlantic cod 396 

and walleye pollock, are prone to eating smaller and younger conspecific individuals. So, their 397 

movement and distribution is linked to that of their prey (Ciannelli et al., 2007; Fall et al., 2018). 398 

 399 

Expanding these analyses to other case studies  400 
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The assessment of life history spatial constraints requires spatial data collected over multiple age 401 

or size groups of a species’ life cycle, ideally during oceanographically contrasting years, and for 402 

most of the population distribution range. Not surprisingly, such data are limited, but notable 403 

exceptions exist, and they have been included in our study. If data are available over different 404 

seasons, it is best to separate the analyses accordingly, as species can undergo seasonal 405 

contraction and expansions in their distribution. This is evident in the Barents Sea cod, with 406 

winter distribution range limited by low temperature under sea ice, and therefore more 407 

constrained compared to summer (Appendix S3, Figs. S14 and S16).  408 

 Life history spatial constraints inferred from data rich cases, may provide insight for data 409 

poor species. In cases we examined, three patterns of spatial constraint across life histories were 410 

evident (Fig. 7). The first pattern is characterized by a gradual and monotonic decline of spatial 411 

constraint, resulting in the adult spawning individuals and eggs being most spatially constrained, 412 

and the non-spawning adult individuals instead being more spatially dispersed. Gadids, including 413 

walleye pollock, Scotian shelf cod and haddock, Pacific cod and Barents Sea cod follow this 414 

pattern in so far as their populations have the simultaneous presence of spatially constrained and 415 

highly mobile individuals. These species have strong site fidelity at spawning (e.g., Hurley and 416 

Campana, 1989; Rose, 1993; Neidetcher et al., 2014) and highly mobile adults during the 417 

nonbreeding seasons. Tagging studies of adult stages of Pacific cod (> 50 cm length) indicate 418 

widespread movement and occupancy during summer, and directional movement to slope 419 

spawning areas during winter (Shimada and Kimura, 1984). Similarly, mature Barents Sea cod 420 

undertake extensive southwards countercurrent migrations during winter toward spawning 421 

grounds along the Norwegian coast and migrate northwards to vast feeding grounds in the 422 

summer (Ottersen et al., 2014).  423 
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The second pattern is characterized by a delayed (flathead sole) or protracted (Alaska 424 

plaice, yellowfin sole) period of high spatial constraint, persisting into juvenile and sub-adult 425 

stages, before declining at later stages. Previous work has pointed to strong associations of 426 

yellowfin sole abundance in sandy substrate, flathead sole in mixed sand and mud, and Alaska 427 

plaice in mixed gravel and sand (McConnaughey and Smith, 2000). In the Bering Sea shelf, 428 

bathymetry is negatively correlated with sediment size and, not surprisingly, all three species 429 

have a strong affinity with specific depth ranges (Swartzman et al., 1992). Adult yellowfin sole 430 

perform annual spring and fall migrations to and from spawning areas (Wilderbuer et al., 1992). 431 

The timing of these migrations is influenced by water temperature and sea ice extent on the 432 

Bering Sea shelf, and in turn influences availability to the survey (Nichol et al., 2019). So, it is 433 

possible that the rapid decline of habitat constraint of adult yellowfin sole may be driven by the 434 

changes in timing of their migration and availability to the summer survey, rather than 435 

interannual distribution changes.  436 

The third pattern includes cases with a relatively constant level of spatial constraint 437 

through the species life cycle, indicating either a loose (e.g., arrowtooth flounder) or high (e.g., 438 

silver hake) lifetime spatial associations. Species that conform to this pattern are at the 439 

northernmost extreme of their range, and their spatial distribution and annual abundance may be 440 

particularly sensitive to changes of water temperature. For example, arrowtooth flounder in the 441 

Bering Sea avoids water below 2oC, which is typically observed in the middle shelf during 442 

summer on the Bering Sea (Ciannelli et al., 2012). Similarly, silver hake in the Scotian shelf 443 

tends to occupy warmer water of the central and southwest portion of the shelf while avoiding the 444 

colder northeast shelf (Scott, 1982b), and bottom water temperature on the shelf is an important 445 

driver of their abundance (Reed et al., 2018). We note that our cross-section of species only 446 

includes those residing in sub-arctic systems, and with either benthic or demersal strategies 447 
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during the adult phase. Thus, augmenting these analyses with more species, including those from 448 

temperate and tropical reef species, as well as species with pelagic life history strategies during 449 

the adult phase (e.g., Muhling et al., 2013), would be instrumental to validate the trends of habitat 450 

constraint across the life cycle, and to establish the link with life history strategies. Ultimately, 451 

this broader level of investigation would further enable inference about habitat use and 452 

adaptability to climate change for data poor species, for which life history trait information is 453 

known but spatial data for multiple life stages is not available. 454 

Implications for species distribution models  455 

Assessment of habitat constraints through the species life cycle have important implications for 456 

accurate predictions of species distribution in relation to climate change. The presence of strong 457 

spatial dependency for some stages indicates that within the range of examined values, water 458 

temperature may not be a primary driver of spatial distribution (Stuart-Smith et al., 2021), and 459 

calls into question projections of species or catch distributions based solely on water temperature. 460 

Additionally, species distribution models are often parameterized using data from stages that are 461 

highly variable, such as the adult stages during summer months, which is when most groundfish 462 

surveys occur in sub-arctic areas. Our analyses indicate that adult stages are more likely to follow 463 

temperature or climate velocities because they are less constrained in space. Consistently, stage-464 

specific models have different prediction outcomes compared to those parameterized on only one 465 

life stage (Asch and Erisman, 2018). Life history stages with high habitat constraint will limit 466 

future distribution shifts and can be used as a “mask” increasing accuracy of current species 467 

distribution model predictions. 468 

To what degree can range shift offset climate change? 469 

Populations that have the simultaneous occurrence of spatially constrained and spatially 470 

unconstrained life stages (e.g., walleye pollock and Pacific cod) can experience a further 471 
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separation among their stage-specific habitats and therefore be challenged to close their life 472 

cycle. This appears to be the case for both Pacific cod and walleye pollock in the Bering Sea, 473 

where in recent years the juvenile and adult summer distribution has been shifting progressively 474 

northward (Stevenson and Lauth, 2019), while spawning habitats are fixed in space at the 475 

southern edge of their distribution range (Neidetcher et al., 2014; Bacheler et al., 2012).  476 

When species are constrained in space during certain stages they will need to adapt to new 477 

habitat conditions in order to change their distribution. Adaptive changes are needed when the 478 

distribution of the most limiting stage is 1) geographically controlled, and/or 2) the physiological 479 

tolerance limits (e.g. temperature-dependent development) of the most limiting stage have been 480 

reached. In 1), for species to shift distribution, adaptation must occur by linking the new 481 

geographic cues (e.g. deeper waters) to the environmental conditions associated with suitable 482 

habitat.  In 2), if physiological tolerance limits have been reached, adaptation in the physiological 483 

response to the environment would be needed before further shifts could occur. In the Gulf of 484 

Alaska for example, water temperature is significantly warmer than the Bering Sea, and 485 

laboratory and modeling analyses indicate that Pacific cod eggs may be experiencing thermal 486 

stress at their traditional spawning sites, which may further limit recruitment (Laurel and Rogers, 487 

2020). To adapt to these changes Pacific cod will need adaptation to 1) develop new cues and 488 

spawn in cooler habitats within the Gulf of Alaska, and/or 2) shift the thermal tolerance of 489 

embryos. Models that account for life history constraints as outlined here, that are extended to 490 

also include physiologically based relationships (e.g., Kearney and Porter, 2009) of 491 

environmental covariates in addition to a fixed spatial term, can be used to simulate plastic and 492 

adaptive responses of fish to climate. Furthermore, modelling of free-drifting life stages and 493 

energy budget modelling of migratory adults might be needed to assess whether different spatial 494 
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constraints across life stages will necessitate evolutionary adaptations in order for the species to 495 

close its life cycle in a future climate.  496 

There is unfortunately a chasm in the marine sciences literature with fisheries 497 

oceanographers being more keenly aware of plastic responses of fish to climate change and life-498 

history biologists being more keenly aware of evolutionary adaptations (e.g.,. Hutchings, 2011). 499 

Bridging this gap between plasticity and adaptations (Schoener, 2011; Anderson et al., 2012) to 500 

understand and model how marine species respond to climate change and variability, as well as 501 

other anthropogenic stressors, will be an important advancement in marine ecology. 502 
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Table 1. List of case studies examined. NOAA: National Oceanic and Atmospheric 753 

Administration; DFO: Department of Fisheries and Ocean; IMR: Institute of Marine Research, 754 

VNIRO: Russian Federal Institute of Fisheries and Oceanography. Stages with an asterisk (*) 755 

were not included in the analyses of habitat constraints vs ontogenetic index (Equations 6 and 7) 756 

due to a small sample size. For additional information about sample sizes, years, and months 757 

included in each case study, see Appendix S2 (Table S1). 758 

Common and 

scientific names 

Area Max size 

or age 

Survey 

type 

Stages 

available 

Source 

Walleye pollock  

(Gadus 

chalcogrammus) 

Eastern 

Bering 

Sea 

910 mm Ich, BT Eggs, 

larvae, 

juveniles, 

adults 

NOAA  

Flathead sole  

(FH, Hippoglossoides 

elassodon) 

Eastern 

Bering 

Sea 

650 mm Ich, BT Eggs, 

larvae, 

juveniles, 

adults 

NOAA  

Arrowtooth flounder 

(ATF, Atheresthes 

stomias)  

Eastern 

Bering 

Sea 

980 mm BT Juveniles, 

adults 

NOAA  

Pacific cod  

(Gadus macrocephalus) 

Eastern 

Bering 

Sea 

1170 mm BT Juveniles, 

adults 

NOAA 

Alaska plaice (AP, Eastern 720 mm BT Eggs, NOAA 



Life History Constraints  36/41 

Pleuronectes 

quadrituberculatus) 

Bering 

Sea 

larvae*, 

juveniles, 

adults 

Yellowfin sole  

(YFS, Limanda aspera) 

Eastern 

Bering 

Sea 

700 mm BT Eggs*, 

larvae, 

juveniles, 

adults 

NOAA  

Atlantic cod  

(Gadus morhua) 

Barents 

Sea 

15 years Ich, MT, 

BT 

Eggs, 

larvae, 

juveniles, 

adults 

IMR, 

VNIRO 

Atlantic cod  

(Gadus morhua) 

Scotian 

shelf 

15 years Ich, BT Larvae*, 

juveniles*, 

adults 

DFO 

Silver hake  

(Merluccius bilinearis) 

Scotian 

shelf 

15 years Ich, BT Larvae, 

juveniles*, 

adults 

DFO 

Haddock  

(Melanogrammus 

aeglefinus) 

Scotian 

shelf 

15 years Ich, BT Larvae*, 

juveniles*, 

adults 

DFO 

Ich= Ichthyoplankton survey, BT = bottom trawl survey, MT = midwater trawl. 759 
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Table 2. Results of the GAM models for the analyses of habitat constraints versus ontogenetic 761 

index. Model results are shown for two different formulations, including the first in which 762 

population is a random term (Eq. 6), and the second with population as a fixed effect (Eq. 7). The 763 

values reported for the intercept terms (𝛽) indicate their estimated mean, and the values reported 764 

for the smooth terms (𝑔(𝑂)) indicate the estimated degrees of freedom. For the fixed effect 765 

model, species are sorted in decreasing order of their p-value for the smooth term. Signif. codes: 766 

‘***’ <0.001, ‘**’ < 0.01, ‘*’ < 0.05, ‘.’ < 0.1. YFS: Yellowfin sole. ATF: Arrowtooth flounder 767 

Mixed effect model 𝐻𝐶𝑎 =  𝛽 + 𝑔(𝑂𝑎) + 𝛿𝑠 + 휀𝑎 

Adjusted R2 = 0.673, Dev = 71.0%, n = 86 

 𝛽 𝑔(𝑂𝑎) 𝛿𝑠 

Estimate 0.201 *** 1.000 ***  

Var comp  4.05 x 10-5 8.12 x 10-2 

 

Fixed effect model 𝐻𝐶𝑠,𝑎 =  𝛽 ∗ 𝐼𝑠 + 𝑔(𝑂𝑠,𝑎) ∗ 𝐼𝑠 + 휀𝑎 

R2 = 0.831, Dev = 97.7%, n = 86 

 𝛽 ∗ 𝐼𝑠 𝑔(𝑂𝑠,𝑎) ∗ 𝐼𝑠 

ATF 0.217 *** 1.691 

Silver hake 0.249 *** 1.289 

Pacific cod 0.065 *** 1.299 

Scotian cod  0.153 *** 1.831 . 

Barents cod  0.129 *** 1.000 * 

Haddock  0.244 *** 1.000 * 

Pollock  0.111 *** 1.710 * 
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Alaska plaice 0.279 *** 1.591 *** 

Flathead sole  0.281 *** 1.970 *** 

YFS 0.370 *** 1.983 *** 

 768 

 769 

  770 
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FIGURE LEGENDS 771 

Figure 1. Study areas, including the Eastern Bering Sea (left panel), the Scotian Shelf (center 772 

panel), and the Barents Sea (right panel).   773 

Figure 2. Spatial distribution of walleye pollock in the Bering Sea over different ontogenetic 774 

stages and size groups. Predictions are shown as color image in the units of number of 775 

individuals 10m-2 (eggs and larvae), or numbers of individuals per hectare (ha-1) for all other size 776 

groups. Predictions were obtained from presence/absence and presence only GAM models (delta 777 

method, equation 3). Semitransparent grey bubbles are observed densities and the region 778 

delineated by a white cross (‘+’) represents the estimated habitat extent, or the portion of the 779 

surveyed area that contains 75% of the estimated total abundance. The stage or size range (in 780 

mm) examined is indicated in the lower left corner of each plot. The 200m depth isobath is 781 

shown. 782 

Figure 3. Spatial distribution of haddock in the Scotian Shelf over different ontogenetic stages 783 

and age groups. Predictions are shown as color image in the units of number of individuals m-3 784 

(larvae), or numbers of individuals per hectare (ha-1) for all other age groups. Predictions were 785 

obtained from presence/absence and presence only GAM models (delta method, equation 3). 786 

Grey bubbles are observed densities and the region delineated by a white cross (‘+’) represents 787 

the estimated habitat extent, or the portion of the surveyed area that contains 75% of the 788 

estimated total abundance. The stage or age (in years) examined is indicated in the lower left 789 

corner of each plot. The 200m depth isobaths is shown. 790 

 791 

Figure 4. Habitat constraint metrics applied to walleye pollock in the Bering Sea. These include 792 

the percentage of explained variance of the habitat model (top left, equation 3), mean square error 793 
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ratio (MSE ratio, bottom left) between the base (2) and habitat (3) models, the Habitat Extent (top 794 

right), representing the occupied and surveyed areas that contains f=75% of the total estimated 795 

biomass, and the Habitat Constraint (bottom right), calculated as the product of the previously 796 

two described metrics. The number of stations with positive catches included in the spatio-797 

temporal models at each stage or size is indicated in the upper left plot.  798 

 799 

Figure 5. Habitat constraint metrics applied to haddock in the Scotian shelf. These include the 800 

percentage of explained variance of the habitat model (top left, equation 3), mean square error 801 

ratio (MSE ratio, bottom left) between the base (2) and habitat (3) models, the Habitat Extent (top 802 

right), representing the occupied and surveyed areas that contains f=75% of the total estimated 803 

biomass, and the Habitat Constraint (bottom right), calculated as the product of the previously 804 

two described metrics. The number of stations with positive catches included in the spatio-805 

temporal models at each stage or age is indicated in the upper left plot. 806 

 807 

Figure 6. Average habitat constraint across ontogeny for all species, as estimated by the mixed 808 

effect GAM model where population is included as random effect (Equation 6). The shaded 809 

region represents the 95% confidence interval on the average relationship. The scatterplots are 810 

partial residuals and the rug represents data incidence. The scale of the y-axis is in estimated 811 

anomalies (i.e., deviations from 0). 812 

 813 

Figure 7. Relationship between the habitat constraint metrics and the ontogenetic index for the 814 

ten populations examined in this study (Equation 7). The smooth solid lines are average 815 
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relationships determined by a fixed effect GAM between constraint and the linear ontogeny index. 816 

Dashed lines are 95% confidence intervals. The scale of the y-axis represents the response 817 

variable. Species are sorted in decreasing order of their p-value for the ontogenetic index (upper 818 

right corner on each plot). For species abbreviations see Table 1. 819 


