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Abstract

The eastern North Pacific right whale (NPRW) is the most endangered population of whale and
has been observed north of its core feeding ground in recent years with low sea ice extent. Sea
ice and water temperature are important drivers for zooplankton dynamics within the whale’s
core feeding ground in the southeastern Bering Sea, seasonally forming stable fronts along the
shelf that give rise to distinct zooplankton communities. A northward shift in NPRW distribution
driven by changing distribution of prey resources could put this species at increased risk of
entanglement and vessel strikes. We modeled the abundance of NPRW prey, Calanus glacialis,
Neocalanus, and Thysanoessa species, using a dynamic biophysical food web model of nine
zooplankton guilds in the Bering shelf zooplankton community during a period of warming
(2006-2016). This model is unique from prior zooplankton studies from the region in that it
includes density dependence, thereby allowing us to ask whether species interactions influence
zooplankton dynamics. Modeling confirmed the importance of sea ice and ocean temperature to
zooplankton dynamics in the region. Density-independent growth drove community dynamics
while dependent factors were comparatively minimal. Overall, Calanus responded to
environment terms, with the strength and direction of response driven by copepodite stage.
Neocalanus and Thysanoessa responses were weaker, likely due to their primary occurrence on
the outer shelf. We also modeled the steady-state (equilibrium) abundance of Calanus in
conditions with and without wind gusts to test whether advection of outer shelf species might
disrupt steady-state dynamics of Calanus abundance; results did not support disruption. Given
the annual fall sampling design, we interpret our results as follows: low-ice extent winters
induced stronger spring winds and weakened fronts on the shelf, thereby advecting some outer

shelf species into the study region; increased development rates in these warm conditions
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influenced the proportion of C. glacialis copepodite stages over the season. Residual correlation
suggests missing drivers, possibly predators and phytoplankton bloom composition. Given the
continued loss of sea ice in the region and projected continued warming, our findings suggest
that C. glacialis will move northward, and thus, whales may move northward to continue

targeting them.

Introduction

The core feeding ground of the critically endangered remnant population of eastern North
Pacific right whale (NPRW; Eubalaena japonica) is on the southeastern Bering Sea shelf (SEBS;
Figure 1, Shelden et al., 2005; Zerbini et al., 2015). NPRWs have been recently observed north
of their SEBS core feeding ground during low ice extent years (Filitova et al., 2019; Stabeno &
Bell, 2019; Wright et al., 2019; Matsuoka et al., 2021). In the Atlantic Ocean, the congener
North Atlantic right whale (Eubalaena glacialis; NARW) has recently expanded range (Crowe et
al., 2022), which has been attributed to decreasing prey on primary foraging grounds driven by
climate (Record et al., 2019; Meyer-Gutbrod et al., 2022). A northward shift by NPRWSs towards
the Bering Strait, a vessel chokepoint, driven by shifts in prey resources could put this species at
increased risk of vessel strikes and entanglement given the projected increase in trans-Arctic
shipping and contracted species ranges resulting from the accelerating loss of sea ice (Bringham,
2010; Smith et al., 2013; Dawson et al., 2018; Stevenson & Lauth 2019; Fedewa et al. 2020).

The 500 km wide SEBS is comprised of three stable oceanographic Domains derived
from seasonal sea ice — Inner (0-50 m isobath), Middle (50-100 m isobath), and Outer (100-200
m isobath; Coachman 1986) — each with distinct water masses that have similar zooplankton

communities (Stabeno et al., 2012a; Eisner et al., 2014). Specifically, sinking spring meltwater
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from the sea-ice creates a cold pool (<2 °C) on the bottom of the Middle Domain that persists on
the shelf until fall mixing (Stabeno et al., 2012a). This cold pool acts as a hydrographic barrier,
influencing distribution and trophic dynamics across the shelf. For example, the cold pool is a
refugia for zooplanktivorous age-0 walleye pollock (Gadus chalcogrammus) from piscovorous
age 2+ pollock, which are mainly concentrated on the Outer Domain (Wyllie-Echeverria &
Wooster, 1998; Kotwicki et al., 2005; Mueter & Litzow 2008). In addition, the cold pool has
been a northward barrier to the northern Bering Sea until the anomalous warm year of 2018
when sea ice did not extend into the Bering Sea at all (Stabeno et al., 2012b; Duffy-Anderson et
al., 2019; Huntington et al., 2020).

This cold pool typically has aggregations of the large lipid-rich copepod Calanus
marshallae/glacialis (termed C. glacialis here considering recent genetic information; Tarrant et
al., 2021), a central forage species for a myriad of zooplanktivores in this system, including
NPRWs (Omura et al., 1969; Baumgartner et al., 2013). Community variability in zooplankton
composition and abundance in this region is well described (Napp et al., 2002; Coyle et al., 2008;
Ohashi et al., 2013; Eisner et al., 2015, 2018). Fluctuations in the sea ice extent and resulting
cold pool has been shown to correlate to shifts in the diet composition of zooplanktivores on the
shelf, with less large zooplankton (lipid rich copepods and euphausiids) consumed by age-0
pollock and Pacific cod (Gadus macrocephalus) during warm bottom water conditions (Buckley
et al., 2016; Farley et al., 2016). Warm conditions have also correlated with zooplanktivore
seabird die-offs (Baduini et al. 2001, Jones et al. 2019).

The motivation to better understand this complex food web has resulted in extensive
research, yet, few studies include density dependence, which would allow us to ask whether

species interactions influence prey dynamics. Competition for resources may increase among



113 zooplankton during warm periods as ice retreat impacts phytoplankton dynamics (bloom timing
114 and bloom composition; Leu et al., 2011; Sigler et al., 2016). These dynamics were most recently
115  conceptualized in Kimmel et al. (2018), which proposes that an absence of spring ice algae will
116  cause C. glacialis to feed later in the spring on microzooplankton in a warmer water column,
117  altering development rates of life stages (Hirst et al., 2003), species interactions, and predation
118  within the zooplankton community.

119 The objective of the present study was to model the Bering Shelf zooplankton community
120  using a dynamic biophysical food web model (gjamTime; Clark et al. 2020) during a period of
121 climate variability (2006-2016) to study the population dynamics of potential prey of NPRWsS.
122 Specifically, we estimated the influence of sea ice, the cold pool, ocean temperature and wind
123  variables on the density-independent growth responses and density-dependent interactions of
124  species in the zooplankton community. Further, we estimated the net effects of density-

125  independent and dependent factors (i.e., species interactions) on steady-state (i.e., equilibrium)
126  abundances of right whale prey species. These equilibrium abundances were predicted in

127  conditions with and without wind gusts to test whether advection of outer shelf species might
128  disrupt Calanus steady-state abundance across a gradient in bottom water temperature. We

129  hypothesized that the abundance of C. glacialis will correlate positively with increased

130  prevalence of cold bottom water as has been shown in prior studies (Napp et al., 2002; Coyle et
131  al., 2008, Sgreide et al., 2010; Kimmel et al., 2018). We also hypothesized that C. glacialis

132 would develop faster in low ice extent conditions (Hirst et al., 2003; Sigler et al. 2016, Kimmel
133  etal. 2018). Further, we hypothesized that dependent factors (i.e., species interactions) would
134  influence the dynamics of right whale prey species (Hunt et al., 2011; Kimmel et al., 2018).

135  Finally, we hypothesized that advection of outer shelf Neocalanus and Thysanoessa species
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would impact the steady-state abundance of Calanus copepodite stages (Campbell et al. 2016;
Hunt et al. 2016). Understanding the prey dynamics of the rare eastern NPRW may help to
predict future changes in foraging effort and distribution that could place it at risk of adverse

interactions with human activities.

Methods

North Pacific right whale prey species

We defined the potential prey for NPRW in our study of the Bering shelf to include C. glacialis,
Neocalanus species, and Thysanoessa species, hereafter referred to as potential prey, based on
stomach content, tagging, and visual observation studies (Omura et al., 1969; Wade et al., 2011b;
Baumgartner et al. 2013; Ford et al., 2016). C. glacialis in the Bering Sea aggregates on the
Middle Domain of the SEBS, and exhibits a one-year life cycle with one cohort developing from
nauplii through copepodite stages over the summer months before accumulating enough lipids to
enter diapause by early fall (Cooney & Coyle, 1982, Smith & Vidal, 1986; Napp et al., 2002;
Coyle et al., 2008). Thysanoessa raschii is a Middle Domain euphausiid believed to continuously
reproduce over the summer season (Smith, 1991; Pinchuk & Coyle, 2008; Hunt Jr. et al., 2016).
In contrast, Thysanoessa inermis and Thysanoessa spinifera are found primarily on the Outer
Domain while Thysanoessa longipes occurs in deeper waters off the shelf (Smith, 1991; Hunt et
al., 2016). Neocalanus cristatus and Neocalanus spp. (Neocalanus flemingeri and Neocalanus
plumchrus) are also traditionally Outer Domain species that enter diapause by late June after

reproducing in late spring (Smith & Vidal, 1986; Vidal & Smith, 1986; Napp et al., 2002).

Study Area and Species Data
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We selected the 70 m isobath on the eastern Bering shelf (~56.5°N to 62.5°N; Figure 2) from
2006 — 2016, as our study region to maximize the spatial and temporal coverage of the Middle
Domain and Bering Sea right whale critical habitat with available zooplankton data during a
period of overall warming.

Zooplankton species abundance (ind. m) were obtained from fall cruises (mid-August —
early October) on the Bering shelf from 2006 to 2016. Zooplankton were collected using oblique
tows of paired bongo nets (20 cm diameter frame with 153 pm mesh, and a 60 cm diameter
frame with 333 or 505 um mesh; Incze et al., 1997; Napp et al., 2002). These oblique tows
spanned from ~10 m of the bottom to the surface from a boat moving at ~1.5 knots. Net depth
was determined using a SeaCat or FastCat conductivity, temperature, and depth (CTD) sensor
(Sea-Bird Electronics), and the volume filtered was estimated using a General Oceanics
flowmeter mounted inside the mouth of each net. Onboard, zooplankton samples were preserved
in formalin for later laboratory sorting and identification. Plankton were processed using an
established splitting and subsampling protocol (e.g., Coyle et al., 2008; Kimmel et al., 2018) and
were identified to the lowest taxonomic level and stage possible at the Plankton Sorting and
Identification Center (Szczecin, Poland), and verified at the Alaska Fisheries Science Center,
Seattle, Washington, USA. It is important to note that euphausiid abundances reported here are
semi-quantitative as larger euphausiids are able to avoid capture (Sameoto et al., 1993). Accurate
and precise measurements of euphausiid abundances in the Bering Sea remain the subject of
debate (Hunt Jr. et al., 2016). Given the similar methodology in capturing euphausiids over time
in the dataset, we included these abundance estimates in our analysis as relative indicators of

euphausiid populations on the Bering Shelf.
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Because of unequal sampling effort for zooplankton and environmental data over the
study region, we averaged zooplankton tow data and environmental variables to a study grid
comprised of fourteen contiguous 80 km? cells (Figure 2) for each time-step. The cell size was
chosen to maximize cell number while maintaining contiguity along the isobath; the grid
shapefile was created using the Grid Index Features tool on a polygon in ArcGIS Pro (v 2.5). To
maximize our assemblage, our models used samples (including species, size classes, and stages)
that were collected using consistent sampling methodology over the time-series and occurred at
least five times in the dataset (Clark et al., 2017). Sizes and stages were summed for a given
species or genus to reach the five-occurrence threshold over the study period where appropriate
using R statistical software (R Core Team 2020) package dplyr (v 1.0.0; Wickham et al., 2020).
This resulted in a multivariate dependent dataset comprised of the abundance of 20 individual
species classified into a total of 41 size classes and stages (Figure 3, Appendix S1: Table S1) for

each of the 14 grid squares at each time-step (2006-2016).

Model

We chose the dynamic biophysical food web model gjamTime (Clark et al., 2020) to
model the zooplankton community because this framework includes density independent (DI)
growth responses and density dependent (DD) interactions through ‘environmental-species
interactions’ terms (ESI), defined as biotic and abiotic factors that propagate through food webs
and impact community dynamics. The gjamTime model links the hierarchical Bayesian joint
attribute model gjam (Clark et al. 2017; see Appendix S1: Section S2 for description) to an

extended generalized Lotka Volterra (LV) model of a species’ rate of change, S, defined as:

dwg

= wi(ps + Yy wgr) (Equation 1)
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where wy is the abundance of the focal species and p; is the rho term, and thus, w,*p, is the DI
rate of change of the focal species. The second term, a ;swr , is the DD rate of change,
depending on the abundance of the non-focal species w,s and its interaction effect with the focal
species a; . for all species from s’ to S. The LV model often includes a third constant term that
does not depend on wy; this term is often used to describe migration/emigration.

The gjamTime model extends the LV model by including ESIs in three terms:

dwg
dat

= x'Bs+ (wg X x)ps + Wy X wa, + & (Equation 2)
where the first term (x’B;) represents the migration/emigration term of the LV model, the second
term (wy X x")p, represents DI growth, and the third term (w, X w')a; represents DD.
gjamTime includes a fourth term, &5 which represents the model error in the formofan S x S
covariance matrix. The first term is defined as a vector of coefficients B (betas) describing the
response to environmental variables in a vector x. We will use the label ‘movement’ for this term
instead of migration/emigration to follow the language in Clark et al. (2020). For the second
term, referred to as rho, gjamTime extends LV by allowing for interactions between population
abundance (wg) and environment (x) in DI growth [(wg X x")]. The gjamTime model also
extends the third term by allowing DD interactions [(w, X w')], with w representing all species
in the community. The DD matrix a, (alpha) is a prior for the model, allowing for interactions
between individual species at each discrete time-step (-1 for negative, 0 for neutral, and 1 for
positive interactions), thereby incorporating food web theory into the model (see Appendix S1:
Section S2 for further details). There is one Equation 2 for each species, thus coefficient vectors
B (beta), p (rho), and a (alpha) become matrices of S rows (denoted with bold). The resulting

model is a discrete-time dynamic biophysical model. The gjamTime framework has been
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successfully applied to terrestrial and freshwater lake systems (e.g., Clark et al., 2020; Collins et

al., 2022).

Density-dependent species matrix

We structured the planktonic community for the a¢ species matrix based on size and trophic
relationship. A species assemblage diagram is shown in Figure 3. Nine zooplankton guilds were
defined using the World Register of Marine Species (https://www.marinespecies.org/), the
Biodiversity of Marine Plankton Copepods (Razouls et al., 2022), the Northern GOA LTER
(https://nga.lternet.edu/), and primary literature (Brodsky, 1950; Grainger, 1961, Mauchline,
1965, Corkett & McLaren, 1989; Miller et al., 1984). We defined a community of small (< 1.2
mm) omnivores dominated by Pseudocalanus spp., small copepodite stages of Metridia spp., and
small copepodite stages of C. glacialis (Figure 2). Also in the small category are adult Acartia
spp. and Euphausiid nauplii. Euphausiid nauplii are not identified to species and join the small
category due to their size and are not considered NPRW prey. Small-medium omnivores (1.2-3.5
mm) included larger stages of C. glacialis as well as Metridia pacifica, small life history stages
of Neocalanus spp., Mysidae, Limacina helicina, and Euphausiid (calyptopis stage). Euphausiid
calyptopis stages are not identified to species. Medium-large omnivores (3.5-10 mm) consisted
of larger stages of Neocalanus cristatus, Eucalanus bungii, and Neocalanus spp. Large
omnivores (>10 mm) included juvenile and adult Thysanoessa spp. and Decapoda. Four guilds of
predators were also defined, consisting of Chaetognaths and Cnidaria with size classes <5 mm,
5-20 mm, and >20 mm. Finally, we defined an epibenthic community consisting of Amphipods
and Ostracods < 5 mm and a microzooplankton predator community consisting of Oithiona spp.

from life history stages copepodite C5 and Adult. Note that for each species, there is intra-
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specific competition as well as inter-specific competition within the guild in addition to predator-
prey linkages (denoted by arrows in the figure). As mentioned previously, interaction priors are

coded as 1 (positive), 0 (non-interaction), and -1 (negative) in the ag matrix.

Environmental data

We selected environmental variables for DI growth and movement terms based on prior studies
of zooplankton communities in the North Pacific and subarctic (Napp et al., 2002, Coyle et al.,
2008; 2011; Ohashi et al., 2013; Eisner et al., 2014; Kimmel et al., 2018; Thorson et al., 2019).
The full list of potential variables is in Appendix S1: Table S2, and how each variable was
derived is described in Appendix S1: Section S3. To limit redundancy in environmental data,
variables were limited to those having correlation < |0.7| (Dormann et al., 2013; Appendix S1:
Figure S1) with priority given to variables that have been significant to Bering Sea zooplankton
community structure in prior analyses and whose values varied over the spatial grid. As DI
growth and movement terms are separate terms in the model (Equation 2), and thus computed
independently, correlations between these terms were ignored.

Resulting DI terms to be used in model fitting included in situ bottom (BT) and surface
temperature (ST; Table 1), as temperature has a strong effect on the growth rate of zooplankton
species (Hirst et al., 2003). Movement terms included cold pool extent (oCP — a derived cold
pool measure of the percentage of cold pool per grid square for each study grid square at each
time-step), ice extent (IE), number of days with ice after March 15 (iDm), seasonal wind
direction (NWs = summer northwesterly winds, NWw = winter northwesterly winds, SEs =
summer southeasterly winds; SEw = winter southeasterly winds; ), wind gusts (WGs = summer,

WGT = fall, WGw = winter, and WGsp = spring), and the oceanographic index, the Aleutian
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Low (AL; Table 1). We also included Latitude to explore spatial effects. Estimates of
phytoplankton abundance using chlorophyll a concentrations were not used in the analysis as
chlorophyll a data were not consistently collected on all surveys used in the analysis. Also, in
situ salinity data were not included in the model as not all data were publicly available due to
delays in QA/QC of these data. We excluded these two variables to prevent spatial and temporal

bias in the model.

Modeling and Model Selection

Model fitting was performed using the Markov chain Monte Carlo (MCMC) technique Gibbs
sampling. To define relationships between environmental variables and NPRW prey species, we
fit models using the same dependent data comprised of all zooplankton species with different
combinations of environmental terms, and compared the fitted models using Deviance
Information Criterion (DIC). By including all species in the model, we leveraged the joint
attribute model framework to model population dynamics of our target species (NPRW prey).
DIC is a model selection criterion appropriate for Bayesian models computed with MCMC
techniques with normal posterior distributions. Like Akaike Information Criterion (AIC), smaller
DIC values are preferred as DIC penalizes by the effective number of parameters as well as the
model deviance However, given the multivariate framework of a JSDM, DIC provides a metric
to determine the best model of the zooplankton community. In other words, the lowest DIC
model will reflect the subset of species who respond strongest to the included variables. Because
of this, individual species that responds strongly to a subset of variables could drive model
selection. Consequently, while DIC guided our model selection, we ultimately defined the best

model using model predictions of potential right whale prey (C. glacialis, Neocalanus species,
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and Thysanoessa species) with priority given to C. glacialis as the primary prey type of SEBS
right whales (Appendix S1: Figure S5).

For all models, zooplankton abundance was fourth root transformed to improve model
fitting, because of the high range in abundance within the dataset (zero to tens of thousands). The
global model consisted of DI growth (p) terms BT and ST and movement (f) terms pCP, Lat,
IE, IDm, SEs, NWs, SEw, NWw, WGs, WGw, WGsp, WGT, AL (full variable names are
provided in Table 1) and interactions of pCP and Lat (pCP*Lat) and SEs and Lat (SEs*Lat).
Priors and effort are defined in Appendix S1: Section S4. The model output is an abundance
estimate for each species at each grid square. Because the scale of the predictors varied
dramatically (a few °C to thousands of km?), we standardized large-scale variables prior to model
fitting using z-scores: IE, Lat, WGs, WGw, WGsp, WGT, pCP*Lat, and SEs*Lat. The global
model and iterations of reduced models were computed using the wind gust threshold of >10 m/s
and >15 m/s and compared using DIC.

During model fitting, a total of 15% of missing zooplankton data were imputed using the
gjamTime function gjamFillMissingTimes, including all grid cells for 2013 because zooplankton
sampling did not occur in the Bering Sea that year (Appendix S1: Figure S4). There were no
missing environmental data. Fitted models for model comparison were ran with all zooplankton
species using one chain for 20,000 iterations and a burn-in of 5,000 in the R package gjam (v
2.3.2; Clark et al., 2020). The selected best model, defined as the model that best predicted C.
glacialis (Appendix S1: Figure S5), was run with one chain for 50,000 iterations and 5,000 burn-
in. We adopted the diagnostic approach of sequentially doubling the iterations and inspecting
chains for convergence (Collins et al., 2022) and using the diagnostic plots in the gjam R

package to assess model fit (Appendix S1: Section S5) as is recommended by the model
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architects (Clark et al., 2017, 2020) and used in prior studies using gjamTime (e.g., Collins et al.

2022).

Equilibrium abundance

The supplemental gjamTime function wrapperEquilAbund provided a framework to
investigate if inclusion of movement (i.e., migration/emigration) into the model framework
would impact the steady-state (i.e., equilibrium) abundance of C. glacialis over a gradient in
bottom water temperature. We chose bottom water temperature because of its significance to our
model and prior studies on C. glacialis from the region (e.g., Coyle et al., 2008; 2011; Hunt Jr. et
al., 2011; 2018; Eisner et al. 2014; Kimmel et al., 2023). We hypothesized the inclusion of
movement would impact the steady-state abundance by both allowing C. glacialis to move out of
the study region and allow advection of potential competitor outer shelf large-bodied species
(Neocalanus and Thysanoessa) into the study region under warm ocean conditions (Campbell et
al., 2016; Hunt et al., 2016).

To test our hypothesis, we used wrapperEquilAbund to model the net effect of density
independent and dependent factors on the equilibrium abundance (w*) of C. glacialis over a
gradient in bottom water temperature for gjamTime model outputs with and without movement
terms (spring and fall wind gusts; Table 2). Thus, we ran two gjamTime models, one model with
DI growth (bottom and surface temperature) and movement terms (spring and fall wind gusts;
Table 2) and one model with only DI growth terms. Each gjamTime model was ran for one chain
with 20,000 iterations and 5,000 burn-in; chains were inspected for convergence. For both model
outputs, we simulated 2,000 equilibrium abundance values (w*) on the model output scale

(fourth-root transformed) for each species over a bottom water temperature gradient (zero-
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centered spanning two standard deviations) using wrapperEquilAbund and calculated predictive
intervals across the gradient. Because the distribution of equilibrium abundances was drawn
from the posterior distribution, convergence is not required. It is important to note that these
equilibrium abundances offer a benchmark for comparison; we are not assuming or arguing that
any species is at equilibrium.

Intuitively, the wrapperEquilAbund algorithm is asking a high-dimensional version of

Robert M. ‘Bob’ May’s ecological question, ‘can two species coexist in a given habitat?’ (May
1975). Because gjamTime uses discrete time and is an expanded LV model, assuming % =0

of Equation 2 at sequential time-steps would indicate steady-state (carrying capacity). Therefore,

the wrapperEquilAbund algorithm seeks to find an abundance, w*, for all species simultaneously

given a gjamTime model output that sets d“f

= 0 over a chosen environmental gradient in the

model. The simulation keeps the other model predictors (environmental terms) constant, thereby
optimizing the abundance in a specific environment. Because only linear responses are provided
in the gjamTime framework, this simulation can test whether dependent factors influence steady
state abundance as a nonlinear response is only induced indirectly from differential species
responses to the gradient. This algorithm has successfully predicted species interactions observed
in a closed lake system and provided insight into species interactions in an open system of
migratory birds (Clark et al. 2020). Nevertheless, our data are comprised of species with short
life history strategies that include multiple sampled stages (e.g., copepodite stages of C. glacialis
over one summer), and thus, our wrapperEquilAbund results may reflect cohorts with different

development rates as well as movement (migration/emigration) with species interactions.

Results
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Models with ice, cold pool extent, in situ temperature, and wind gust terms performed better than
models with wind direction and oceanographic indices (Table 2). In addition, all models with
wind gust threshold >15 m/s performed better than models with >10 m/s. The best model of the
zooplankton community, defined as the model with the lowest DIC, consisted of DI growth
terms bottom (BT) and surface temperature (ST), and movement terms sea ice extent (IE), spring
and fall wind gusts (WGsp and WGT, respectively), and the percentage of cold pool per grid
square (pCP). The best model prioritizing NPRW prey, defined as the most that best predicted C.
glacialis, consisted of DI growth terms BT and ST, and movement terms WGsp and WGT (Table

2; Appendix S1: Figure S7).

Zooplankton Assemblage Dynamics

DI growth contributed the most to community dynamics of the zooplankton species
assemblage followed by movement, which was variable within and among species (Figure 4). In
general, movement contributed more to species found traditionally on the Outer Domain and off
shelf environments (e.g., T. inermis, T. spinifera, T. longipes, Neocalanus, Metrididae) and was
smallest for omnipresent small omnivores, Pseudocalanus and Oithiona spp. The contribution of
DD to community dynamics was minimal across the assemblage but, in general, decreased with
increasing size class of zooplankton. This trend was reflected in the copepodite stages of C.
glacialis but was nominal for all stages of Neocalanus dynamics. For Thysanoessa species, DD
contributed the most to T. inermis followed by T. raschii, T. longipes, and finally T. spinifera
(Figure 4).

In general, relationships between rho (DI growth) and beta (movement) terms were

stronger for C. glacialis than Neocalanus or Thysanoessa (Figure 5; Appendix S1: Section S6).



387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

Out of the copepodite stages for C. glacialis, only C3 and C4 had significant relationships
(defined as >95% of the posterior distribution away from zero) with bottom temperature (both
negative). A significant relationship with surface temperature was negative for older stages of C.
glacialis (C5 and Adult) and positive for C3. For Neocalanus, only Adult Neocalanus spp.
responded significantly to any DI growth (rho) term (negative response to surface temperature).
Similarly, only T. raschii responded significantly to DI growth (negative with bottom
temperature), although, in general, species trended in the same response direction (Figure 5a).
Overall, few species showed a significant relationship to the movement (beta) terms
(Figure 5b). For C. glacialis, C2 had no relationship with either variable. The remaining stages
had a negative relationship to spring wind gusts, while C3 and C4 had a significant relationship
with fall wind gusts (negative). For Thysaneossa species, T. inermis responded significantly
(positive with spring wind gusts). Both C5 N. cristatus and C5 Neocalanus spp. responded to
beta terms, with N. cristatus responding negatively to spring wind gusts and Neocalanus spp.

responding negatively to fall wind gusts (Figure 5b; Appendix S1: Section S6).

Steady-state abundance

General trends in the shape of predicted equilibrium abundance of C. glacialis copepodite stages
over a gradient in bottom water temperature did not differ between models that included the
movement terms of spring and fall wind gusts and a model of only DI growth terms bottom and
surface temperature (Figure 6). Equilibrium abundance estimates were lower for the model
without movement terms, and nonlinear responses varied with copepodite stage. In addition, the

trend in C3 and C4 shifted to a more multimodal shape for the model without movement terms,
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while the maximum equilibrium abundance of Adult C. glacialis became more pronounced at
mid bottom temperature.

Across models, the highest predicted abundance for C2, C3, and C5 stages occurred at
higher bottom temperature. In contrast, the highest C4 and Adult abundance was predicted at
intermediate bottom water temperature. Predicted equilibrium abundance trends of Neocalanus

and Thysaonessa species for the movement model are provided in Appendix S1: Figure S9.

Discussion

Zooplankton assemblage dynamics were dominated by DI growth, specifically in situ bottom and
surface temperature, emphasizing the critical role that temperature plays in zooplankton
community dynamics (Hirst et al. 2003). In addition, movement terms — sea ice extent, cold pool,
and wind gusts — were significant to the community. Our results reinforce prior studies that
found sea ice and the cold pool significant to the Bering shelf zooplankton community (Coyle &
Pinchuk 2002; Stabeno et al., 2012a; Duffy-Anderson et al., 2017; Thorson et al., 2019; 2020;
Kimmel et al. 2023) adding credence to the utility of this modeling approach to model
zooplankton dynamics.

In contrast to our hypothesis, however, sea ice and cold pool variables were not
significant variables to the best model of C. glacialis. Instead, resulting lower temperatures and
stronger winds from reduced ice years influenced population dynamics of this species. Our
modeling results suggest lower abundance of C. glacialis and higher abundance of T. raschii and
T. inermis in low ice conditions. We propose the reason for the predicted shift in species
composition in our study region is due to spring wind gusts during low ice conditions advecting

traditionally Outer Domain species (T. inermis) into the study region (i.e., onto the Middle
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Domain) from temperature-induced weakened fronts between the Domains and wind gusts
delaying water column stability that supports the spring bloom of C. glacialis. In concert, the
warm temperatures have implications for development rates and lipid storage of C. glacialis and
T. raschii on the shelf. Together, our results suggest a community-scale shift in zooplankton
abundance resulting from ice dynamics, with some species responding directly to the reduced ice
extent whereas others are responding to shifts in oceanographic and atmospheric dynamics from
the ice absence. This combined with the minimal observed density dependence across the
community underpin that all zooplankton in the community are likely to be ultimately driven by
temperature effects on their biology, which is heavily influenced by the annual ice regime and

cold pool extent.

Zooplankton Assemblage Dynamics

Community dynamics were dominated by DI growth with minimal contribution of dependent
factors (DD). DD was most important for small omnivores (<1.2 mm), likely reflecting their
omnipresence, overall high abundance, and life history strategy of multiple cohorts within a
season. Weak DD across the assemblage does not mean that DD does not occur, only that it can
be a weak predictor of abundances in a subsequent year given the sampling design and life
history of these species. In contrast to other systems such as migratory birds with site fidelity, an
individual adult C. glacialis sampled in one year is a different animal from a distinct cohort
compared with an adult C. glacialis collected in the prior year. Weakly informed species
interactions have been observed in terrestrial open systems using gjamTime (Clark et al., 2020).
In addition, the gjamTime state-space model framework does not include rate parameters such as

specifically defined growth rates or mortality due to predation, which are important factors when
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describing predator-prey dynamics of zooplankton communities (Leu et al., 2011, Brun et al.,
2016).

Notably, DD decreased with increasing life history stage of C. glacialis. We believe this
trend combined with the DI results reflects temperature-driven development rates of life history
stages of C. glacialis over the summer — smaller life stages had positive responses to colder
bottom temperatures whereas larger life stages had positive responses to colder surface
temperatures. Given the one-year life cycle of C. glacialis on the shelf, our results support prior
work that C. glacialis grows slower in colder water conditions, resulting in more small size class
individuals in the water column during the fall sampling period and greater opportunity to
observe lipid rich C5 stages in the fall (Hunt Jr. et al., 2002, 2011; Coyle et al., 2008, 2011,
Sigler et al., 2016; Kimmel et al., 2018).

In contrast to C. glacialis, Neocalanus and Thysanoessa species exhibited overall weak to
absent relationships to DI growth and movement terms, except for T. raschii, T. inermis, and late
stage Neocalanus species. T. raschii, a species believed to reproduce continuously over the
summer season in the Middle Domain (Smith, 1991; Pinchuk & Coyle, 2008; Hunt Jr. et al.,
2016), exhibited a positive growth response to bottom temperature, likely reflecting faster
development and reproductive rates in warm water conditions, similar to C. glacialis. While not
significant, other Thysanoessa species trended toward a positive growth rate with DI terms.
Additionally, the negative growth response of Adult Neocalanus spp. to surface temperature
could be attributed to pressure-induced advection driven by temperature and pressure gradients
between the cold pool water mass and warmer Outer Domain waters in large ice extent

conditions.
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Excluding T. raschii, Neocalanus and T. inermis are traditionally Outer Domain species,
with small frequency in our dataset, likely influencing the poor model fit (Appendix S1: Figure
S6). Additionally, as mentioned previously, euphausiid abundances reported here are semi-
quantitative as larger euphausiids can avoid capture, and therefore, abundance estimates of
Thysanoessa species in our analysis are relative indicators of euphausiid populations given the
similar methodology in capturing euphausiids over time in the dataset. Therefore, the euphausiid
data likely reflect trends over time and space, but that the exact abundances are not known with
precision. That said, all results for T. longipes should be interpreted cautiously because this is an
off-shelf species that rarely occurs in the study region.

The contribution of movement to the model dynamics was variable across the
zooplankton assemblage. The small proportion described for small omnivores, likely reflects
their high abundance throughout the study region (Kimmel et al., 2018). Outside of the smallest
guild, movement was variable within and among species, possibly reflecting differential
transport of zooplankton species in water masses depending on life history strategy (i.e.,
diapause and diel vertical migration). For example, Thysanoessa species are strong diurnal
vertical migrators whereas only larger C. glacialis stages diel migrate vertically (Schabetsberger
et al., 2000; Baumgartner et al., 2013; Hunt Jr. et al. 2016). This could possibly explain why fall
winds only affected smaller stages of C. glacialis. This contrasts with spring wind gusts, which
were inversely correlated with most stages of C. glacialis; we propose this relationship is
explained by advection and vertical mixing of C. glacialis in the wind-mixed surface layers as
they spawn and develop in late spring into summer. Together, these results support that C.
glacialis populations tend to accumulate under stable water column conditions and thus are

available for capture during fall surveys.
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However, the contribution of movement to a given species’ dynamics occurred for
multiple species with weak or absent relationships to wind variables via the posterior predictions
(Figures 4, 5). This apparent mismatch could be due to a joint response of species in the model to
species and environmental covariates not included in the model. In other words, a missing
common predator or prey item or environmental predictor of covarying species could be
reflected as movement in the model. Cascading trophic connections on the eastern Bering Shelf
and their interplay with the environment are conceptualized in the Oscillating Control
Hypothesis (OCH; Hunt Jr. et al., 2002; 2011; Coyle et al., 2011). In the OCH, early life stages
of walleye pollock are a key predator of zooplankton in the Bering Sea. In addition, multiple
seabirds target large mesozooplankton on the Bering Shelf (Hunt Jr. et al., 2018). Our model did
not include predators believed to provide top-down influence in the system. Similar responses to
shared prey resources excluded from the model, such as phytoplankton or microzooplankton,
could also be reflected in the movement term. Spring ice algae is believed to be important to the
life history of C. glacialis (Sgreide et al., 2010; Leu et al., 2011; Banas et al., 2016; Kimmel et
al., 2018). The residual correlation plot from our model supports the hypothesis of missing
predator and/or prey items, as high correlation in residual variation was observed among some
zooplankton species believed to drive trophic dynamics of the OCH, including C. glacialis
(Appendix S1: Figure S8; Hunt et al., 2011; Kimmel et al., 2018). Inclusion of multifarious data
(e.g., fish counts and algal biomass) to our current model is possible in the gjamTime framework

and recommended to further quantify community dynamics in this system.

Equilibrium Abundance
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The predicted steady state (equilibrium) abundance analysis further supports our conclusion that
DI growth and movement terms reflect temperature-induced plasticity in development rate and
bloom timing as well as advection of C. glacialis driven by sea-ice dynamics. Overall, linear
trends were observed for C2 and C3 stages, confirming more early-stage animals in the water
column at fall sampling from a delayed spring bloom. In addition, general trends did not change
when movement terms were excluded from the model, suggesting advection of Outer Domain
species onto the Middle Shelf is not dramatically influencing steady-state dynamics of C.
glacialis. Yet, as mentioned previously, predation and grazing rates are not included in this
model framework. Nevertheless, the multimodal shape of some C. glacialis stages suggests
species interactions given the algorithm models environment linearly across species. The
predicted equilibrium abundance is a net effect of density independent and density dependent
effects from the model output, and thus, as noted above, the results reflect cohort development
rates as well as movement (for models with beta terms) with species interactions. Thus, the late-
stage C. glacialis results could reflect increased competition for prey resources for C5 at lower
bottom temperatures, and increased competition for C4 and Adult stages at higher temperatures.
Alternatively, these results could reflect increased predation on copepodite stages by
chaetognaths and cnidaria or a combination of delayed spring bloom dynamics with faster
development through stages and earlier diapause under warm water conditions.

Yet another potential occurrence that relates to reduced ice cover is that the observed
trends reflect two overlapping generations in the fall sampling. Banas et al. (2016) proposed that
the number of cohorts for a Calanus species in a geographic location are driven by prey
phenology and temperature. The equilibrium abundance trends hint at the idea that a second

cohort may be produced in warm conditions where the first cohort develops quickly and puts
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energy into egg production, while the second cohort invests in lipid production for diapause,
resulting in an overlap of individuals in development (e.g., C2, C3) and preparing for diapause
(e.g., Cb) at the time of sampling. While intriguing, essential ecological questions remain
regarding the plausibility of a two-cohort strategy. Many papers have argued the importance of
prey phenology, mainly the presence of spring sea ice algae, to the success of C. glacialis on the
Bering shelf (Sgreide et al., 2010; Banas et al., 2016). Nevertheless, C. glacialis was found in
our study during years and areas that did not have widespread spring sea ice. Furthermore, C.
glacialis have been observed on the Outer Domain in low ice years (Hunt Jr. et al., 2018).
Consequently, there may be unknown plasticity of C. glacialis egg development in the Bering
Sea — two distinct haplotypes of C. glacialis exist in the Bering Sea and Arctic (Nelson et al.,
2009). Alternatively, the individuals collected in low-ice years may be the morphologically
similar species Calanus marshallae, which might not rely as heavily on spring ice algae. Indeed,
the ability to morphologically distinguish between C. finmarchicus and C. glacialis in the north
Atlantic appears to be impossible without the use of DNA markers (Choquet et al., 2018).

It’s worth noting that a myriad of additional factors that likely influence steady-state
dynamics of C. glacialis were not included in either model framework, but our results support
that inclusion of DI growth and movement terms capture some of the variability and trends in C.
glacialis dynamics that have been attributed to ice dynamics and development rates in prior work

(Napp et al., 2002, Coyle et al., 2008; Campbell et al., 2016; Kimmel et al., 2018).

Implications for North Pacific right whales

Understanding population dynamics of potential right whale prey may help to predict future

changes in right whale distribution. If C. glacialis shifts northward with the retreating ice to stay
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in cold bottom water conditions, right whales may track their movement to continue feeding on
their preferred prey. Recent detections of right whales in the northern Bering Sea in low ice
extent years support that at least some whales are moving north to find adequate prey patches on
the Bering Shelf (Filatova et al., 2019; Stabeno & Bell, 2019; Wright et al., 2019). Alternatively,
the advection of Outer Domain genera (T. inermis) and increase in growth rate of Middle
Domain T. raschii as suggested by our models may support NPRW on the SEBS grounds during
low ice extent years, but it is unclear based on our study when Outer Domain species are being
advected and whether enough biomass is advected to support feeding right whales and the
myriad of other zooplanktivores on the Middle Domain, many of which are not as mobile as
large cetaceans. Our model also hints that C. glacialis may transition to a two-cohort strategy on
the Middle Domain in warm conditions, which may supplement the advected Outer Domain
biomass. Under the two-cohort scenario, right whales may be able to target late stage
copepodites of C. glacialis earlier in the foraging season, although the proportion and energy
density of late-stage animals in the upper water column over the season is unknown.
Importantly, our model only included data up to 2016. Ice has continued to retreat in the
Acrctic following the years of our study, including an absence of ice in the Bering Sea during the
winter of 2017-18 (Stabeno & Bell 2019). In the following summer, calanoids and euphausiids
had 14% less lipids compared with high ice-extent years (Duffy-Anderson et al., 2019) and the
zooplankton community shifted to smaller, lipid poor species (Kimmel et al., 2023), suggesting
that whales may need to consume more individual prey items in low ice conditions, which could
impact foraging effort and targeted prey patch sizes. A 2018 research cruise documented right
whales in the southern and northern Bering Sea within a two-week period of July (Matsuoka et

al., 2021) suggesting either a range expansion to find adequate prey as was proposed by prior
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tagging work (Zerbini et al., 2015) or a transition to individual forging strategies. Photographs
from the NPRW catalogue suggest that individuals are currently in good body condition (Amy
Kennedy, University of Washington, pers. comm.). Nevertheless, forecasts of biophysical
models predict the Bering shelf bottom waters may warm by 5 °C by 2100 (Hermann et al.,
2019).

A northward shift or expansion to continue feeding on C. glacialis could put NPRWs at
higher risk for ship-strike given projected marine traffic in the region, especially near the Bering
Strait chokepoint (Smith et al., 2013, Hauser et al., 2018, Silber & Adams 2019). In addition,
various fishery species in the Bering Sea are shifting north outside of the SEBS, which has been
attributed to the reduced ice extent (Stevenson & Lauth 2019, Fedewa et al., 2020).
Entanglement in fishing gear and ship-strike are concerning threats for NPRW conservation as
these threats are the primary cause of mass mortality of the congener NARW in the past three
decades (Knowlton et al., 2012, Sharp et al., 2019). While an entanglement has never been
observed for NPRW, a presumed eastern NPRW was photographed with scars consistent with
entanglement (Ford et al., 2016). In addition, multiple western North Pacific right whales show
evidence of entanglement (Burdin et al., 2004) and bowhead whales (Balaena mysticetus) in the
Northern Bering Sea have been entangled in snow crab (Chionoecetes opilio) gear (Brownell,
1999); this gear type has lethally entangled congener North Atlantic right whales (Davies &
Brillant 2019). The remote Alaska region makes it unlikely entanglements of NPRW are
observed given the majority of urban NARW entanglements are missed (NOAA Fisheries 2021).

In summary, NPRWs are exceptionally difficult to study given their rarity, but our results
shed light on community structure of their prey items during a period of warming. The recent

rapid reduction in sea ice on the primary feeding ground of NPRWs is impacting population
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dynamics of potential right whale prey (Kimmel et al., 2023, this study) and conditions will
continue to warm (Hermann et al., 2019). A northward shift by NPRWSs to continue feeding on
C. glacialis could put this species at increased risk of entanglement and ship strike as well as
raises questions regarding impacts to the energy budget and life history of these rare whales.
Consequently, further monitoring of the distribution, abundance, and health of NPRWs and their

prey items is critical.
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Table 1. Environmental variables used in model fitting of DI growth (rho model) and movement

(beta model) terms, ordered alphabetically. Note that DI growth and movement terms are

computed independently in the model. The full list of potential variables is listed in Appendix

S1: Table S2.
Resolution  Resolution

Label  Variable Model of data in model  Data source
AL Aleutian Low (Nov-Mar) beta Cl Cl BCW*#
BT Bottom Temperature (°C) rho Tow 80kmGS  AFSC*
iDm Days with Ice > 15 March (# days) beta 25kmecell 80 km GS NSIDC%
IE Ice extent (km?) beta BS BS BCW*#
Lat Latitude beta GC 80km GS  ArcGIS Pro
NWs Northwesterly winds— summer (May-Sep) (%) beta 0.25°cell 80 km GS ERA5"
NWw  Northwesterly winds— winter (Oct-Apr) (%) beta 0.25°cell 80kmGS  ERA5S"
pCP Percentage of cold pool per grid square (%) beta BS 80 km GS Derived BT
SEs Southeasterly winds— summer (May-Sep) (%) beta 0.25°cell 80 km GS ERA5"
SEw Southeasterly winds— winter (Oct-Apr) (%) beta 0.25°cell 80 km GS ERA5"
ST Surface Temperature (°C) rho CTD cast 80kmGS  AFSC*
WGF Wind gusts— fall (Sep-Oct) (# days) beta 0.25°cell 80 km GS ERA5"
WGs Wind gusts— summer (May-Sep) (# days) beta 0.25°cell 80 km GS ERA5"
WGsp  Wind gusts— spring (Apr-May) (# days) beta 0.25°cell 80 km GS ERA5"
WGw  Wind gusts— winter (Oct-Apr) (# days) beta 0.25°cell 80 km GS ERA5"

CI = Climatological index; GC = Geographic coordinate; BS = Bering shelf; 80 km GS = 80-

kilometer grid square; *AFSC = NOAA Alaska Fisheries Science Center; »NSIDC = National

Snow and Ice Data Center (https://nsidc.org/); "ERAS hourly data fifth generation ECMWF

Uwind, Vwind, and wind gusts (European Center for Medium-Range Weather Forecasts,

https://cds.climate.copernicus.eu/cdsapp#!/home); *Bering Climate Website,

https://www.beringclimate.noaa.gov/. Wind gusts were computed with threshold of 10 and 15

m/s.


https://www.beringclimate.noaa.gov
https://cds.climate.copernicus.eu/cdsapp#!/home
https://nsidc.org

981 Table 2. Twenty fitted gjamTime models with the lowest Deviance Information Criterion (DIC).
982  DIC provides a metric of model parsimony for the entire zooplankton community. Bold indicates
983  the ‘best’ model for our study, defined as the model that best predicted copepodite stages of C.
984  glacialis (Appendix S1: Figure S5). All models were run in gjam (v 2.3.2 Clark et al., 2017;

985  2020) for 20,000 iterations with a 5,000 burn-in; all models in the table were fit with a wind gust
986  threshold of >15 m/s. The rho model describes DI growth (second term in Equation 2), and the
987  beta model describes movement (defined as environmental effects not modeled to depend on

988  population density; first term in Equation 2). See Table 1 for covariate labels; Int = intercept

beta model rho model DIC

~pCP + IE + WGsp + WGf ~Int+ BT+ ST 51,294
~IE + WGsp + WGT ~Int+ BT +ST 51,479
~WGsp + WGT ~Int+ BT +ST 51,845
~pCP + IE + iDm ~Int+ BT 53,003
~pCP + IE ~Int+ BT 53,424
~WGsp + WGT + AL ~Int+ BT+ ST 53,434
~WGsp + WGT ~Int+ BT 54,682
~pCP + IE ~Int+ BT+ ST 54,731
~pCP + IE ~Int+ BT+ ST 54,940
~ pCP + pCP*Lat + Lat + IE + WGsp + WGT ~Int+ BT+ ST 55,149
~ IE + WGsp + WGT + iDm ~Int+ BT+ ST 55,199
~pCP + IE + WGsp + WGf ~Int+ BT 55,596
~pCP + IE + WGT ~Int+ BT + ST 55,970
~pCP + iDm ~Int+ BT 55,988
~pCP + IE + WGsp + WG + NWs + SEs + NWw + SEw  ~ Int+ BT + ST 56,105
~pCP + iDm ~Int+ BT+ ST 56,377
~ |IE + WGsp + WGT ~Int+ BT 56,485
~pCP + IE + WGsp + WGT + AL ~Int+ BT+ ST 56,994
~ |E + Lat ~Int+ BT+ ST 57,350
~pCP + IE + iDm ~Int+ BT + ST 57,447

989
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Figure 1. North Pacific right whale sightings in the Bering Sea, 1970 to present. Black pentagon
denotes the federally designated Bering Sea right whale critical habitat. Sighting data provided

by NOAA Alaska Fisheries Science Center Marine Mammal Laboratory.

Figure 2. Eastern Bering Sea shelf with zooplankton tows (circles; 2006-2016); closed circles
indicate tows used in this study. Yellow grid is the 80 km cell study blocks (n=14). Black
pentagon denotes the federally designated Bering Sea right whale critical habitat. Bathymetric
contour lines presented in 50 m increments from 50 to 2,000 m depth (blue gradient from dark to
light). Oceanographic Domains of the shelf include the Inner Domain (0-50 m), Middle Domain

(50-100 m), and Outer Domain (100-200 m; Coachman 1986).

Figure 3. Zooplankton community with guilds based on size, stage, and diet. Arrows denote
energy flow (from prey to predator). Shading symbolizes species, sizes, and stages included in a
guild with potential North Pacific right whale prey shaded in color (red = C. glacialis; orange =
Neocalanus species, and teal = Thysanoessa species) and other species shaded in gray; light gray
text indicates sizes and stages missing from dataset. Copepod life history stages develop from
copepodite stage 1 (C1) to copepodite stage 5 (C5) followed by C6 (referred to as ‘Adults’ in the

text).

Figure 4. Contributions to dynamics in zooplankton species assemblage; brown = density-
dependence, light blue = density-independent growth, and dark brown = movement. Upper plot
shows the proportion of variance explained for each component and lower plot shows standard

deviations for the three contributions on the observed scale (zooplankton data were fourth root
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transformed). Colored circles below the upper plot correspond to potential North Pacific right
whale prey species (red = C. glacialis; orange = Neocalanus species, and teal = Thysanoessa

species).

Figure 5. Posterior parameter estimates for zooplankton species abundance to (A) bottom
temperature (°C, BT) and surface temperature (°C, ST) in matrix p (rho; density-independent
growth; Equation 2) and (B) # of days with wind gusts >15 m/s from spring (WGsp; Apr-May)
and fall (WGf; Sep-Oct) in matrix B (beta; movement term; Equation 2). Colors correspond to
species (red = C. glacialis; orange = Neocalanus species; teal = Thysanoessa species; gray =
other species). Circles denote median and lines bound 95% of the posterior distribution. Species
ordered by guild (microzooplankton predator [M.], small omnivore, small-med omnivore, large

omnivore, predators, and epibenthic [Epiben.]; Figure 2).

Figure 6. Predicted equilibrium abundances (w*) of Calanus glacialis along a gradient in bottom
water temperature (zero-centered +/- two SDs) for a model output with (A) movement terms,

spring and fall wind gusts and DI growth terms, bottom and surface temperature, and (B) only DI
growth terms. Thick bars bound 68% and thin bars bound 95% predictive intervals. Note that w*

is on the model output scale (fourth root transform of ind. m=3).
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