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Supplement 1: Evaluating potential day-night bias  
Characterizing variability in catch rates between day and night 

Capelin probability of occurrence (see Table 2 in the main article) and catch rates (Fig. 
S1.1) differed between day and night and varied across years, regions, and bottom depth strata. 
Positive catches were observed more frequently at night (70% of night trawl samples) than 
during the day (43% of day trawl samples). In the western Gulf of Alaska (WGOA), the 
proportion of non-zero samples was relatively higher in troughs (50% day, 78% night) compared 
to over banks (30% day, 52% night). In contrast, the occurrence of capelin over central Gulf of 
Alaska (CGOA) banks during the day (31%) was much lower than at night (75%). Occurrence 
was relatively high over CGOA troughs with a less pronounced difference between day (66%) 
and night (73%) compared to CGOA banks. Capelin catch-per-unit-effort (CPUE) was also 
typically higher at night (Fig. S1.1), sometimes by more than an order of magnitude (e.g. WGOA 
banks in 2000-2005), while at other times there was no discernible difference between night and 
day CPUEs (e.g. CGOA trough in 2007-2009). In both regions, the magnitude of differences in 
CPUEs between day and night varied among years over banks and troughs. These differences 
varied during years of low (2000-2003) and high (2005, 2007) CPUEs. Comparison of over 100 
stations with paired day-night samples from the 2000-2003 surveys did not reveal a clear 
relationship that could be used to calculate a correction factor between day and night CPUEs (not 
shown). Therefore, day and night CPUEs were treated as separate indices in this study. 
Comparison of single- and multi-category models  

The multi-category, generalized linear mixed model (GLMM) improved precision and 
overall model performance compared to the single-category day and night models. In both day 
and night single-category GLMMs, most variance parameter estimates were higher than the 
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matching parameter in the multi-category model or the pointwise variance for a measure of 
variation of spatial or spatiotemporal residuals ( L ) was estimated as 0. A 0 value indicates that 
random effects associated with that parameter do not contribute to the model (Table S1.1). 
�2) and standard deviation of spatiotemporal variation ( ( )rLε ) in the positive catch rate sub-

model, and produced estimates of 0 for spatiotemporal variation ( ( )pLε ) in the occurrence sub-
model and for spatial variation ( ( )rLω )in the positive catch rates sub-model. All variance 
parameter estimates for the night-only model were either higher or 0 relative to the multi-
category model. The improved (i.e. lower, non-zero) estimates for 7 of the 8 parameters related 
to spatial and spatiotemporal variation is attributed to minimizing gaps in the spatial mesh (see 
Fig. 2 in the main article) used to create the precision matrix that estimates covariance among 
locations within the random fields ( ωΣ and εΣ ). 

Visual inspection of model diagnostics (Fig. S1.2) indicates that estimated occurrence 
probabilities in the night-only model have lower precision compared to the day-only and multi-
category models. Poor precision in the night-only model is based on the relatively large 
confidence interval for predicted probabilities and unbalanced fit to observed probabilities less 
than 0.5. The day-only model estimates for positive catch rates have lower precision compared to 
the night-only and multi-category models based on the relatively poor, unbalanced fit in the Q-Q 
plot and non-uniformly distributed residuals in the scatter plot (Zuur et al. 2009). In contrast, the 
multi-category model had the best fit for both occurrence probabilities and catch rates. These 
results support the use of the multi-category model to examine the influence of temperature-
based covariates on capelin distributions. 

 
Discussion 

This study demonstrated that bias associated with the time of day that a sample was 
collected can be reduced through the use of a multi-category, spatiotemporal mixed model. 
Adapted from Thorson et al.'s (2015) multispecies model, estimating capelin distributions 
simultaneously for day and night categories within a joint modeling framework improved the 
precision of predicted occurrence probabilities and positive catch rates compared to modeling 
samples from each category in separate models. The sign of parameter estimates for day and 
night categories matched for all temperature-based covariates, supporting the assumption that the 
influence of temperature on capelin distributions is independent of day-night category. In most 
years, trends in mean densities were similar among day and night indices, although the 
magnitude of predicted positive catch rates were consistently lower during the day.  

Differences in the frequency of non-zero samples and magnitude of capelin CPUEs 
between day and night samples are attributed to changes in diel vertical movement and 
aggregating behavior that reduced the availability of capelin to the Stauffer trawl during the day. 
Small, discrete schools or aggregations of fish located near the seafloor are presumed to have a 
lower availability to the Stauffer trawl compared to relatively large aggregations or low densities 
of fish that occupy upper portions of the water column and/or are located closer to the surface. 
The higher frequency of positive catches observed at night (70% of night samples) compared to 
during the day (43% of day samples) suggests that capelin behave like typical diel vertical 
migrators: forming aggregations at greater depths during the day that disperse to lower densities 
within a wider range of shallower depths at night (Gjøsæter 1998). These results are consistent 
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with observations from the Northwest Atlantic, where bottom trawl catches of Atlantic capelin 
(M. villosus) and Atlantic herring (Clupea harengus) were higher during the day when these 
pelagic species were vertically distributed closer to the bottom (Casey & Myers 1998). However, 
non-linear, order of magnitude differences between day and night CPUEs among years, regions, 
and bottom depth categories (Fig. S1.1) suggest that capelin diel behavior in the GOA is 
complex. High spatial and temporal variability in vertical distributions of pelagic fishes during 
the day is not uncommon (e.g. Stockwell et al. 2007), and is a likely source of differences in day-
night CPUEs observed in this study. Without in situ information on capelin vertical distributions 
(e.g. acoustic observations), net catch rates could not be adjusted using a correction factor to 
account for differences in availability to the Stauffer trawl. Treating day and night catch rates as 
separate indices of relative abundance was sufficient to address the study objectives. 

Acoustic data used to characterize vertical distribution and aggregative behavior of 
capelin can be used to identify potential sources of variability that affect differences in net catch 
rates between day and night. McGowan et al. (2016) reported that capelin occupied a wide range 
of depths (13 to 192 m) that were greater than 20 m above the seafloor, with a median vertical 
position that was shallower over banks (center of mass = 55 m) compared to troughs (center of 
mass ≥ 110 m). Morphological differences in capelin aggregations also occurred between bottom 
depth categories: aggregations over banks were typically 5 to 20 m in height compared to small, 
discrete schools less than 5 m in height in troughs. Small capelin aggregations were also 
observed within 5-10 m of the seafloor in Barnabus trough in late August 2013 and over the 
Southeast Alaska shelf in early September (D. McGowan unpubl. data). The size and location of 
near-bottom aggregations would reduce the availability of capelin to the Stauffer trawl compared 
to shallower aggregations, increasing the likelihood of not sampling fish near bottom and 
increasing the number of sampling zeroes. In the Barents Sea, Atlantic capelin aggregate near 
bottom during the day and ascend to shallower depths at night from spring through fall, with the 
magnitude of diel changes in vertical distributions varying seasonally and among age classes 
(Gjøsæter 1998). Atlantic capelin reduce their diel vertical movements and remain closer to the 
bottom during summer when light levels are higher and occur during most of the diel cycle 
(Gjøsæter 1998). Diel vertical movements are more evident in fall with higher changes in light 
intensity between day and night, especially among older fish (Gjøsæter 1998). High interannual 
variability in vertical position, direction of diel migrations, and proximity to the seafloor has also 
been reported for Atlantic capelin off Newfoundland (Mowbray 2002), potentially explaining the 
nonlinear differences among years in net catch rates for day and night observed in this study. 
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Fig. S1.1. Observed mean capelin catch rates scaled to kg km-2 by year, region (WGOA, CGOA), bottom depth 
category (Bank, Trough), and day-night category (day = gray bar, night= black bar). Note, mean CPUEs were not 
corrected for potential spatial autocorrelation and standard errors should be interpreted with caution. 

 

Table S1.1. Model type, inputs, estimates of variance parameters, and fits for day and night single-species models 
and multi-category model that jointly modeled day and night samples. Parameter estimates are logit-transformed in 
the occurrence sub-model and log-transformed in the positive catch rates sub-model. Note the decorrelation rate κ  
is shared by both day-night categories in the multi-category model. See Table 1 in the main article for parameter 
definitions.    

Model type 
Single- or multi-category Single  Single  Multi 
Day-night category Day  Night  Day Night 
 Model inputs       
Number samples 289  234  523 
Number spatial locations 147  109  190 
Number fixed effects 21  21  40 
Number random effects 2608  2000  3296 
 Variance parameters Estimate (marginal SD) 
( )pLω  1.394 (0.341)  12.599 (8.342)  1.443 (0.343) 2.212 (0.734) 
( )pLε  0 (0.488)  0 (3.792)  0.723 (0.336) 1.254 (0.753) 
( )pκ   -3.085 (0.410)  -0.262 (0.648)  -3.063 (0.299) 
( )rLω  0 (2.092)  1.164 (4.173)  0.388 (0.654) 0.761 (0.706) 
( )rLε  1.528 (0.312)  5.245 (2.874)  1.425 (0.285) 1.406 (0.368) 
( )rκ   -2.402 (0.448)  -0.659 (0.570)  -2.460 (0.331) 
2σ   0.049 (0.114)  0.267 (0.067)  0.034 (0.115) 0.219 (0.08) 

Model fit      
Negative log-likelihood -24.336  -172.574  -186.146 
Explained deviance 72.4 %  20.3 %  44.7 % 
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Fig. S1.2. Model diagnostics for single-category (“Day”, “Night”) and multi-category (“Multi”) models with no 2 
covariates, and for the two best multi-category models with temperature-based covariates (“Multi: Model #1”, 3 
“Multi: Model #2”; see Table S3.1 for model structure). Upper row shows proportion of observed capelin versus 4 
predicted occurrence probabilities, with predicted probabilities indicated by red line (shaded area=95% confidence 5 
interval) and mean observed proportions by closed circles. Middle row shows Q-Q plots for empirical versus 6 
theoretical quantiles of gamma distribution for positive catch rates. Lower row shows standardized sign deviance 7 
residuals versus predicted positive catch rates.  8 
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Supplement 2: Interannual variations in length frequencies 

 
Fig. S2.1. Kernel density plots for length frequencies of capelin by year, region (“WGOA” = western Gulf of 
Alaska, “CGOA” = central GOA), and bottom depth category ( fBT  ; “Bank” = <100 m, “Trough” = ≥100 m). 
Mean standard length (mm) are reported by fBT  for each region.  
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Supplement 3: Model selection results  
Table S3.1. Model selection results for all multi-category, delta-GLMMs with temperature-based covariates. 
Candidate model structure for the occurrence and positive catch rates sub-models specifies if the model included an 
interaction between covariates (Temp, Strat) and bottom depth factor (“Bank” = < 100 m, “Trough” = ≥ 100 m), 
indicated by the covariate name listed under each sub-model’s bottom depth factors. Model numbers indicate their 
rank relative to the highest deviance (Dev) values. The number of parameters are shown for fixed (FE) and random 
(RE) effects.  

 Model 
# 

Occurrence 
 

Positive Catch 
 

# Parameters  Dev 
(%) 

 
 Bank Trough 

 
Bank Trough 

 
FE RE 

 
 

 1 Strat Temp  Strat Strat  56 3296  53.83  
 2 Temp + Temp2  Strat Strat  56 3296  53.66  
 3 Strat Temp  Strat Temp  56 3296  53.40  
 4 Temp Temp  Strat Strat  56 3296  53.35  
 5 Strat Temp  Temp Strat  56 3296  53.32  
 6 Strat Temp  Temp + Temp2  56 3296  53.31  
 7 Temp + Temp2  Strat Temp  56 3296  53.24  
 8 Temp + Temp2  Temp Strat  56 3296  53.16  
 9 Temp + Temp2  Temp + Temp2  56 3296  53.15  
 10 Temp Temp  Strat Temp  56 3296  52.93  
 11 Temp Temp  Temp Strat  56 3296  52.85  
 12 Temp Temp  Temp + Temp2  56 3296  52.84  
 13 Strat Strat  Strat Strat  56 3296  52.75  
 14 Temp Strat  Strat Strat  56 3296  52.67  
 15 Strat Temp  Temp Temp  56 3296  52.67  
 16 Temp + Temp2  Temp Temp  56 3296  52.50  
 17 Strat Strat  Strat Temp  56 3296  52.33  
 18 Temp Strat  Strat Temp  56 3296  52.25  
 19 Strat Strat  Temp Strat  56 3296  52.24  
 20 Strat Strat  Temp + Temp2  56 3296  52.23  
 21 Temp Temp  Temp Temp  56 3296  52.19  
 22 Temp Strat  Temp Strat  56 3296  52.16  
 23 Temp Strat  Temp + Temp2  56 3296  52.15  
 24 Strat Temp  Strat  54 3296  51.75  
 25 Strat Strat  Temp Temp  56 3296  51.59  
 26 Temp + Temp2  Strat  54 3296  51.59  
 27 Temp Strat  Temp Temp  56 3296  51.51  
 28 Temp Temp  Strat  54 3296  51.28  
 29 Strat  Strat Strat  54 3296  51.27  
 30 Strat  Strat Temp  54 3296  50.85  
 31 Strat  Temp Strat  54 3296  50.77  
 32 Strat  Temp + Temp2  54 3296  50.76  
 33 Strat Strat  Strat  54 3296  50.67  
 34 Temp Strat  Strat  54 3296  50.59  
 35 Strat  Temp Temp  54 3296  50.11  
 36 Strat  Strat  54 3296  49.19  
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Fig. S3.1. Model diagnostics for multi-category delta-GLMMs with temperature-based covariates (Model number 
corresponds to rank in Table S3.1). Upper row shows proportion of observed capelin versus predicted occurrence 
probabilities, with predicted probabilities indicated by red line (shaded area=95% confidence interval) and mean 
observed proportions by closed circles. Middle row shows Q-Q plots for empirical versus theoretical quantiles of 
gamma distribution for positive catch rates. Lower row shows standardized sign deviance residuals versus predicted 
positive catch rates.  
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Supplement 4: Interannual differences in distributions and relative abundance  
Capelin densities in 2000 to 2003 were low relative to later years during the day and at 

night. In all years the frequency of non-zero catches was consistently lower during day compared 
to night (see Table 2 in the main article, Fig. S4.1). Non-zero catches were more frequent in both 
regions during 2005 and 2007, and there was a sharp decrease in non-zero catches in 2013 
(30.8%) compared to 2009 (80.0%) within WGOA troughs that was not observed in the CGOA. 
Relatively high catch rates (i.e. scaled predicted CPUE ≥ 1, equivalent to 311.9 kg km-2 for day 
 = 35). During the day, 79.2% of high catch rates primarily occurred in the CGOA. At night, the 
total number of high catches across years was more evenly distributed between regions (19:16 = 
number of high catches in WGOA:CGOA), although regional differences were more pronounced 
in 2007 (6:1) and 2009 (1:3).  
 

 
Fig. S4.1. Distribution of standardized, predicted catch rates from the best multi-category candidate model (M:2-1.2-
2) by day-night category (“D_CPUE” = catch rate for day, “N_CPUE” = catch rate for night) for each year. Circle 
diameter is proportional to the square root of the standardized catch rate. Catch rates were mapped over bathymetric 
features using the R package ‘marmap’ version 0.9.6 (https://github.com/ericpante/marmap), which uses NOAA 
bathymetry data from the ETOPO1 Global Relief Mode.
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