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Developing a robust understanding of Pacific halibut reproductive biology is essential to understanding the different components (e.g. maturity) that determine the reproductive output of the species and, therefore, for estimating the relative female spawning biomass. With these, effective and proactive management strategies can be designed and implemented to face the large-scale environmental changes to which high-latitude spawning fish are particularly vulnerable. To date, reproductive studies of Pacific halibut have mainly focused on population or regional scales, leaving the specific details of organism-level reproductive development unexamined. The work described here aimed to address information gaps in Pacific halibut reproductive biology by conducting a detailed histological examination of temporal changes in ovarian development over an annual reproductive cycle with special attention to the use of biological indicators (e.g. oocyte diameter, gonadosomatic index, hepatosomatic index, Fulton’s condition factor, somatic fat) in characterizing female developmental stages and reproductive phases. Our results provide a foundation for future studies directed at improving current maturity estimations by histological assessment and explore models that test the utility of biological indicators to predict maturity in this important fish species.
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Introduction

Spawning adult teleosts are particularly vulnerable to temperature variations associated with large-scale environmental change (Graham and Harrod, 2009) due in part to the considerable energy demands required by gamete production (Berg and Finstad, 2008). This vulnerability necessitates proactive management based on a complete understanding of fundamental biological processes (Ficke et al., 2007; Free et al., 2019), particularly those related to spawning and reproductive development. This is especially true for species such as Pacific halibut (Hippoglossus stenolepis) that inhabit high latitude waters where relatively dramatic temperature anomalies associated with climate change have already been observed (Graham and Harrod, 2009; Serreze and Barry, 2011; Walsh et al., 2018).

Currently, management of the Pacific halibut stock is based on reference points that rely on annual estimations of the relative spawning biomass that takes into account mature females (Stewart and Webster, 2021). Maturity is, therefore, an important determinant factor of the species’ reproductive output that is included directly in the stock assessment. Consequently, potential temporal or spatial changes in maturity, as well as differences in the precision and accuracy of maturity determinations, can greatly influence estimations of spawning biomass and management status. As in many managed fish species, maturity in Pacific halibut is currently estimated based on at-sea visual (i.e. macroscopic) examination of the ovary. This macroscopic maturity classification method can potentially add uncertainty in data interpretation in the absence of validation using supporting information (e.g. histology) on female reproductive development. Therefore, developing a robust understanding of Pacific halibut reproductive development is foundational for our ability to improve the estimation of maturity and other reproductive traits in this species.

Previous studies on Pacific halibut reproduction have largely focused on describing reproductive patterns at population or regional scales. These studies report that prior to spawning, Pacific halibut undertake seasonal offshore migrations from summer feeding areas on the continental shelf to deeper (200 to 600 m) winter spawning grounds on the outer continental shelf and slope (reviewed in Carpi et al., 2021). In the Gulf of Alaska, spawning occurs from November to March, peaks in late January (St-Pierre, 1984), and is likely accompanied by a spawning-rise behavior in which females ascend in the water column and eggs are released for fertilization at the peak of the rise (Loher and Seitz, 2008). In a recent study, we histologically described oocyte developmental stages in Pacific halibut that were used to assign female developmental stages, from early primary growth until the periovulatory stage (Fish et al., 2020). Importantly, we also provided evidence for a group synchronous ovarian developmental pattern with determinate fecundity in Pacific halibut (Fish et al., 2020). However, no work has yet been conducted to characterize the temporal progression of reproductive development in female Pacific halibut that would allow for a better understanding of the reproductive cycle of the species and, importantly, the identification of physiological traits and biological indicators (e.g. age, somatic fat content, gonadosomatic index, etc.) that could be indicative of the female’s commitment towards spawning within a reproductive cycle.

The work described here aimed to address information gaps in female Pacific halibut reproductive biology by conducting a detailed examination of the annual reproductive cycle with special attention to biological indicators that could be used to predict maturity. Specifically, we 1) investigated the temporal variation in developmental stage- and reproductive phase-specific proportions of female Pacific halibut; 2) investigated the temporal variation in biological indicators throughout a calendar year as well as their characterization of developmental stages and reproductive phases; and 3) evaluated a suite of models to predict reproductive phase based on biological indicators. The results from this study provide basic information on key characteristics of the Pacific halibut annual reproductive cycle and identify effective indicators of reproductive development that can be used to predict the reproductive phase. Importantly, our results are foundational to guide future studies to refine current maturity estimates and to evaluate potential changes in spatial and temporal patterns of reproductive development in response to climate change.



Materials and Methods


Sample and Data Collection

From September 2017 to August 2018, we collected approximately 30 female Pacific halibut each month using contracted longline commercial fishing vessels in the Gulf of Alaska (n = 356 fish). Monthly sampling trips occurred within a one- to four-day period. The sampling locations were within approximately 6,000 square nautical miles (spanning from 57.75 to 58.83 decimal degrees N and 149.3 to 152.3 decimal degrees W) near the Portlock Bank region (Figure 1) that contains a known spawning area for Pacific halibut (St. Pierre, 1984). In order to capture all stages of female reproductive development during our annual sample collection, sampling during the spawning season was conducted at deeper depths to capture females that migrated to winter spawning grounds (reviewed in Carpi et al., 2021). While our goal was not to provide an interannual comparison, we note that mean sea surface temperature for the region during the collection period was within one standard deviation of a five-year average (National Data Buoy Center 1971), indicating the sampling period as comparatively representative. Fish were captured using longline gear with each set consisting of up to 8 skates of 100 chum salmon-baited 16/0 circle hooks per skate. The starting and ending location of sets were recorded as well as the depth of anchors at each skate end. Mean depth (d) of each set is calculated as  where di is the depth in meters (m) at each anchor, and n is the total anchors deployed for the set.




Figure 1 | Sampling locations in the Gulf of Alaska Portlock region with light gray bathymetry lines at 100-meter intervals. All sampling occurred within the dark gray box; each fish is represented by a transparent dot where darker, more opaque areas produced more samples (A). The location and month (B) or depth in meters (C) of samples collected. Locations are jittered both horizontally and vertically to better display overlapping information, with depth and month displayed by color with blue representing both shallower depths or samples from the beginning of the year (e.g. January), and yellow representing greater depths or seasonally later samples.



In order to reduce the sampling of prepubescent fish, a target fork length of ≥ 90 cm was set (in this region, fish ≥ 90 cm have a greater than 50% probability of being mature; Clark et al., 1999; Loher and Seitz, 2008). However, in three of the twelve sampled months (February, July, and September 2018), slightly smaller individuals were used to help meet the sampling goal of 30 female Pacific halibut per month. Ranges of fork length and age for sampled females were 83-180 cm and 7-24 years, respectively.

For each fish, we measured the fork length (L; cm), total body weight (W; kg) to the nearest 100th of a kg, and gonadal (G; g) and liver (H; g) weights to the nearest whole gram using motion compensating scales (B-3220 and B-5440, BibbiCo, Lynwood, USA) with accuracies of 10/20 g for 30/60 kg samples and 0.5/1 g for 1.5/3 kg samples, respectively. Gonadosomatic index (GSI) and hepatosomatic index (HSI) were calculated as  100, and . Fulton’s K was calculated as K = . Somatic fat content was estimated using a Distell Fish Fatmeter (Model FM 692, Fauldhouse West Lothian, Scotland), a non-invasive tool that utilizes low-power microwave emission to estimate subdermal lipid content based on the water content of tissues (Kent, 1990).Two readings from an area located midway between the lateral arch and the dorsal fin insertion on the non-pigmented side of the fish were obtained, averaged, and applied to a fat calibration curve developed for Pacific halibut (Dykstra et al. Unpublished Data) to derive somatic fat content values using  where Fat% is the percent muscle fat calculated from the raw Fatmeter reading value (Fatr). The left sagittal otolith was removed, stored in 50% glycerin solution, and later aged to the nearest year using the break-and-bake method (Forsberg, 2001). Approximately 1 cm3 of tissue was excised from the central area of the ovary and fixed in 10 milliliters of 10% buffered formalin for subsequent histological processing.



Histological Processing and Female Classification

Ovarian tissue samples were processed for histology as described in Fish et al. (2020). Slides were examined visually with a compound microscope (1x – 100x magnification), and oocyte developmental stages were identified according to Brown-Peterson et al. (2011) and Grier et al. (2009) and used to assign the female developmental stage as described in Fish et al. (2020). In addition to the previously described female developmental stages, an additional developmental stage category – post spawning (PS) – was used to differentiate between cortical alveolar (CA) stage females in early development and CA stage females that had just spawned (containing abundant post-ovulatory follicles or POFs). The presence and degradation of POFs were defined following Haslob et al. (2012). Further, the presence of blood vessels and ovarian follicles undergoing atresia (alpha, beta, gamma) were noted, and ovarian structure was described on an ordinal scale as loose, moderate, or compact for all histological samples.

Reproductive phases were identified for each female by comparing developmental stages with evidence of previous spawning (i.e. POFs) to classify fish as immature, developing, spawning capable, regressing, or regenerating following a modified version of Brown-Peterson et al. (2011; Table 1).


Table 1 | Description of the histological features of reproductive phases for large (83-180 cm) female Pacific halibut (modified from Brown-Peterson et al., 2011), total fish observed from each phase (percent shown in parentheses), and a summary of total fish observed in corresponding developmental stages (see Fish et al., 2020 for detailed stage descriptions).



The largest three oocytes from each fish were visually identified and photographed at 1x – 10x magnification using a microscope-mounted camera for use in assessing oocyte diameters. Oocyte diameter measurements (µm) of photographed ovarian follicles were collected using ImagePro Premier 9.1 (Media Cybernetics Inc., Rockville, MD, USA) by tracing the perimeter of the oocyte, and we calculated the mean length of diameters measured at 2-degree intervals passing through the traced oocyte centroid – hereafter referred to simply as “oocyte diameter”.



Data Analyses

Oocyte diameter, GSI, HSI, Fulton’s K, age, percent somatic fat, total body weight, length, and depth were examined for normal distributions (Shapiro–Wilk test) and homogenous variances (Levene’s test) by month, developmental stage, and reproductive phase. Because distributions were not normal and variances were not homogenous, we used Kruskal-Wallis test for significant differences followed by Dunn’s post hoc test if applicable. Additionally, relationships among individual variables were examined using Spearman’s rank correlation coefficient.

The utility of potential indicators of reproductive development in predicting reproductive phase was assessed using multinomial models from the R nnet package. All possible combinations of the variables – as well as interactions – were explored using the dredge function in the R muMIn package. Akaike’s Information Criterion (AIC) was used to compare models. Model selection was based on the lowest AIC. In order to facilitate the most expedient use of these indicators in field settings, we constructed a series of models in which we systematically omitted indicators that are costly, time- or labor-intensive, or that require specific equipment to examine (i.e. 1. oocyte diameter – costly, time and labor intensive, requires specific equipment and training; 2. organ weights, HSI, and GSI – time and labor intensive, require specific equipment; and 3. total body weight and Fulton’s K – require specific equipment). Resulting model fits were compared to determine the best indicator or combinations of indicators for use under a variety of field scenarios. Omissions were conducted in a stepwise fashion, resulting in four models that range from most inclusive (i.e. all covariates included) to most restrictive (i.e. all covariates listed above omitted). Here, we refer to the four models as A (most inclusive), B, C, and D (most restrictive), respectively. Model accuracy was assessed as a percentage within the dataset by dividing correct predictions (i.e., reproductive phase categories as identified by histological analysis) of female reproductive phase by the total number of predictions.

A principal component analysis (PCA; Joliffe, 2002) was performed to examine the direction and magnitude of the effects, as well as the location of maturity phases relative to the first and second principal components (PC1 and PC2). Additional PCAs were created for proposed models A-D. All statistical analyses were conducted in R version 4.0.4 (2021-02-15).




Results


Temporal Patterns of Female Developmental Stage and Reproductive Phase Classification

Temporal changes in female developmental stages showed a clear progression through early-, mid-, and late-secondary growth (SG), final oocyte maturation (OM), and PS over the annual sample collection period (Figure 2A). January and February corresponded to the period of spawning for Pacific halibut females in the sampled area as indicated by the presence of PS females (characterized by CA oocytes and POFs). Females in the initial stages of SG (primary vitellogenesis or Vtg1 stage) were present predominantly between March and June, followed by a significant increase in the percent (50-60% of total) of females in mid SG (secondary vitellogenesis or Vtg2 stage) in July and August. Females in late SG (tertiary vitellogenesis or Vtg3 stage) predominated between September and December. Females undergoing final OM (germinal vesicle migration or GVM and periovulatory or PO stages) were found in low proportion (<7%) in November and December but comprised the majority of non-spawning females in January and a substantial proportion of non-spawning females in February. Nine females in primary growth (PG) were observed during the period of predominantly SG and OM. Of these females, one was at the PG perinuclear (PGpn) stage (observed in December), and the remaining females were at the CA stage, with one female observed in November and seven in December.




Figure 2 | Proportions of developmental stages (A) (Primary Growth Perinuclear, PGpn; Cortical Alveolar, CA; Primary Vitellogenesis, Vtg1, Secondary Vitellogenesis, Vtg2; Tertiary Vitellogenesis, Vtg3; Germinal Vesicle Migration, GVM; Periovulatory, PO; Post-Spawning, PS) of female Pacific halibut where yellow is the earliest developmental stage (PGpn) and dark blue is the most advanced stage that occurs just after spawning (PS); and reproductive phases (B) where chartreuse is immature, orange is developing, magenta is spawning capable, and purple and dark blue represent regressing and regenerating phases.



Reproductive phases also showed a clear temporal progression (Figure 2B) from regressing to developing and to spawning capable prior to the peak of spawning in February. The presence of PS females in January marked the beginning of the regressing phase that predominated from February until April and extended until June. Females in the developing reproductive phase were observed in low proportion (< 15%) from January to April but increased in May and predominated between June and August, decreasing thereafter. Females in the spawning capable phase were first observed in August (30%) and predominated until January, when most females were undergoing OM and the first PS females were observed. While found much less frequently (n = 9) most females in the regenerating phase were found in December (23%) but were also present in low proportions (<1%) in November and June. The only immature fish (at the PGpn developmental stage) was found in December (<1%).



Temporal Patterns of Female Biological Indicators

Oocyte diameter (H11 = 198.03, p < 0.001), GSI (H11 = 180.71, p < 0.001), HSI (H11 = 163.97, p < 0.001), Fulton’s K (H11 = 161.38, p < 0.001), age (H11 = 22.75, p = 0.019), and somatic fat (H11 = 34.05, p < 0.001) were significantly different among months (Figure 3). Mean oocyte diameter was lowest in February (493 µm) and increased steadily, with the largest mean diameter (~1800 µm) in January. GSI followed the same temporal pattern as average oocyte diameter: lowest mean values in March increasing to the largest values in January. HSI displayed low mean values between February and May, increased between June and October and declined thereafter. Similarly, mean Fulton’s K values increased from June to August, remained elevated until October and declined thereafter. Age was similar among most months, with the exception of slightly lower mean ages for females sampled in December. Mean fat content increased significantly from February to March, decreased in May, increased significantly again from June to October and, finally, underwent a significant decrease from October to December. The presence of POFs was first detected in January, was high (>80%) from February to April, decreased in May and further decreased in June. No POFs were detected in or after July, suggesting that POFs can be present in the Pacific halibut ovary for approximately 6 months after spawning (Figure 4A). Recent POFs were only observed in January and February, whereas older POFs were observed from January until May, and the oldest POFs were observed starting in February and were the predominant POFs from March to June (Figure 4A).




Figure 3 | Temporal assessment of oocyte size (diameter in µm), gonadosomatic index (GSI, %), hepatosomatic index (HSI, %), Fulton’s condition factor (K), age (years), and somatic fat (%) of female Pacific halibut during an entire calendar year. For each parameter statistical significance (p < 0.05, Kruskal-Wallis) was denoted with an * in the y-axis title, with different letters indicating statistically significant (p < 0.05, Dunn’s post hoc) differences among groups (e.g. “a” is different from “b” but not from “ab”), and with the sample size displayed above the boxes.






Figure 4 | Proportions and relative age of post-ovulatory follicles (POFs) in female Pacific halibut in months (A), developmental stages (B), and reproductive phases (C) where POF1 are ranked as the most recent, POF2 as older, and POF3 as the oldest observed.





Biological Indicators by Developmental Stage

Oocyte diameter (H7 = 298.01, p < 0.001), GSI (H7 = 252.11, p < 0.001), HSI (H7 = 153.14, p < 0.001), Fulton’s K (H7 = 106.95, p < 0.001), and age (H7 = 32.54, p < 0.001) were significantly different among female developmental stages; however, somatic fat (H7 = 10.90, p = 0.143) was not (Figure 5). As only one PGpn individual was observed in the dataset, the PGpn stage was omitted from subsequent analyses. Mean oocyte diameter and GSI both increased congruently as females advanced in their developmental stage to PO, with both parameters decreasing significantly at the PS stage. Mean values for HSI and Fulton’s K followed similar patterns with a significant increase at the Vtg2 stage and a subsequent decrease at the PO and PS stages. CA stage females were, on average, younger (~12 years old) than those at more advanced developmental stages. The temporal distribution of female developmental stages for each of the biological indicators measured is shown in Supplemental Figure 1. POFs were present in all PS stage females and in lesser proportion in Vtg1 (>60%), PO (>50%) and Vtg2 stage (~6%) females (Figure 4B). Recent POFs were only observed in PO and PS stage females, whereas older POFs were observed in PS, PO and Vtg1 stage females, and the oldest POFs were observed in PS, Vtg2 and, to a higher proportion (~50%), Vtg1 stage females (Figure 4B). No POFs were observed in females in any other developmental stages.




Figure 5 | Oocyte size (diameter in µm), gonadosomatic index (GSI, %), hepatosomatic index (HSI, %), Fulton’s condition factor (K), age (years), and somatic fat (%) of female Pacific halibut according to developmental stage. For each parameter, statistical significance (p < 0.05, Kruskal-Wallis) was denoted with an * in the y-axis title, with different letters indicating statistically significant (p < 0.05, Dunn’s post hoc) differences among groups (e.g. “a” is different from “b” but not from “ab”), and with the sample size displayed above the boxes. PS stage, denoted by † is identified by the presence of POFs and, therefore, the oocyte diameters are representative of the CA oocytes which in this case only are not the most advanced follicle.





Biological Indicators by Reproductive Phase

Oocyte diameter (H4 = 278.45, p < 0.001), GSI (H4 = 238.82, p < 0.001), HSI (H4 = 150.72, p < 0.001), and Fulton’s K values (H4 = 128.25, p < 0.001) were significantly higher in females at the spawning capable phase than in all other reproductive phases (Figure 6). For females at the regressing phase, mean values of biological indicators were significantly lower than those for females in the developing phase, with the exception of GSI which were significantly higher. In females at the regenerating phase, mean oocyte diameter, GSI and HSI values were overall lower than in females at the regressing phase but only significantly for GSI. Age was significantly different among reproductive phases (H4 = 22.10, p < 0.001). Females in the regressing phase were the oldest and had the widest age range, while regenerating females were the youngest and had the smallest age range. Developing and spawning capable female ages were intermediate. No significant differences in somatic fat content were observed among reproductive phases (H4 = 2.32, p = 0.676). The temporal distribution of female reproductive phases for each of the biological indicators measured is shown in Supplemental Figure 2. POFs were observed in all regressing phase females, with a small proportion of recent and a similar proportion of older and oldest POFs (Figure 4C). In contrast, a small proportion of POFs were observed in spawning capable phase females (7%; only recent and older POFs) and in developing phase females (5%; oldest POFs) (Figure 4C).




Figure 6 | Oocyte size (diameter in µm), gonadosomatic index (GSI, %), hepatosomatic index (HSI, %), Fulton’s condition factor (K), age (years), and somatic fat (%) of female Pacific halibut according to the reproductive phase. For each parameter, statistical significance (p < 0.05, Kruskal-Wallis) was denoted with an * in the y-axis title, with different letters indicating statistically significant (p < 0.05, Dunn’s post hoc) differences among groups (e.g. “a” is different from “b” but not from “ab”), and with the sample size displayed above the boxes. Regressing phase, denoted by ††, contains 21 PS stage fish as identified by presence of POFs and, therefore, oocyte diameters are representative of the CA oocytes which in this case are not the most advanced follicle.





Correlations Among Potential Indicators of Reproductive Development

Substantial variability was evident in the strengths and directions of correlations among individual indicators (Figure 7). Very strong positive correlations (ρ ≥ 0.70; Dancey and Reidy, 2004) were observed for 6 of 66 comparisons: length/weight (ρ = 0.93, p < 0.0001), GSI/gonad weight (ρ = 0.85, p < 0.0001), oocyte diameter/gonad weight (ρ = 0.81, p < 0.0001), HSI/liver weight ρ = 0.79, p < 0.0001), oocyte diameter/GSI (ρ = 0.74, p < 0.0001), and liver weight/Fulton’s K (ρ = 0.72, p < 0.0001). Strong positive correlations (ρ = 0.40 – 0.69; Dancey and Reidy, 2004) were observed for 16 additional comparisons: total body weight/liver weight (ρ = 0.67, p < 0.0001), HSI/Fulton’s K (ρ = 0.62, p < 0.0001), gonad weight/liver weight (ρ = 0.59, p < 0.0001), oocyte diameter/HSI (ρ = 0.58, p < 0.0001), oocyte diameter/liver weight (ρ = 0.57, p < 0.0001), oocyte diameter/Fulton’s K (ρ = 0.57, p < 0.0001), month/liver weight (ρ = 0.49, p < 0.0001), fork length/liver weight (ρ = 0.48, p < 0.0001), gonad weight/Fulton’s K (ρ = 0.46, p < 0.0001), HSI/gonad weight (ρ = 0.46, p < 0.0001), total body weight/gonad weight (ρ = 0.46, p < 0.0001), total body weight/Fulton’s K (ρ = 0.46, p < 0.0001), month/HSI (ρ = 0.44, p < 0.0001), month/oocyte diameter (ρ = 0.43, p < 0.0001), GSI/HSI (ρ = 0.43, p < 0.0001), and month/Fulton’s K (ρ = 0.41, p < 0.0001). Only 5 indices were strongly or very strongly negatively correlated: depth/liver weight (ρ = -0.64, p < 0.0001), depth/month (ρ = -0.62, p < 0.0001), depth/Fulton’s K (ρ = -0.59, p < 0.0001), depth/HSI (ρ = -0.50, p < 0.0001), and depth/total body weight (ρ = -0.46, p < 0.0001).




Figure 7 | Spearman’s correlations of biological indices for all statistically significant comparisons (p < 0.05). Direction of correlation is mapped with red (positive) and blue (negative) color scheme, and magnitude of correlation is shown from lighter tints (weak) to dark (strong).





Predictive Models and PCA

AIC scores (Supplemental Table 1) indicated that the most parsimonious model for predicting reproductive phase using all available potential indicators of reproductive development (model A; Table 2) had an accuracy of 94%. Influential covariates in this global model included oocyte diameter, GSI, age, and depth. A slightly more restrictive model, in which oocyte diameter was removed, was nearly as accurate (model B; accuracy = 90%). Influential covariates in this model included GSI, age, depth, and HSI. Two additional models (models C and D) were far less accurate (72% and 63% accuracy, respectively). Influential covariates in these models included age, total body weight, Fulton’s K, length, and depth (model C); and age, length, and depth (model D).


Table 2 | Summary of models (Models A-D) predicting female Pacific halibut reproductive phase, including model name, logistical restrictions, variables retained in best-fit models denoted by a “+”, degrees of freedom (df), change in AICc from the best model (ΔAICc), and the percent accuracy defined as the number of correct predictions out of total.



PCA suggested moderate grouping among reproductive phases (Figure 8) with spawning capable fish associated with larger oocyte diameter, GSI, gonad weight, HSI, and Fulton’s K values and shallower depths. In contrast, regressing and regenerating fish were associated with smaller oocyte diameter, GSI, gonad weight, HSI, and Fulton’s K values, and deeper depths. Developing fish occupied a much more centralized position associated with more moderate values of the examined variables. Further, the resolution of reproductive phases (as observed by decreased grouping and increased overlap of ellipsis) decreased from model A to model D (Figures 8A–D), suggesting moderate utility in predicting reproductive phases using an abridged suite of covariates should on-vessel constraints prevent collection of all covariates explored here.




Figure 8 | Principal component analysis (PCA) biplot of biological indices grouped by reproductive phase of female Pacific halibut. The x-axis represents the first principal component (PC1) and the y-axis represents the second component (PC2). Together they account for 57.1% of the total variance observed in the data. Side panels (A-D) are PCA biplots of the best models (model A-D) developed from survey variables constrained by logistical sampling challenges and are useful visual keys to how the proposed model parameters interact with each other as well the separation of phases within each model.






Discussion


Temporal Trends in Reproductive Cycle by Developmental Stage

This study represents the first attempt to characterize female Pacific halibut reproductive development through time and explore relationships among physiological characteristics, developmental stage, and reproductive phase. Monthly histological examination revealed a clear progression in female developmental stages. Based on this progression, and the timing at which PS females were observed, we conclude that spawning in the Portlock region in the central Gulf of Alaska takes place in January and February, as suggested by previous studies of spawn timing (St-Pierre, 1984) and observations of electronically tagged Pacific halibut (Seitz et al., 2005; Loher and Seitz, 2008). After spawning, Pacific halibut enter early SG and move through mid and late SG, with females initiating and completing GVM in January. Further, our data show that transitions between female developmental stages occur in succession, are completed in full and most likely result in spawning. This is supported by the observed size progression of the largest cohort of oocytes through advancing female developmental stages in Pacific halibut (Fish et al., 2020), that is characteristic of group-synchronous ovarian development. Our results therefore suggest that female Pacific halibut sampled in the central Gulf of Alaska follow an annual reproductive cycle, in contrast to the two-year oocyte developmental period reported in the related Greenland halibut (Reinhardtius hippoglossoides; Rideout et al., 2012). Furthermore, the initiation of the spawning capable reproductive phase in August, that marks the time of the reproductive cycle when females appear fully committed to spawning, provides an excellent opportunity for future collections of biological samples during annual summer surveys conducted by the International Pacific Halibut Commission to (1) update maturity ogives based on histological data and (2) investigate potential changes in spatial and temporal patterns of reproductive development in response to environmental change.



Biological Indicators of Developmental Stage

The annual reproductive cycle of Pacific halibut females was characterized by temporal changes in measured biological indicators. Oocyte diameter and GSI, both strongly correlated, displayed lower values in the spring and summer, increased through the autumn, and eventually peaked in late winter, coinciding with late SG and oocyte maturation. The increase in GSI observed in females at the GVM and PO stages is similar to observations on other flatfish species such as Greenland halibut (Fedorov, 1971; Kennedy et al., 2014), California halibut (Paralichthys californicus; Lesyna and Barnes, 2016), common sole (Solea solea L.; Ramsay and Witthames, 1996), winter flounder (Pseudopleuronectes americanus; McBride et al., 2013; Press et al., 2014) and summer flounder (Paralichthys lethostigma; Midway and Scharf, 2012).

While higher oocyte diameter and GSI values indicate later stages of female reproductive development, HSI and Fulton’s K are strong indicators of the transition from early to late SG. HSI and Fulton’s K are moderately correlated and display gradual increases over the summer and autumn, coinciding with the entry of Pacific halibut females into mid and late SG. The observed increase in HSI can be attributed to the growth of the liver in relation to its increased role in producing lipoproteins that are released in the bloodstream and incorporated into the growing SG oocytes (Lubzens et al., 2010), likely as a result of surplus energy derived from feeding along the continental shelf during the summer months. Similar temporal patterns have been observed for HSI and Fulton’s K in sablefish (Guzmán et al., 2017), and for HSI in California halibut (Lesyna and Barnes, 2016), and Arctic cod (Skjæraasen et al., 2009). These results suggest that Fulton’s K, a simple index measure using only length and weight, could potentially be used as a proxy for both relative HSI and the progression of SG in female Pacific halibut. Furthermore, the subsequent decrease in both HSI and Fulton’s K in Pacific halibut females upon reaching late SG and GVM stage is likely a reflection of the use and mobilization of stored energy in the liver to support the later stages of the reproductive cycle, including reproductive migration to spawning grounds on the continental shelf edges and slopes as well as spawning behavior. These observations therefore support that Pacific halibut is a capital breeder like other Pleuronectiform species that display similar group synchronous oocyte development and determinate fecundity (reviewed in McBride et al., 2015).

Somatic fat content showed a small increase after spawning during the progression from late PG to early SG, coinciding with the increase in HSI and Fulton’s K, and a decrease during the transition between late SG and OM. While we note that these changes were not significant, the variations may be indicative of hepatic lipid mobilization during the SG phase with potential lipid deposition in skeletal muscle, possibly as an adaptation for spawning migration. Indeed, somatic fat and HSI showed a very modest, but positive, correlation (ρ = 0.14; Figure 7), and sustained swimming in other fish species has been shown to be metabolically supported by lipid-derived energy in skeletal muscle (reviewed in Magnoni et al., 2013). Interestingly, somatic fat content appeared to increase after spawning, followed by HSI and Fulton’s K, possibly as a result of resuming feeding, as shown in other flatfish species (Wuenschel et al., 2009).



Biological Indicators of Reproductive Phase

Biological indicators can also act as useful guides for characterizing females into reproductive phases for management purposes. Our PCA results show relatively distinct separations among three of the five reproductive phases, with spawning capable fish (comprised of females in the Vtg3, GVM, and PO developmental stages) associated with elevated GSI, oocyte diameter, gonad weight, HSI, and Fulton’s K values compared to developing fish (comprised of females in the CA and Vtg1 developmental stages), which displayed intermediate values. Females in the regressing reproductive phase (comprised of individuals with evidence of recent spawning) had lower oocyte diameter, HSI, and Fulton’s K values and were older than fish at the developing and spawning capable phases. This distinction in the values of biological indicators among these three reproductive phases fosters the potential to assign the reproductive phase using proxy measures that are relatively easily obtained. As would be expected, separation between the reproductive phases decreases as biological covariates are removed (Figures 8A–D). Interestingly, regenerating phase fish have a more positive association with length compared to the regressing phase which may suggest certain tradeoffs between energy into somatic growth as compared to oocyte development. We note that our study design, chosen to best describe reproductive development, was biased towards mature or maturing females and that the immature reproductive phase is not well represented in our data or results (n = 1 female in the PGpn developmental stage and immature reproductive phase).

Despite distinction in the values of biological indicators among the reproductive phases, predictive models aimed at reproductive phase assignment must perform with extreme accuracy, stemming from the importance of reproductive phase assignments in estimating maturity ogives for stock assessment purposes. Our models A and B demonstrate that reproductive phase of Pacific halibut can very accurately be predicted given depth of sample collection, age, GSI, and either oocyte diameter or HSI (90 – 94%; Table 2), but model accuracy quickly declines when the inputs are restricted. Further, one may question the utility of a predictive model that still requires time and labor-intensive covariates (e.g. oocyte diameter, GSI) or that is potentially specific to one geographic area (e.g. depth). In this regard, researchers and managers should note the predictive power associated with more restricted models (e.g. models C and D) and decide whether it is sufficient to meet their respective needs. The high levels of accuracy achieved by our top-performing models does; however, suggest that predictive models may perform equally or better than the current method used in the field for maturity assignment – gross visual inspection of the gonad – but further model and covariate refinement and methodological comparisons are needed. Nevertheless, our model accuracies are similar to those generated for sablefish by Rodgveller (2019), and demonstrative of the potential for model-based reproductive phase assignment in Pacific halibut and other species.

Somewhat surprisingly, depth was retained as a covariate in all our models. This inclusion does, in part, conform to expectations that during the spawning season more developed fish will be found at more profound depths. We base this expectation on previous studies of Pacific halibut biology (St-Pierre, 1984; Loher and Seitz, 2008) and our own data showing strong negative correlations between depth and other potential indicators of more advanced reproductive development (i.e. high Fulton’s K, HSI, and liver weight values; ρ = 0.59,= -0.50, and -0.64, respectively; Figure 7). However, relative influence of depth in our predictive models may also be an artifact of our sampling design and collection methods, as fishers traveled to deeper waters in the winter months to collect the large female Pacific halibut required by the study design (Figures 1B, C). As evidence of this phenomenon, we see a strong correlation between depth and month (ρ = 0.62; Figure 7). As such, we caution that depth may play a potentially confounding role in the relationship between month and spawning shown in our results (Figure 2). In previous work, Rodgveller (2019) also advised scrutiny in timing of sample collection to ensure reliability in the relationships between reproductive phases and reproductive and developmental indicators. Therefore, the effectiveness of the female Pacific halibut models, or even in the current reproductive phase macroscopic measures, may be improved by sampling closer to the onset of spawning (October to January).

It is worth noting the identification of 8 females that were classified into the regenerating reproductive phase during a period (November-December) dominated by females in the spawning capable phase. These females were all in the CA developmental stage and showed some histological indications suggestive of reproductively mature fish (e.g. enlarged blood vessels, gamma or delta atresia, and a more loose ovarian structure than would be expected for an immature ovary), but lacked concrete evidence of previous spawning (e.g. POFs). In addition, these females were large (91-122 cm FL; 9.56-24.1 kg W), showed significantly lower GSI and HSI values than developing females, and were significantly younger on average (ranged from 10 to 15 years) than females in the developing, spawning capable, and regressing phases (Figure 6). Given that age at 50% maturity for female Pacific halibut is estimated at ~12 years (Stewart and Webster, 2021), we cannot rule out the possibility that these regenerating females may actually be immature females undergoing abortive maturation, as we are unable to differentiate between females that may have arrested the first attempted reproductive cycle (i.e. reproductively immature) and those that had previously spawned but that arrested the current reproductive cycle (true skip spawners; Rideout et al., 2005). Clearly, future studies that include larger numbers of immature and mature females are needed to better characterize the possible incidence of skip spawning in Pacific halibut.



Conclusion

The work described here represents the first detailed examination of temporal changes in developmental stages, reproductive phases, and biological indicators of Pacific halibut reproductive development. We demonstrate that female Pacific halibut have a cyclic annual reproductive cycle involving a clear progression of female developmental stages towards spawning within a single year. These results provide foundational information for future studies aimed at updating maturity ogives by histological assessment and at investigating skip spawning in Pacific halibut. Furthermore, we demonstrate the potential use of easily-obtained biological indicators in predictive models to assign reproductive phase in Pacific halibut.
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