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Patchiness, defined as spatial heterogeneity in distribution of organisms, is a common phenomenon in zooplankton including ichtyoplankton. In heterogeneous landscapes, depending on the scale of prey and predatory distributions, individuals in patches may experience distinct differences in the survival rate compared to individuals distributed more homogeneously outside patches. In this study, we focused on drifting eggs and larvae of Northeast Arctic (NEA) cod, one of the largest exploited fish stock in the world. The eggs and larvae are largely distributed along the north-western coast of Norway and northern Russia. We ask to what degree individuals are located in patches contribute to the species recruitment. For this purpose, we developed a patch recognition method to detect the existence of patches in particle tracking simulations using a connected-component labeling algorithm. We then assessed the contribution of individuals in detected patches to the total recruitment. Our results showed that depending on year, day of year, and resolution scale for detection of patches, recruits present in patches can vary between 0.6% and 38.7% with an average of 20.4% of total recruitment. The percentage decreased with increasing day of year in the drifting season but increased with decreasing patch resolution scale, down to the finest investigated scale of 8 km. On the basis of these results, we advise field recruitment studies of NEA cod to at least resolve an 8-km spatial scale to capture effects of spatial heterogeneity in the survival rate on the species recruitment.
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Introduction

Patchiness or the variation in the local distribution of individuals in marine ecosystems may originate from both physical and biological properties of marine systems such as large physical phenomenon (e.g., oceanographic eddies, fronts, or filaments) and the capacity of organisms to aggregate together (e.g., schooling behavior or patchiness in mortality) (Trudnowska et al., 2016). The ecological importance of patches for marine individuals and population dynamics has been well known for several decades (McGurk, 1986; Kareiva, 1990). This type of spatial heterogeneous landscape has been described as the norm of ecosystems compared to a more homogeneous landscape (Grünbaum, 2012).

The heterogeneous landscape has implications for the fate of marine species. For example, small-scale patchiness can affect the predicted production on a larger scale compared to using mean field dynamics (Brentnall et al., 2003). Moreover, patchiness may influence species interactions (Genin, 2004) and potentially lead to altered buffering capacity against extreme events (e.g., storms and oil spills) (Lough et al., 1996; Langangen et al., 2017). The importance of patchiness and which physical scales are relevant to resolve species interactions that are affected by patchy distributions in the ecosystem is actively discussed in marine ecology (Fey and Szkudlarek-Pawełczyk, 2022).

In this study, we consider the example of the Northeast Arctic (NEA) stock of Atlantic cod (Gadus morhua). The species migrates annually from the feeding grounds in the Barents Sea to the spawning grounds along the coast of Norway. The offspring, in form of planktonic eggs and larvae, drift with the currents back to the nursery grounds in the Barents Sea (Bergstad et al., 1987). NEA cod is an important economic and human food resource. There has been a recent effort in understanding populations dynamics of fish in general and NEA cod in particular (Ottersen et al., 2014). Because the stock dynamics are dependent on the survival of the early life stages (ELS) for recruitment in the Barents Sea, it is important to elucidate the impact of patchy survival in these stages (Houde, 2008). Recently, modeling studies using particle tracking drift models have focused on the influence of spatial heterogeneous mortality of cod eggs and larvae, albeit limited by observational constraints and computational capacity to relatively large scales (Langangen et al., 2014; Langangen et al., 2016). However, it is still unclear whether mortality varies at smaller scales and the potential ecological importance of such variations. In a thought experiment, Langangen et al. (2017) illustrated how spatial variability in mortality may propagate from the cohort to the population level. Building on this experiment, patch forming oceanographic features could result in “trapped” individuals in both favorable and unfavorable survival conditions. Given the assumption that individuals present in a patch may experience enhanced survival or mortality, patchiness may result in a noticeable effect on the recruitment if both the fraction of recruited individuals originating from patches and the number of patches are high.

Here, we investigate the potential importance of patches of ELS on NEA cod recruitment based on an individual-based coupled physical-biological drift model (IBM) of pelagic ELS. For this purpose, we developed and applied a patch recognition tool that detects individuals present inside patches and described the physical characteristics of these patches. Moreover, with this tool at hand, we quantified the yearly differences in the percentage of recruited individuals originating from patches, the sizes of patches within the spatial scales resolved by our ocean model, and how patchiness evolved over the season. Finally, our results contribute toward understanding knowledge gaps and we give, on the basis of the simulation, advice on the spatial scales required in observational studies to advance the understanding of patchiness for the dynamics of fish in general and for NEA cod in particular.



Material and methods


Coupled biological-physical model

We used a Lagrangian individual-based coupled physical-biological drift model (Opdal et al., 2011; Langangen et al., 2017) to predict drift and development NEA cod ELS. The physical part of the model used the SVIM hydrographic and ocean current archive (Lien et al., 2013), covering the years 1958 to 2011 to force offline drift of particles representing ELS individuals. The archive is based on the Regional Ocean Modeling System (Shchepetkin and McWilliams, 2005) to reproduce ocean circulation in a three-dimensional space for the Nordic, Barents, and Kara seas as well as part of the Arctic Ocean. The individual-based drift model used daily averaged flow, temperature, and salinity from the SVIM archive to predict drift and growth of the simulated individuals. We took a super-individual approach where each simulated drifting particle represents multiple individuals, i.e., super-individuals (Scheffer et al., 1995). The super-individuals were released as eggs. We released particles (>100,000 per year, >400,000 in total) in the spawning season (1 March to 1 May) in known spawning areas (Sundby and Nakken, 2008; Figure 1) and follow the drift paths until 1 October. To represent the natural variations in spawning intensity, the daily amount of released eggs followed a Gaussian curve centered around 1 April with a standard deviation of 15 days. The development of egg was ambient temperature dependent, and the vertical distribution was set by buoyancy and turbulence at the egg stage (Sundby, 1997; Thygesen and Ådlandsvik, 2007). The IBM explicitly accounted for specific growth rates of both egg and larval stages. The eggs hatched after about 20 days (D) depending on temperature (T) (see Vikebø et al., 2021), according to ln(D)=3.65−0.145T (Ellertsen et al., 1987). At the larval stage, the growth was assumed to be restricted by temperature only (ad libitum feeding; Folkvord, 2005). After hatching, super-individual larvae grew in length and weight, metamorphosing into juvenile once reaching 400 mg in weight (Langangen et al., 2016). As the larvae and juvenile fish followed different growth trajectories, the juvenile grew according to a juvenile specific growth (Björnsson et al., 2007; Castaño-Primo et al., 2014). At the larval and juvenile stages, the vertical behavior was set by the light conditions calculated from the seasonal, geographic location, and depth to simulate diel vertical migration. During the drifting period, super-individuals that reached 50 mm in length were considered to stop drifting and to settle at the bottom of the water column (Methven et al., 2003). These super-individuals were considered as recruited if located inside the Barents Sea (defined as the area between 70°N and 80°N and a depth shallower than 500 m; see Figure 1). The recruited super-individual abundance was calculated as the fraction of individuals in the Barents Sea to initial egg abundance in the ith super-individual at spawning (Asurv,i) using Equation (1):






Figure 1 | Map of the coast of Norway, Russia, Svalbard, and the Barents Sea. Blue area represents the recruitment area considered in the simulations, and red areas the simulated spawning grounds of NEA cod along the Norwegian coast. Isobaths for 250 and 500 m are shown in dotted and full lines.



where Te,i, Tl,i, and Tpl,i are the egg, larvae, and post-larvae (larvae of length > 18 mm) developmental stage duration of the ith super-individual, respectively; and me, ml, and mpl are the daily mortality rates for egg, larvae, and post-larvae, respectively, based on averaged daily mortality rates for each developmental stage: 0.17 day−1 for eggs, 0.075 day−1 for larvae, and 0.025 day−1 for post-larvae (Sundby et al., 1989; Langangen et al., 2013).



Patchiness

To quantify the accumulation of particles into patches and the potential role of patchiness for cod recruitment, we choose to investigate the distribution of cod ELS in four specific years (1965, 1969, 1979, and 1989) that could capture differences in drifting areas based on low (1965 and 1969) and high (1979 and 1989) North Atlantic Oscillation (NAO) values (Hidalgo et al., 2012). The years were also characterized by low (1965 and 1979) and high (1969 and 1989) ambient temperatures for the particles, influencing growth and the location at which the juvenile would settle after reaching a length of 50 mm. Furthermore, we investigated at different days during the year to assess the effect of dispersion during the drift phase. We considered three different dates referred as “snapshot day”: day 62 (early May) directly after the end of the spawning season, day 92 (early June) approximately at the day of metamorphosis, and day 122 (early July) approximately half-way through pelagic drift period. At the snapshot day, each super-individual was localized in a grid composed of geographical cells of equivalent size based on the drifting simulation scale of 4 km. First, we assessed whether the super-individual was not “stranded” by checking if the particle had moved from its previous day. Stranded super-individuals were removed from the subsequent calculations. We then calculated the concentration of super-individuals per cell. Next, we determined a concentration threshold for patchiness, i.e., patchiness threshold, based on the statistical distribution of super-individuals cell concentration, and corresponding to the mean concentration plus one standard deviation (Trudnowska et al., 2016). This procedure was performed for each snapshot day and for each analyzed year. Cells with a super-individual concentration higher than the patchiness threshold were flagged as “patch”, whereas the other cells were flagged as “non-patch”. On the geographic grid consisting of cells identified as “patch” and “non-patch”, we used a connected-component labeling algorithm from the R library SDMTools (VanDerWal et al., 2019; R Core Team, 2020). “Patch” cells that shared a physical border were identified as belonging to one single and continuous patch (Figure 2). “Patch” cells that were geographically separated by at least one “no-patch” cells were considered as belonging to separate patches (Figure 2). To investigate the effect of the cell size on the patch detection capacity, we simulated the patch recognition procedure for cells of increasing size, i.e., patch cell size: 8, 16, and 32 km, (Figures 2A–C).




Figure 2 | Maps of identified patches (red) along the Norwegian coast at day 62 during the year 1969 for the 8-km patch cell size (A), 16-km patch cell size (B), and 32-km patch cell size (C). Super-individuals (diamonds) in geographical grids of increasing size. Visual example of the patch identification algorithm based on a hypothetical particles spatial distribution. First, super-individuals are assigned into spatial cells of similar size (8 or 16 km). Second, cells with a super-individual density higher than the patch minimum density value are identified (in black). Third, the connected components algorithm individualize patches (in blue and red) based on the presence of a common spatial boundary.



Once the patches were identified and individualized, and to assess the contribution of patches to the abundance of recruited individuals, we calculated the percentage of recruits from super-individuals originating from patches to the total abundance of recruits based on Equation (2):



where Pi,k,l,m is the percentage of recruits from super-individuals originating from the ith patch based on the sum of Asurv,i,j,k,l,m of each jth recruited super-individual present in the ith patch for the kth snapshot day, lth year, and mth patch cell size. Asurv,l is the corresponding total abundance of all recruited super-individuals per lth year simulated inside the Barents Sea. The sum of Pi,k,l,mover all patches represents the percentage of recruits from super-individuals originating from all detected patches to the total abundance of recruits.



Spatial resolution of patches

We wanted to investigate which spatial sampling resolution may be required to uncover the patchiness in cod ELS in the field. For this, we assessed the average size of patches for each year, snapshot day, and patch cell size, expressed as the number of cells composing a patch, i.e., patch spatial resolution, contributing to recruitment. First, a representation of the patch physical size was assessed using Equation (3):



where we considered the representative size of a patch Sizepatchi,k,l, in kilometers, based on the squared root of the product of  Ncelli,j,k,l; the number of cells, composing the ith patch, at the kth day, lth year, and mth patch cell size; and the area of the patch cell on a two-dimensional space  . Second, as different patches did not contribute in equal manner to the recruitment, we developed an index for the patch spatial resolution that is the most contributing to recruitment. For this, we assessed the average cell number in a patch taking into account the patch contribution to recruitment (Patch recruitment Specific Resolution, PSR) [Equation (2)] using Equation (4):



where PSRk,l,m is the average number of cells in a patch weighted by the recruitment contribution of the patch at the kth day, lth year, and mth patch cell size. For any cell size, we interpreted the PSR value lower than 2, i.e., less than an average of two cells, as the corresponding cell size was larger than the “real” size of the most contributing patches to recruitment. In this case, the considered cell size would be inadequate if used as a sampling distance interval in the event of a field campaign. There would be a chance to miss contributing patches, these being most likely smaller than the sampling interval. PSR values higher than 2 were interpreted as the considered cell size was smaller than the “real” size of the most contributing patches to recruitment. In this case, if the cell size is used as a sampling distance interval, then there would be a higher chance to assess the patchy structure in a field campaign. Finally, PSR values higher than 4 indicated that the considered cell size was considerably smaller than the “real” size of the most contributing patches. It also indicated that a larger cell size could be adequate as sampling distance interval to assess the patchiness in the field, considering that four cells of 8 km composes a cell of 16 km.




Results

On the basis of the simulations, we focused on three main results: 1) the yearly difference in percentage of recruits from super-individuals originating from patches to the total abundance of recruits (Figure 3A); 2) the PSR values depending on the patch cell size, day, and year simulated (Table 1); and 3) the difference and evolution of the percentage of recruits originating from patches to the total abundance of recruits at different times of the drifting period (Figure 3B).




Figure 3 | Box and whiskers of the percentage of recruits from super-individuals originating from patches to the total abundance of recruits for (A) the different simulated year (all patch cell sizes and days of snapshot pooled) and (B) patch cell size and day of snapshot (all years pooled). Thick black line indicates median of the distribution, the edges of the box are the 25% and 75% percentiles of the distribution, and the whiskers represent the minimum and maximum values of the distribution.




Table 1 | PSR values of patches landscape and their respective median size in kilometers, and the number of patches detected with their respective number of super-individuals according to the different scales, snapshot days, and years simulated.



The percentage of recruits originating from patches of scales from 8 to 32 km to the total abundance of recruits varied between years depending on the patch size and the snapshot date. The percentage was highest in 1989 (38.7%) and lowest in 1979 (0.6%) with an average value across years of 20.4% (Figure 3A). The difference between the minimum and maximum within years was highest in 1965 (34.4%) and lowest in 1969 (22.6%).

For all days of snapshots and all years, the number of patches detected decreased with increasing patch cell size (Figure 3B and Table 1). At 8-km cell size, the number of patches ranged between 18 and 29, reducing to between 6 and 13 at 16 km and between 1 and 4 at 32 km. There was no obvious trend in the number of patches with increasing dates of snapshot (Table 1). For example, the highest number of detected patches at the scale of 8 km was detected at day 62 for year 1979, at day 92 for year 1969, and at day 122 for years 1965 and 1989.

PSR values, indicating the average number of cells in patches most contributing to the number of recruits, varied according to day, year, and the cell size. Patches represented by more than two cells was reached in seven of the 12 different simulations (4 years with three snapshot dates each) using a patch cell size of 8 km. This suggested that, more than half of the simulations, an 8-km sampling interval would be sufficient to detect patches, contributing to recruitment in the field. At the 16-km cell size, four of the 12 simulations showed a PSR value bigger than 2. This included mostly simulations with snapshot day 62, except for day 92 in 1965. Hence, a 16-km sampling interval would be sufficient to detect patches, contributing to recruitment in the field in the start of the drifting season. Finally, at the cell size of 32 km, the simulations almost never represented patches with more than two grid cells, except for snapshot day 92 in 1965 (Table 1). This suggested that a 32-km sampling interval would predominantly not be sufficient to detect patches contributing to recruitment in the field. As expected, the mean size of patches increased with increasing cell size and ranged from 10 to 55 km (Table 1). In general, the mean size of patches decreased with increasing snapshot day, expect for 1965, where the mean size of patches did not show any clear trend over the drifting period.

The percentage of recruits from super-individuals originating from patches to the total abundance of recruits varied depending on the snapshot day and scale size of the simulation. Overall, the percentage decreased as the day of snapshot increased independently of the patch cell size (Figure 3B). However, the percentage decrease could not be justified by a reduction in the recruited particles inside patches but more simply explained by fewer particles located in patches (Table 1). Less particles in patches were related with more particles outside patches and thus suggested a more homogeneous spatial distribution of particles as day of snapshot increased. The percentage of recruits from super-individuals originating from patches also decreased as the cell size increases (Figure 3B). The decrease suggested that a part of the recruits was distributed inside patches that were progressively no longer detected as the cell size increased. At the 32-km cell size, contribution to recruitment inside patches represented at maximum 22.2%, 19.2%, and 17.5% for day 62, 92, and 122, respectively, compared to 38.4%, 38.7%, and 31.9% at the 8-km cell size. This suggested that the reduction of the number of patches associated with increasing cell size (Table 1) did not correspond to an aggregation of small spatially independent patches into larger patches, but that a part of the recruits failed to be detected at the largest scale compared to that at the smallest scale.



Discussion

In this study, we detected patches of simulated drifting particles representing super-individuals of NEA cod ELS along the Norwegian coast using a connected-component labeling algorithm. Our results showed that, based on drift trajectories and average mortality rates, the percentage of recruits from super-individuals originating from patches from 8 to 32 km to the total abundance of recruits was, on average, 20.4% but varied based on year, time during the drifting season, and the size of patches. In addition, our results showed that an increase in spatial scales of patches resolved from 8 to 32 km led to a decreasing number of detected patches and a reduction in the number of cell composing the patches most contributing to recruitment (PSR). Finally, the later the snapshot day, the lesser super-individuals were located inside the patches. It suggests that super-individuals tended to leave patches over the drifting period and that super-individuals became more homogenously distributed in space over time.

Our study, based on a hydrographic drift model, assessed patchiness as created by physical processes such as oceanographic eddies, fronts, or filaments. During the drift simulation, horizontal diffusion from spatial scales not resolved by the ocean model was not taken into account. Horizontal diffusion has been highlighted as a potential source of error for destination in forward-in-time tracking modeling (Batchelder, 2006). Subgrid-scale processes, simulated by horizontal diffusion, could potentially influence local concentration of particles that we used to assess the patchy condition of geographic cells and the location of settlement, i.e., end-points of drift. However, results from particle tracking models assessing the effect of horizontal diffusion on drift trajectories at both regional and wide scale showed a limited effect on dispersion of particles (Torgersen and Huse, 2005; Espinasse et al., 2017). We consider the assumption of no extra horizontal diffusion acceptable for our purpose as the spatial resolution of the ocean model is relatively high. The sizes of detected patches were in the mesoscale range (10–100 km; Vogedes et al., 2014) and were within the sizes of observed zooplankton patches along the Norwegian coast and in the Barents Sea (Trudnowska et al., 2016; Basedow et al., 2019; Weidberg et al., 2022). Study of patchiness in zooplankton suggested an increasing number of patches associated with a decreasing patch size (Piontkovski et al., 1997). Observations from other marine systems indicate that smaller patches, i.e., maximum 5 km in size, may actually represent the dominating part of zooplankton patches (Piontkovski et al., 1997; Tsuda et al., 2000; Robinson et al., 2021). As a consequence, our results likely underestimate the total patchiness and the effect of patchiness on the recruitment of NEA cod. Furthermore, we only accounted for patches created by physical conditions and not by biological phenomenon, e.g., active aggregating behavior of ELS individuals, variation in availability of food, or predator pressure inside patches. This may potentially lead to underestimation of the patch effect on recruitment. Nevertheless, we can consider our results as a baseline describing the contribution of patches to recruitment through drift and ambient temperature.

According to our results, the percentage of recruits from super-individual originating from patches of scales from 8 to 32 km to the total abundance of recruits varied between the simulated years from a minimum of 0.6% to a maximum of 38.7% with an average of 20.4%. The yearly difference in percentages in patches suggested that the effect of potential variation in mortality rates between patches, i.e., small-scale spatial heterogeneity in mortality (Langangen et al., 2014), on recruitment would vary between years. Hence, patchiness may have a relevant effect on the inter-annual variation in NEA cod recruitment, depending on the survival within, between, and outside the patches. However, the variation in survival at the simulated spatial scales is currently unknown and would require further investigation. Furthermore, our results showed that the closer the super-individuals are getting to the recruitment period in October, the more the super-individuals are spatially homogeneously dispersed. It suggests that, close to the spawning dates (or due to patchy spawning sites; Figure 1), patchiness was more prevalent and that small-scale effects may be stronger at an early date than later in the season where dispersion has rendered the distribution of particles more homogeneously. Simulated years were selected to represent different climatic (high and low NAO) and temperature conditions affecting the fate of the super-individuals. Our results were not tested statistically because of the mechanistic nature of our model. However, we note that the percentage of recruits from super-individuals staying in patches appeared higher in 1989, a year characterized by high NAO and corresponding high ambient temperature for the super-individuals. High NAO period has previously been associated with an eastern spatial distribution of NEA cod ELS inside the Barents Sea, as compared to a low NAO period (Hidalgo et al., 2012). In our model setup, a drift farther to the east of the Barents Sea would increase the chances of super-individuals to end up in the defined recruitment area. In addition, high ambient drift temperatures would result in a faster stage development and, therefore, a lower accumulated mortality. Together, a high NAO and high ambient temperatures may be an explanation for a higher predicted recruitment in 1989.

The increase in patch cell size from 8 to 32 km was associated with decreases in the number of detected patches (as illustrated in Figure 2), the number of cells constituting a patch, and the percentage of recruits from super-individuals originating from patches to the total abundance of recruits. This result suggests that, in the case of an observation campaign with a sampling interval of 8 km in the field, a sub-sampling equivalent a sampling interval of 32 km (one of the four stations) would result in a decrease in the number of patchy structure observed and a more homogeneous observed spatial distribution of individuals. The decrease in the percentage of recruits originating from patches to the total abundance of recruits suggests that, for example, few 32-km cell–sized patches contributed to the recruitment compared to patches of smaller cell size, e.g., 8 km. In previous studies of recruitment of cod ELS, the effects of local variability in mortality rates have been discussed (Hjermann et al., 2007; Langangen et al., 2017). Our results indicate at what spatial scale such variability in mortality may take place to have a relevant impact on recruitment. Our study suggests that the few patches with a size over 30 km contributed less to recruitment than patches of smaller sizes, in the order of 10 km or smaller. It has been a major concern that, with respect to year-class loss associated with mass mortality events such as oil spills, parts of the year-class isolated in patches can have a lower than average future mortality, hence contributing disproportionally to recruitment (Langangen et al., 2017). Here, we illustrate that potential mortality variations on spatial scales down to 8 km, the smallest size of patch detected, may impact as much as 38.7% of the recruitment and can thus be relevant in understanding the year-class formation. However, as the recruitment originated from patches continuously increased with reduction in cell size, our results were limited by the horizontal drift resolution of the model and potentially suggest that the model setup with a 4-km grid resolution did not resolve important subgrid-scale processes (Torgersen and Huse, 2005; Batchelder, 2006; Espinasse et al., 2017).

In conclusion, the individual-based drifting model predicted that, on average, 20% of the NEA cod recruits were located in patches. The percentage values varied according to 1) year, likely due to difference in drifting trajectories; 2) day of the year with later days being associated with a decrease in patchiness of the super-individuals; and 3) resolution of patches with high percentage values associated our finest resolved scale of 8 km. To further investigate the significance of scale for the recruitment of NEA cod, higher spatial resolution drift models can be helpful, however, at a computational cost. To get a full overview of the potential cohort and population level impacts of heterogeneity in spatial mortality and other mass mortality events, the exploration of spatial mortality landscape should then remain under a scale of 10 km, both numerically and in the field. Therefore, we advocate for a fine sampling resolution to help resolve heterogeneity in spatial mortality for ELS of NEA cod as well as potentially other species with similar drifting ELS, e.g., Norwegian spring-spawning herring (Clupea harengus; Krysov and Røttingen, 2011).
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Scale (km) 8 16 32 8 16 32

Day 62 3.00 (11) 1.64 (16) 1(32) 25 (30,636) 10 (23,871) 4 (12,514)
92 4.54 (8) 2.73 (23) 233 (55) 29 (24,438) 9 (20,412) 2 (11,429)
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Year 1969

Scale (km) 8 16 32 8 16 32

Day 62 447 (11) 3.12 (23) 1.66 (44) 18 (26,259) 7 (23,333) 4 (19,726)
92 2.35(8) 1.47 (16) 1.38 (39) 30 (18,304) 9 (11,141) 2 (7,448)
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