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As the environmental conditions are typically not homogenous, especially in coastal regions, they must provide a mosaic of distinct habitats that can be occupied by particles and plankton in a characteristic way. Here we analyze and map the spatio-temporal distribution patterns and the internal structure of 94 patches of various size fractions of particles and plankton studied by fine resolution measurements of two compatible laser counters performed in the upper epipelagial of two Arctic fjords over six summer seasons. Detected patches generally occupied only the minor part of the studied upper water column (on average 12%), and frequently occurred as multi-size-fraction forms. The observed concentrations within the patches were mostly 1.6 times higher than the background concentrations (max 4.1). The patches ranged in size horizontally from 1 to 92 km (median length 12 km) and vertically from 5 to 50 m (median 26 m). Because the designated patches varied in terms of their shapes and internal structure, a novel classification approach to of patches is proposed. Accordingly, seven types of patches were distinguished: Belt, Triangle, Diamond, Flare, Fingers, Flag, and Rosette. The particles and plankton exhibited all types of these distribution patterns, regardless of the size fraction and location. The observed steepening size spectra slopes over years implies that proliferating Atlantic water advection, triggering increasing role of the smallest size fractions, played the crucial role on compositional dynamics on temporal scale. The recurring high concentration patches of particles and plankton near glaciers suggest that their melting, together with biological production, were the strongest factors generating patchiness on the local scale. An observed under several occasions depth differentiation among size fractions building together vertically thin multi-size-fraction patches is an interesting feature for further studies. Even if distribution patterns of particles and plankton did not clearly reflect all patterns in the environmental water structuring, they happened to be related to the presence of glacier runoff, eddy, sea mountain and hot spots of chlorophyll fluorescence.
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Introduction

Distribution of particles and plankton in the oceans is highly patchy. Those ‘clouds of matter’ are fundamental ‘cells’ for trophic interactions and organic carbon cycling (Brentnall et al., 2003; Benoit-Bird et al., 2011; Godø et al., 2012; Priyadarshi et al., 2019), as their distribution arranges many elements of marine ecosystems, e.g., the hotspots of fisheries, or the massive vectors of carbon pump. The identification of the phenomenon of patchiness is not new to ecological plankton studies (Wiebe et al., 1968; Levin and Segel, 1976; Mackas et al., 1985), with numerous examples that succeeded in exposing the existence of spatial heterogeneity in plankton distribution patterns (Davis et al., 1991; Franks, 2005; Genin et al., 2005; Prairie et al., 2010; Lévy et al., 2018; Briseño-Avena et al., 2020). Although patches of particles and plankton are commonly observed in marine systems, we still know little about their composition and internal structure (Kotliar and Wiens, 1990; Currie et al., 1998).

The possibility to observe and thus document the patchiness has opened just recently, thanks to the high resolution automatic instruments such as underwater cameras, laser counters and acoustic methods (Davis et al., 2005; Möller et al., 2012; Trudnowska et al., 2012; Trudnowska et al., 2016; Geoffroy et al., 2017; Robinson et al., 2021). However, in most cases the patches of only one type or fraction of particles or plankton could be studied, mostly due to the methodological constraints, as every single method is limited to specific type/size of objects. The simultaneous application of the combination of various instruments, dedicated to different size fractions of particles and plankton, opened up the possibility of traceability of the full composition of those ‘cells of matter and life’ (Stemmann et al., 2008; Forest et al., 2012; Trudnowska et al., 2018; Lombard et al., 2019; Szeligowska et al., 2020). Moreover, such an approach gives a unique possibility to check, if those patches are multi-size-fractioned or rather monospecific in terms of dominating size fraction.

A co-distribution of plankton and particles in marine realm is a derivative of many physical and biological processes that all occur at different spatio-temporal scales (Pinel-Alloul, 1995; Prairie et al., 2012; Mahadevan, 2016; Trudnowska et al., 2020a). The attempts to study patchiness patterns of particles and plankton distribution together with underlying physical and biophysical fields suggested that the observed heterogeneity at both spatial and temporal scales is an effect of the jointed forcing of such physical mechanisms as e.g., ocean turbulence, mixing, currents combined with ecological interactions such as e.g., predator-prey encounter rates (Lovejoy et al., 2001; Seuront et al., 2001; Schmitt and Seuront, 2008). It was also related to specific physical features enhancing particles and plankton aggregations, such as ocean fronts and eddies (Durham and Stocker, 2012; Greer et al., 2016; Trudnowska et al., 2016), vertical thermal stratification (McManus et al., 2005; Steinbuck et al., 2009; Greer et al., 2013), river input (Matsuoka et al., 2012; Ehn et al., 2019), or the contact with sea ice (Trudnowska et al., 2018). Owing to those numerous studies providing a long list of mechanisms favoring generation of patches, it is now recognized that there is a continuing need to study and characterize the small-scale biological-physical interactions between particles/plankton and their local environment, as well as the scaled-up effects of these small-scale interactions on larger-scale dynamics (Nayak et al., 2021).

As the environmental conditions are typically not homogenous, especially in coastal regions, they must provide a mosaic of distinct habitats that can be occupied by a characteristic set of particle types and plankton species. One of the interesting and valuable systems to study this phenomenon are Arctic fjords, where the dynamics of the hydrographic situation is shaped by the advected warm, saline and biologically rich Atlantic waters that collide with the outflow of cold, fresh and turbid waters from the melting glaciers (Svendsen et al., 2002; Nilsen et al., 2008; Cottier et al., 2010; Pavlov et al., 2013; Skogseth et al., 2020), that enrich water with nutrients (Halbach et al., 2019; McGovern et al., 2020). Such strong hydrographical gradients set an interesting scene for studies how plankton and particles (both living and non-living) are portioning the water horizontally and vertically. This high spatial variability in distribution patterns of particles and plankton result in pronounced spatial gradients in primary and secondary production (Piwosz et al., 2009; Trudnowska et al., 2014). Both Kongsfjorden (KONG) and Isfjorden (ISF) undergo seasonal shifts between dominating Arctic and Atlantic states, represented not only by the balance in physical water properties (Svendsen et al., 2002) but also by the presence of fauna and flora associated with those two regimes (Hop et al., 2006). Due to the co-existence of Atlantic, Arctic, and freshwater sources in fjords the observed interactions between endemic Arctic species with boreal ones have wide ecological and biogeochemical implications (Hop et al., 2002; McGovern et al., 2020). Hence, the fjords along the west coast of Spitsbergen are sensitive indicators of environmental fluctuations and are often treated as model sites to study the effects of climate changes on marine ecosystems. Indeed, the progressing “Atlantification” of the west Spitsbergen fjords is highly modifying the timing of phytoplankton bloom periods (Hodal et al., 2012; Hegseth and Tverberg, 2013), community compositions of protists (Kubiszyn et al., 2014; Smoła et al., 2017) and zooplankton (Gluchowska et al., 2016; Trudnowska et al., 2020b), influencing finally the overall food web interactions in the fjords (Węsławski et al., 2017; Vihtakari et al., 2018; Csapó et al., 2021), leading in consequence to substantial burial of organic carbon (Avila et al., 2012; Smith et al., 2015; Zaborska et al., 2018). Moreover, those glacier-impacted fjord parts constitute important nurseries and feeding areas for fish, seabirds and marine mammals (Lydersen et al., 2014; Urbanski et al., 2017).

This study addresses a recognized requirement for new insight studies at the interactions between ocean physics and ecology in structuring marine ecosystems (Lévy et al., 2018; Borja et al., 2020; Nayak et al., 2021). It was addressed by monitoring the patterns of patchiness of a wide spectrum of particles and plankton within the upper epipelagial by the observations made via high resolution technology (laser counters) over several summer seasons in two Arctic fjords. Because the formation, existence and distribution of patches determine both the biomass distribution and energy transfer through marine food webs as well as relate to the environmental disturbances (e.g., eddies, high turbidity), the efforts of scaling up our perception of micro-scale distribution of particles and plankton distribution over large-scale transects oscillated around the question, whether patterns of their patchiness are recurring. Therefore, a goal of this study was to find elucidations and answers for a few questions: 1) Does the distribution of particles and plankton patches differ over time and space? 2) What is the spatial scale of particles and plankton patchiness? 3) Are patches of various size fractions of particles and plankton co-occurring? 4) Does the internal structure of particles and plankton patches differ?



Methods


Study area

To study thoroughly a patchiness of particles and plankton, we used 11 transects investigated in two fjords of the western Spitsbergen, Kongsfjorden (KONG) and Isfjorden (ISF) (Figure 1), where numerous long-term monitoring programs are performed. Surveys were performed yearly during summer (late July – early August Supplementary Table 1). In KONG, transects either started from the very outer parts from the West Spitsbergen Current domain (2014, 2017, 2019) or from more coastal parts of the shelf (2015, 2016, 2018) (Figure 1), and spanned towards the innermost glacial bay. The sampling in ISF was much more consistent over years as exactly the same lengths of the transects over 2015 – 2019 summer seasons were investigated. However, they were restricted to the fjord’s interior. Data from KONG has not been published before, whereas the background measurements from the ISF transect were recently published (Szeligowska et al., 2020). Both fjords are characterized by the advection of Atlantic origin water in the outer parts and by the freshwater runoff of several glaciers and glacier-fed rivers in the inner parts. They both are treated as natural laboratories for international, long-term monitoring of Spitsbergen marine environment (Wiencke and Hop, 2016), and thus serve as valuable reference sites on the way to the Arctic Ocean.




Figure 1 | Map of the studied area: Kongsfjorden and Isfjorden (Svalbard). The ranges of transects in particular years are marked with colors. Black ticks indicate sub-regions for grouping presented at Figure 3.





Sampling

The high-resolution measurements (Supplementary Figure 1) of wide size range of particles and plankton distribution were performed in an undulating mode between surface and 50 m depth. The sampling platform was towed from the research vessel Oceania at speed ranging from 2.5 up to 4 kn (1.3 – 2 m/s), depending on weather and ice conditions. In consequence, the cycle of descent/ascent with ~0.33 m/s down to 50 m resulted in distance of a diving cycle ranging between 400 m and 800 m. In Isfjorden a towing distance was sometimes larger (up to 1 500 m), because of a deeper oscillatory towing (to 80 m)”. The sampling platform was equipped with two laser-based optical counters: Laser In Situ Scattering and Transmissometry instrument (LISST-100X, type B, Sequoia Scientific, Inc., WA, United States) and a Laser Optical Plankton Counter (LOPC, Brooke Ocean Technology Dartmouth, Canada) and supplemented by a conductivity-temperature-depth (CTD, SBE 911plus, Seabird Electronics Inc., United States) and a fluorometer (Seapoint Sensors Inc., United States) sensors. Because both the LISST and the LOPC cannot distinguish between living plankton, detritus, and other non-living suspensions, the assessed concentrations of a wide size range of particles and plankton (between 1 µm to 10 mm) are presented as size-resolved fractions: Pico (1-3 µm), Nano (3–20 µm), Micro (20–200 µm), Small (200 – 500 µm), Medium (500 – 1 000 µm) and Large (1 000 – 10 000 µm). The lower detection limit of LISST instrument (<3 µm) should be treated with caution and here it represents the ‘Pico’ fraction. In consequence a slightly narrower size range of the Nano fraction (3-20 µm instead of 2-20 µm) was set, which is in accordance to our previous studies (Trudnowska et al., 2018; Szeligowska et al., 2020).



Calculations and visualizations

To ensure the high quality of data we performed procedures for QAQC. Quality Assurance (QA) was obtained by cleaning the lens of instruments to avoid a light distraction on dust/contaminants. The accuracy of the measurements was tested before the cruise in the lab. Moreover, the background was set for LISST by performing measurements with miliQ water just before deployments. Quality Control (QC) was adopted by screening raw data to eliminate errors, anomalous values and all kind of outliers. In LISST data background corrections were applied. Once raw measurements were cleaned, data were structured (averaged) over 1-m depth intervals (Supplementary Figure 1) and over 0.05 longitude for patches assignment and over 0.2 longitude for size spectra calculations.

Size spectra were calculated as the concentrations of particles and plankton within logarithmically increasing size intervals (32 size classes of LISST data, 49 size classes of LOPC data), normalized to the widths of those size classes. In the double logarithmic coordinates (log-log space: log(concentration), log(size)), a straight line was fitted to the spectra by the least square fitting method. The intercept (exponent a of the fitting) and slope (exponent b of the fitting) of such a normalized size spectrum are indicators for abundance and structure of particles and plankton communities, respectively. A high intercept of a spectrum is caused by high abundances. Steep slope of a spectrum indicates communities with domination of smaller size fractions, while flatter slopes of the spectra indicate the high relative importance of larger size fractions. Ecologically, flatter spectra are observed in systems where there is more recycling of biomass (Zhou, 2006), while steeper ones are observed in ecosystems with a relatively high loss of energy from primary producers to secondary consumers (Boudreau et al., 1991), in form of longer food chains, but also with an efficient energy transfer between trophic levels (Zhou et al., 2010; Barnes et al., 2010; Blanchard et al., 2017). Differences in size spectra slopes over sub-regions and studied years were tested by the two-way ANOVA.

The mean abundance and standard deviation (sd) was calculated for each size fraction in each transect (separately fjords and years) in order to designate a concentration threshold of patches. Consequently, the patch threshold is fjord- and year-specific. Data points were assigned as ‘patches’ in accordance to the rule applied in the previous studies (Piontkovski et al., 1997; Trudnowska et al., 2016), i.e., as the ones that had higher concentrations than a threshold (mean abundance + sd). The location of individual patches was presented by the 2D kernel density estimation (‘stat_density_2d’ function in R) applied to x-y coordinates (longitude and depth) of the data points assigned as ‘patches’. In order to distinguish the individual patches from each other, the hierarchical clustering (‘res.hc’ function of “factoextra” package in R) of their x-y coordinates (longitude and depth) was performed to group together data points that lay close by and to eliminate the outlier observations (because sometimes only the singular high concentration data points were scattered in the gridded space of data points). The percentage of the data points representing patches of particular size fractions in particular fjords and summer seasons was calculated as the ratio between the data points designated as patches (N in Supplementary Table 2) to the total number of data points in particular transect. Each analyzed patch was ascribed to specific type depending on its shape and the location of its core (the location of the hot spot of kernel density). In consequence after a long process of looking thoughtfully at each detected shape, a ‘taxonomy of patches’ was proposed, by distinguishing 7 various types of patches:

	Belt - narrow and elongated shape, kernel density located in the central part

	Triangle - wider shape at one side of the location of density hot spot and narrowing towards the other side, kernel density located at the wider side

	Diamond - wider shape at the middle and narrowing towards the ends, kernel density located in the central part

	Flare - narrow shape at side with the density hot spot and widening towards the other side of lower concentration, kernel density located at the border of narrow part

	Fingers - Flare type split into two or more parts

	Flag - narrow and elongated shape with some extension near surface, no clear kernel density location

	Rosette - rounded shape, kernel density located in the central part and the lowering concentrations symmetrically spaced



We regard a proposition of such classification of patches as an additional derivative of this study that is a potentially interesting aspect to be developed in further research. Because the applied laser optical counters cannot discriminate between living and non-living objects, it should be emphasized that the designated patches are composed of both particles of various origin and plankton belonging to different species/genus. Indices of the spatial heterogeneity (Lloyd’s crowding index, Lloyd’s patchiness index) were calculated according to the previously published formulas (Pinel-Alloul, 1995), in which the variance (s2) is related to the mean (m) of particles and plankton concentrations in patches (Lloyd’s crowding index: m+(s2/m)-1; Lloyd’s patchiness index: 1+s2-m-1). Such an approach is based on the assumptions of the Poisson random distribution model, which corresponds to spatial homogeneity and variance to mean ratios.

Because quite different environmental conditions and spatial coverage of sampling concerned both studied areas, we decided to analyze the statistical trends separately for individual fjords. We analyzed the cross correlations (Pearson) between patch characteristics (depth range, horizontal length, area, size spectrum), environmental settings (temperature, salinity, chlorophyll), spatial heterogeneity indices (logarithms of variance/mean ratio, Lloyd’s crowding and patchiness indices), and concentrations of particular size fractions of particles and plankton (log10()). The strength of the correlation is marked on the corrplot as the size of the dot and the direction of the correlation is marked with a color (positive is blue, negative is red).

DistLM (distance-based linear model) routines were run to analyze and model the relationship between particles and plankton compositions (multivariate data cloud built by logarithm of the concentrations of particular size fractions, described by a resemblance matrix) and explanatory variables that were divided into three groups: i) spatial (depth and horizontal location), ii) environmental (temperature, salinity, chlorophyll), and iii) size (vertical extension and area). In all models, the forward selection procedure was used to determine the best combination of predictor variables, for explaining variation in particles and plankton size-fractionated composition. DistLM does a partitioning of variation in a data cloud described by a resemblance matrix according to a multiple regression model. It formally fits a linear model of the predictor (environmental) variables to the response (species/size fractions) data cloud, in the space defined by the chosen resemblance measure that define the shape and structure of the data cloud. In DistLM a direct quantitative partitioning of the multivariate variability that is explained by each of several environmental variables is estimated. Thus, it is possible to determine how much of the variability is attributable to individual predictor variables (either acting alone or in pre-defined sets), and it can be determined explicitly how much overlap there is in this explained variation. For this reason, a forward selection was chosen, in which the predictor variable with the best value for the selection criterion is chosen first, followed by the variable that, together with the first, improves the selection criterion the most, and so on. Forward selection therefore adds one variable at a time to the model, choosing the variable at each step which results in the greatest improvement in the value of the selection criterion. At each step, the conditional test associated with adding that variable to the model is also done. The procedure stops when there is no further possible improvement in the selection criterion (Anderson et al., 2008). The relationship between patterns in a resemblance matrix and a set of predictor variables (such as environmental variables) can be observed directly using a constrained ordination: distance-based redundancy analysis (dbRDA). In the dbRDA routine, the structure of the data cloud is viewed through the eyes of the model, where the location of points are the centroids of data clouds of specific patches and the lines/arrows indicate a direction of their relation with specific predictor variables. The amount (percentage) of variation that was explained by each particular group of the factors were schematically plotted as the proportional size of the bars (when all the factors were included in one model) and dots (when the groups of factors were tested in separate models).

Map of the study area was prepared with the PlotSvalbard package in R, created by Vihtakari (2019). Section plots of the distribution patterns were prepared in the Ocean Data view software, with the application of Diva interpolation (Schlitzer, R.; 2018. Ocean Data View, https://odv.awi.de). The other plots were made in R via the “ggplot2” package.




Results


Distribution patterns

In KONG, the cores of the warmest water (8°C) were localized far offshore and were distributed vertically even up to 40 and 50 m depth in 2014 and 2017, respectively (Figure 2). Such a high seawater temperature was observed in the upper 20 m layer over most of the transect in 2019 and inside the fjord in 2015 and 2016. A strong signal of cold (< 5°C) and fresh (salinity <30) glacial meltwaters was observed in the surface 10-m layer of the innermost parts of the fjord each year, but with a degree of variability, i.e., stronger impact in 2015, 2016, 2018 and weaker in 2014, 2017, 2019. The higher chlorophyll fluorescence was observed in the middle of the transect in 2019 and further offshore in 2017 (Figure 2). In general, the elevated values of chlorophyll fluorescence were concentrated in the middle part of the studied water column (ca. 25 m), but occasionally also deeper (up to 50 m offshore in 2014, in the fjord in 2015 and 2019), or close to the surface (near glacier in 2014, 2015 and 2019, or far offshore in 2019).




Figure 2 | The section plots of temperature, salinity and chlorophyll fluorescence distribution in Kongsfjorden over studied summer seasons 2014-2019.



In none of the studied seasons the pattern of hydrographical structure had any obvious reflection on the distribution patterns of particles and plankton (Figure 2 and Supplementary Figures 2, 3). The peaks of chlorophyll fluorescence were associated with concentration hotspots of the Nano, Micro and Small size fractions in 2014 and 2017, and only with the Nano fraction in 2016 and 2019. The Pico fraction was mostly concentrated near surface (upper 5 m) and over wider depth range only close to the glacier front. In the majority of cases very high concentrations of all particle and plankton size fractions were observed at the end of the transect, which was located in the glacial bay (Figure 2 and Supplementary Figures 2, 3). The Medium and Large size fractions were mostly decoupled in space with both chlorophyll fluorescence and other, smaller size fractions, apart from the glacial front parts. A distribution pattern was quite similar between Medium and Large size fractions in most investigated seasons, but totally different in 2015 and 2019, when Medium fraction was mainly concentrated in the lower, innermost part of the investigated transect, while Large fraction was scattered in form of small but numerous sub-patches in a fjord and its entrance. In 2015 the Large size fraction was the only one which distribution reflected clearly the distribution of chlorophyll fluorescence.

In ISF, the highest seawater temperatures (> 6°C) were recorded in the upper 20 m layer, while the lowest (< 1°C) were observed below 40 m at the end of the transect, near the glacier front (Figure 2 in Szeligowska et al., 2020). Along this transect a shallow submesoscale eddy (approximately a few kilometers of diameter) was observed in 2016, 2017 and 2018. It was associated with a discontinuity of the chlorophyll fluorescence concentration peaks. In general, the fluorescence of chlorophyll was restricted to the upper 20 m layer. Similarly, as in KONG, the hydrographical structuring and distribution pattern of chlorophyll fluorescence peaks had no obvious reflection on the distribution patterns of particles and plankton (Figure 3 in Szeligowska et al., 2020). The high spatial compatibility was observed between Nano, Micro and Small size fractions in 2017 and 2018. The concentrations of all size fractions were much higher in 2018 than in other studied years.




Figure 3 | The box plots of size spectra slopes over inter-annual and spatial (over longitudinal steps) variability in (A) Kongsfjorden and (B) Isfjorden.





Size spectra over time and space

In most cases a good compatibility between size spectra of LISST and LOPC measurements was observed (Supplementary Figure 4). The small divergence between the concentrations obtained by the two methods (the higher values provided by LISST) within the corresponding size fractions was observed in 2018 in both KONG and ISF.

In KONG, the size spectra slopes differed significantly among years (2-way ANOVA, F = 27.8, p < 0.001) and sub-regions (F = 5.0, p = 0.001). Also, the interaction between the factor of Year and Region was statistically significant (F=2.7, p=0.004). In general, flatter size spectra slopes were recorded during the first three years of the study and the spectra tended to get steeper over time towards the last studied years (Figure 3A). Especially flat size spectra slopes (>-7) were recorded furthermost offshore in 2014 and in the fjord’s entrance in 2014 and 2015. The steepest particles and plankton size spectra (<-7.5) were recorded inside the fjord in 2018 and 2019.

In ISF, the size spectra slopes differed significantly among years (2-way ANOVA, F = 64.67, p < 0.001), only slightly among sub-regions (F = 5.46, p = 0.002), but the interaction between the factor of Year and Region was not statistically significant (F=2.1, p=0.037). Flatter size spectra slopes were recorded in 2015 and 2017. The trend of spectra getting steeper over time was observed over 2015-2016-2018 and 2017-2019 (Figure 3B). The steepest particles and plankton size spectra were recorded in 2018 (mean: -8.5).



Patch characteristics

Overall 94 patches were distinguished. The data points assigned as patches represented the minority of the studied space (the overall mean 12%) (Table 1). In KONG, patches occupied slightly smaller fraction of data points, ranging from 1 to 22% (12% mean), while in ISF patches occupied from 5 to 25% (13% mean) of data points. Because of the extremely high concentrations of particles and plankton near glacier front in KONG in 2015 and 2018, only very few data points of the three smallest size fractions were assigned there as ‘patches’ (Table 1).


Table 1 | Percentage of the data points representing patches of particular size fractions in subsequent summer seasons.



On average, the concentrations within patches exceeded the background (mean + sd) by a factor of 1.6 (Supplementary Table 2). This was on average 1.8 in KONG and 1.5 in ISF for the three smallest size fractions and 1.5 in KONG and 1.4 in ISF for the three larger size fractions. The highest observed ratio (4.1) was found in the patch of the Pico fraction found in KONG near glacier in 2018.

The distinguished patches ranged in horizontal length from 1 to 92 km, with median value of 12,8 km in KONG and 11,4 km in ISF and vertically ranged from 5 to 50 meters, with 27 m median in KONG and 23 m in ISF (Supplementary Table 2). The horizontal extension of the patches was the smallest for the Micro, Small and Medium size fractions (<15 km), and the largest for the Nano and Pico fractions (Figure 4). The vertical extension of the patches increased with size from Pico (12 m on average) towards the Small fraction (47 m on average). Then, a decreasing trend through Medium (35 m on average) towards Large (21 mon average) size fraction was observed (Figure 4). The variations between the vertical and horizontal extensions resulted in a similar size (area) of the patches across size fractions, with generally slightly larger spatial coverage of the Nano and Small fractions.




Figure 4 | Box plots of the horizontal length (km), depth Range (m) and area of size fractionated patches together with indices of spatial heterogeneity.



The highest ratio between the variance and mean concentrations and thus the highest values of indices of spatial heterogeneity (Lloyd’s patchiness and crowding indexes) were observed in the patches of the Pico size fraction. Then the values of all the indices clearly decreased with size, with the lowest ranges for the Large size fraction (Figure 4). The largest difference (decreasing step) was observed between the Nano and Micro size fractions, whereas only subtle decreasing trend was observed between the larger size fractions (Small, Medium, Large).



Co-occurrence of patches

In KONG, the most frequent recurring pattern of patches localization was observed in the innermost part of the transect (Figure 5), which resulted in the multi-size-fraction patches. The co-occurrence of the patches of four fractions (from Pico to Medium) was observed in 2015, 2016, and 2019. In 2018 all five size fractions had their concentration hotspots in the glacial bay of KONG, but with an interesting size-dependent pattern that smaller fractions (Pico, Nano) concentrated near the surface, intermediate fractions (Micro, Small) slightly deeper, and the two largest fractions (Medium, Large) concentrated in the lowest parts of the studied water column. A similar to same degree tendency was observed also in 2016 and 2019 (with the exception of the Large size fraction). In general, in many cases the patches occupying the innermost parts of the transect extended vertically over wide depth ranges.




Figure 5 | The location and internal structure of patches of particular size fractions (rows) over studied years (columns) in Kongsfjorden. The colors and sizes of dots represent the concentrations (scales independent for each patch are presented at Supplementary Figure 5). The black contours indicate the density of concentrations (function stat_density_2d). The grey shadow indicates no data. The yellow frames indicate the co-occurrence of patches of various size fractions.



The co-occurrence of the patches localized out of the KONG (the first part of the transect) was spectacular in 2014 and 2017, spanning between Nano to Large fractions (Figure 5). Additionally, in 2014 similar huge patches of Medium and Large fractions were observed inside the fjord. The Large size fraction had the most individual distribution patterns in the sense that its patches had often different locations than the other size fractions.

In ISF, where the spatial coverage of the transect was smaller, the occurrence of multi-size-fraction patches was even more frequent than in KONG. Mainly the extensive surface patches of the Pico and Nano fractions were observed over all studied years (Figure 6). In 2016 this pattern was continued by also larger size fractions (Micro, Small and Medium) resulting in large multi-size-fraction patch. The Nano fraction also often co-occurred with similar patches of the Micro fraction (e.g., 2015, 2018). The interesting multi-size-fractioning of the patch was observed in 2017, starting from the deepening middle parts the large Pico and Nano patches, which was repeated by the Micro fraction at only middle part of the studied upper 50 m layer, which in turn was reflected by the high concertation of the Small and Medium fractions at the same location, at the deepest parts of the studied layer (Figure 6). Such a case of a vertically deepening position from the smaller towards larger size fractions was also observed in 2015 and twice in 2018.




Figure 6 | The location and internal structure of patches of particular size fractions (rows) over studied years (columns) in Isfjorden. The colors and sizes of dots represent the concentrations (scales independent for each patch are presented at Supplementary Figure 6). The black contours indicate the density of concentrations (function stat_density_2d). The yellow frames indicate the co-occurrence of patches of various size fractions.





Typology of patches

When analyzing particular patches, it was evident that they differ significantly in their shapes and structure, depending on their density core location (Figures 5, 6). In consequence, 7 functional types of patches were distinguished: Belt, Triangle, Diamond, Flare, Fingers, Flag, and Rosette (Figure 7). The most common shapes of the designated patches were Flare (19%) and Triangle (18%) types (Supplementary Table 2). Belt and Diamond (15% of patches each) were the second dominant types. Belt and Flag (12% of patches) were mostly observed in the innermost parts of both transects. Many patches (34%) had their cores in the central parts [especially Diamond and Rosette (11% of all patches) types] (Figure 7). In other cases, they had their cores near surface (23% with upper corner and 15% with upper border), occasionally also at the bottom of the patch (9 cases), or did not have any obvious center of aggregation (15 cases) (Supplementary Table 2). In general, the types of patches were not specific to region nor size fraction, because each patch type occurred in each region and was exposed by each size fractions (Figure 7). The long vertically types (Belt and Flag) were a little bit more common in the innermost parts of the fjords. Large size fraction frequently aggregated in form of Flare or Triangle. Triangle was also a common shape built by the Pico fraction. Flag and Rosette shapes were observed mostly as the Small fraction aggregations (Figure 7).




Figure 7 | Schemes of the proposed types of patches basing on their shape, structure and the location of the Kernel density. Bars: frequency of occurrence in various locations and over size fractions.





What correlates with patches?

In KONG, seawater temperature and chlorophyll correlated negatively with concentrations of all size fractions except the Large one (Supplementary Figure 5). Low salinity was favorable only for the Pico, Nano and Micro size fractions. Higher water temperature, salinity and chlorophyll enhanced the formation of the larger patches (significant positive correlations with their size), but with lower indices of spatial variability. In ISF, a different pattern of significant correlations between patch parameters was observed, with almost no correlations found with spatial heterogeneity indices and only few significant relations with environmental settings [e.g., Micro, Small and Medium size fractions correlated negatively with water temperature and chlorophyll, whereas the Pico and Large size fractions correlated negatively with salinity and positively with chlorophyll (Supplementary Figure 5)].

In both regions, approximately half of the variation in size-fractionated particle and plankton concentrations in all the distinguished patches was explained in a DistLM model by the studied patch characteristics (51% in KONG and 45% in ISF) (Figure 8 and Supplementary Table 3). In KONG, the most important factor in the DistLM model of all the explanatory variables considered together, was location of the patch (34% of variation). Therefore, a dbRDA scaling showed that in KONG the patches located offshore scaled positively with higher water temperature and chlorophyll fluorescence, while the similar types of patches were located in glacial bays (scaled with the same position – Part of the transect) and had a wide vertical range (Figure 8). Whereas in ISF the environmental variables explained the highest amount of the observed variation (21%), and a dbRDA scaling showed that the patches located in warm waters scaled positively with higher chlorophyll fluorescence, while patches located in cold regimes scaled positively with salinity and were located in lower parts of the studied water column (Figure 8). However, when running the separate DistLM models for the individual sets of the parameters, it turned out that in KONG the environmental variables explained almost the same percent of the observed variation (29%) as spatial constraints (33%) (Figure 8).




Figure 8 | Distance-based Redundancy analysis (dbRDA graphs) presenting the relations between the multidimensional scaling of the particles and plankton composition in patches (centroids presented by color-coded markers) and explanatory factors (vectors) in two studied regions. Results of the DistLM model (direct percentage partitioning of the multivariate variability in composition of patches explained by each of several environmental variables) are presented as bars and circles. The bars indicate the percentages explained, when all explanatory variables were considered together. The size of the circles indicates their roles in separate analyses, where groups of factors [the spatial patch locations (vertical and horizontal coordinates of patch presence), environmental settings (temperature, salinity, chlorophyll), and size of the patch (vertical range and area)] were tested in independent DistLM models.






Discussion


Did the distribution of particles and plankton patches differ over time and space?

Regardless of the considered size fraction and the studied fjord system, the distribution patterns of particles and plankton patches was not repeatable in subsequent years on the same locations of transects, except for the permanently greater particles accumulation at glacier fronts (Supplementary Figures 2, 3; Figures 5, 6). This regularity in concentration hot posts could be a results of increased biological production due to an additional supply of nutrients by tidewater glaciers (Halbach et al., 2019; McGovern et al., 2020) and/or increased discharge and flocculation of particles (Trudnowska et al., 2014; Szeligowska et al., 2020; Szeligowska et al., 2021). In general, the observed distribution patterns of plankton and particles did not clearly reflect the patterns of the environmental water structuring (Figure 2). This relation existed but was rather weak, as the considered environmental cues (temperature, salinity, chlorophyll), explained only 20-30% of overall studied variation (Figure 8; Supplementary Table 3). However, the development and persistence of the observed patches were occasionally related to the occurrence of glacier impact, eddy, sea mountain and hot spots of chlorophyll fluorescence. Because the considered patches contained various components: co-existing living and non-living particles and plankton that could also differ compositionally over time and space, the high variability in observed patterns of patchiness provides a wide spectrum of possible factors and causes of their formation to be considered and discussed.



The factors that could play an important role in structuring a distribution of particles and plankton

Because the physical processes act naturally at different spatial and time scales than plankton growth and activity (Prairie et al., 2012; Mahadevan, 2016), they mostly shape patches at large scale, while the relative importance of the biotic processes increases inversely with scale (Pinel-Alloul, 1995). Therefore it is important to realize which processes operate on local and which on oceanic scales when trying to decipher patterns in particles and plankton distributions (Prairie et al., 2012; Kuhn et al., 2019). In the case of the patches analyzed in this study, the local environmental variables were the most crucial in the case of the fjord, where smaller spatial scale was investigated (ISF), whereas the large scale spatial effect was privileged when the larger distance, including offshore area, and thus wider spectrum of environments was considered (KONG) (Figure 8; Supplementary Table 3). As both fjords are opened and prone to intensive Atlantic water advection (Figure 1), which definitely re-shapes plankton communities (Basedow et al., 2004; Kubiszyn et al., 2014; Skogseth et al., 2020; Trudnowska et al., 2020b), mostly in favor of smaller species, the high importance of this large scale oceanic circulation has to be credited. Whereas melting glaciers were clearly recognized as the dominating local process, causing high particles and plankton accumulations in the innermost glacial bays (Figures 5, 6), which is typical for the summer melting period (Meire et al., 2017; D’Angelo et al., 2018; Kanna et al., 2018; Szeligowska et al., 2020; Trudnowska et al., 2020a). Therefore, the fact that a distribution of particles and plankton was not strictly reflecting the hydrographical structuring implies that they are not just purely dye-like passive tracers of advection, freshwater run off and/or local stratification of the water column, but there must have existed also some other factors that enhance their accumulation, most probably of ecological origin. Possible drivers include evolving nutrient-light availability, spatial and temporal changes in respiration and production along the effect of submesoscale upwelling or downwelling processes (Stanley et al., 2017).

Since the summertime in the Arctic is a time of intense biological production and plankton activity (Trudnowska et al., 2014; Kubiszyn et al., 2017; Svensen et al., 2019), the local seasonal dynamics of their blooms must have also played an important, albeit inestimable, role in shaping the observed patchy distribution patterns and high concentrations of plankton. The biological factors could only be represented by the chlorophyll fluorescence levels and cross-correlations among size fractions (Supplementary Figure 5). Indeed, sometimes large multi-size-fraction patches matched the peaks of chlorophyll fluorescence (Figures 5, 6 vs. Figure 2). But more generally neither the distribution patterns nor the concentrations of most of the size fractions correlated significantly with chlorophyll, which suggests that some of those concentration hotspots did not consist of actively fluorescent particles or plankton. The significant correlation got for the Large size fraction in ISF (Supplementary Figure 5) could indicate either the fluorescent nature of marine aggregates (Timmerman et al., 2014; Graff and Menden-Deuer, 2016; McManus et al., 2021), or the spatial match between herbivorous grazers [as the Large fraction is mostly represented by Calanus copepods (Balazy et al., 2018; Balazy et al., 2019)] and food stocks (expressed as high chlorophyll levels).

A trend of an increasing role of the smallest size fractions expressed in this study as steepening size spectra slopes over years (Figure 3) was consistent in the two studied regions, at least until 2018. The steep size spectra slopes correlated with the abundance of Pico, Nano and Micro size fractions and the ‘crowding’ indexes in both regions, while in KONG it was also slightly positively correlated with seawater temperature and chlorophyll fluorescence, probably due to higher primary production building steep size spectra slopes. A shift in plankton size structure towards the proliferating importance of small size fractions, particularly a Pico fraction, is now a widely recognized effect of the progressing climate warming in the Arctic (Li et al., 2009; Nöthig et al., 2015; Metfies et al., 2016), related to the increased advection of Atlantic waters. Meanwhile, the steepest size spectra slopes observed in 2018 could be related also to some other mechanisms: e.g., the resuspension of sediments, disaggregation of marine aggregates due to the stormy weather, blooms of Phaeocystis pouchetii, or high concentrations of copepods nauplii, as observed in Isfjorden (Szeligowska et al., 2020), which in fact are also manifestations of observed currently changes in the Arctic epipelagial. The spatial and inter-annual variability in size spectra of distinguished patches (Figure 3) could also have resulted from different productivity states of the pelagic communities, driven by the shifts in dominating species. For example, the spatial switch in relative roles between Pico and Nano fractions in KONG in 2017 was explained by the preference of the Pico fraction species for regenerated nitrogen, while a higher proportion of the species representing Nano fraction was observed in the relatively cold and turbid surface water in the inner basin (Kim et al., 2020). Observed differences in size structure could also reflect differences in plankton phenology, as a result of e.g., the seasonal succession from larger diatoms to smaller dinoflagellates, meroplankton blooms, or different developmental stage composition of the dominating copepods (White et al., 2015; Balazy et al., 2019; Szeligowska et al., 2020; Balazy et al., 2021).

The observed higher variability in particle and plankton size distribution over time than over space (Figure 3) was indicated also by others (Jouon et al., 2008; D’Angelo et al., 2018; Szeligowska et al., 2020), which suggests that particles remain similar over relatively extensive spatial scales, but differentiate with years and/or seasons.



What was the spatial scale of particles and plankton patchiness?

The patches occupied the minor part of the studied water column (on average 12%, ranging from several percentages up to 25%, Table 1), which is generally similar to the ones observed on the west Spitsbergen shelf [2-17%, (Trudnowska et al., 2016)], and in East Sound fjord in USA (12% (Menden-Deuer, 2012), but much less than observed in St. Lawrence Estuary in Canada (80% (Currie et al., 1998). The concentrations within patches were on average only 1.6 times greater than the background concentrations (Supplementary Table 2), which is less than in previous studies [e.g. 2.5 to 5.1 (Wiebe, 1970), 2.7-17.5 (Trudnowska et al., 2016)]. However, occasionally the concentrations were much greater (4.1, 2.7, 2.6), especially for the Pico fraction (Supplementary Table 2).

The majority of the patches distinguished in this study were longer than 10 km (Supplementary Table 2), which agrees with the ranges presented in the most recent study of the wide spectrum of plankton patchiness (Robinson et al., 2021). However, those authors concluded that longer sampling transects (50 to 100 km) are needed to elucidate the true patch length for copepods and phytoplankton groups. The results of this study showed that only 6 out of the 94 studied patches exceeded horizontally 50 km, 9 exceeded 40 km, and 21 patches were longer than 20 km (Supplementary Table 2). Despite the fact that this study was restricted to the upper 50-meters, the vertical extension of most of the detected patches (26 m) exceeds considerably the limit (several meters) for thin plankton layers (Dekshenieks et al., 2001; McManus et al., 2005; Benoit-Bird et al., 2013) and greatly ranks to the ranges (10-30 m) recently observed for the 36 plankton taxa (Robinson et al., 2021).

Generally, the length of patches was inversely related to organisms’ size, as the extension of the patches of the smaller size fractions was frequently much wider than the extension of the larger fractions (Supplementary Table 2; Figures 5, 6), which agrees with the rule that dispersal scales show a negative correlation with body size (Villarino et al., 2018; Robinson et al., 2021). Also, a clear negative trend between size fraction and all the applied indices of spatial heterogeneity was observed (Figure 4; Supplementary Figure 5) in form of the higher the crowding/patchiness index for smaller fractions (Supplementary Table 2), implying that not only the spatial extension is wider for smaller fractions, but also their gathering rates are greater. This in turn could be explained by the mechanisms that after the inflection point of the density the smaller patches begin to merge to larger (but fewer) patches (Robinson et al., 2021).



Were the patches of various size fractions of particles and plankton co-occurring?

The spatial compatibility of distribution patterns of various size fractions resulted in a generation of multi-size-fraction form of patches. Because of the high degree of variability in the combinations of pairs/groups of co-occurring size fractions, it is really difficult to bring more specific conclusions. It just can be summarized that under some conditions there were in force mechanisms favorable for a specific set of particles or plankton fractions to gather together, but absolutely neutral or unfavorable for other fractions which in turned gathered together under other conditions.

The occurrence of the large multi-size-fraction patches observed on the west Spitsbergen shelf of KONG (2014, 2017) was associated with the elevated concentrations of chlorophyll fluorescence (Figures 5 vs. Figure 2), which points towards the ecological hypothesis, e.g. a mechanism of gathering in the concentration hotspots of the potential prey (Holliday et al., 2003). Studies of spatial overlap between individuals typically assume that shared habitat must result in interaction (Carroll et al., 2019; Greer et al., 2021), which is probably especially true in the case of the pairs of fractions (e.g., Medium & Large in 2014 in KONG, Figure 5). The most interesting feature of the observed multi-size-fraction patches was their exact horizontal compatibility, but  with shifts  their vertical position in vertical plane. Intuitively it can be interpreted as an effect of different rates of sedimentation, with larger particles descending quicker (deeper concentrations) and smaller ones floating over longer time in the uppermost layers (Stemmann and Boss, 2012; Giering et al., 2020). Whereas the occurrence of such interesting, vertically portioned multi-size-fraction patch in a middle of the ISF in 2017 (Figure 6) resulted  most probably from the eddy formation (Szeligowska et al., 2020). Here, similarly as in a case of previous study reporting the spatial relation between eddy and distribution of size fractionated plankton (Trudnowska et al., 2016), the concentrations were higher on the edges of an eddy than inside the eddy. Most of the multi-size-fraction patches were observed in glacial bays (Figures 5, 6), where water is constantly highly loaded by mineral particles, marine aggregates and local populations of plankton (Trudnowska et al., 2014; Meire et al., 2017; D’Angelo et al., 2018; Kanna et al., 2018; Halbach et al., 2019; Szeligowska et al., 2020; Trudnowska et al., 2020a).



Inferring about the composition of particles and plankton

As shown by the very first studies of patchiness, the abundance patch does not necessarily coincide with its taxonomical homogeneity, as it may be formed by a bloom of a specific species or a group of species (Mackas, 1984), resulting in compositionally heterogeneous patches (Greer et al., 2016). The same applies to a variety of possible compositions of marine particles. The structural differences of the patches designated in this study (Figure 7) could only be speculated basing on variations in size spectra of particles and plankton within the patches, and our general ecological knowledge of the plankton composition observed during summer in studied regions. Typically dinoflagellates (Bhaskar et al., 2020) or diatoms (Piwosz et al., 2009) dominate the summer community structures of protists in Kongsfjorden, while Phaeocystis pouchetii dominate in Isfjorden (Kubiszyn et al., 2017), together with Cryptophytes and Ciliates (Szeligowska et al., 2020). Zooplankton in turn is mainly dominated in both fjords by two size fractions of copepods, such as Oithona (Small to Medium fraction) and Calanus – the main representative of the Large size fraction (Gluchowska et al., 2016; Hop and Wiencke, 2019; Szeligowska et al., 2020; Trudnowska et al., 2020b). However, the planktonic dominants representing the particular size fractions may vary in both studied regions depending on the year, season, and part of the fjord due to strong horizontal hydro-ecological gradients.

Phytoplankton patches are expected to be more monospecific than zooplankton ones (Mackas, 1984). Also the spatial patterns are different between patches of phytoplankton and zooplankton (Mackas et al., 1985), and between different size classes of those (Trudnowska et al., 2016; Kuhn et al., 2019), which may explain why specific distribution patterns of various size fractions (e.g. the Pico fraction displayed wide horizontal distribution at surface, whereas the Micro and Small fraction patches extended frequently over wide vertical ranges, but with much smaller horizontal range) were observed (Figures 5, 6). However, the fact that Pico fraction was mostly confined to the upper few meters may also be partly an artefact, as the detection of lowest size fractions are sensitive to deviations caused by stray light but also by shape effect, or by the signal produced by the presence of particles smaller than the optical measurement range, which may produce an artificial rising edge (Agrawal et al., 2008; Reynolds et al., 2010; Andrews et al., 2011).



Did the internal structure of particles and plankton patches differ?

So far the portrayal of the patches has mostly been limited to the information about the particles or plankton concentrations and spatial extension of those hot spots (Pinel-Alloul, 1995; Brentnall et al., 2003; Greer et al., 2016; Trudnowska et al., 2016; Robinson et al., 2021), and assumed a circular patch structure to calculate patch area and other properties (Wiebe, 1970; Currie et al., 1998). Hence, so far, the knowledge about the internal structure of the patches is fairly limited and ecologists tend to perceive patches in a simplistic way. The results of this study broaden, but also complicate the perception of the patchiness phenomenon even further by pointing out that the patches can exhibit various internal structuring, resulting in their different shapes (Figure 7).

Inspired by the comment that patches observed at a given spatial resolution may, on examination at a higher resolution, be seen to be patchy themselves (Pinel-Alloul, 1995), we analyzed each patch individually, by focusing on the isolated patches and ‘mapping’ their internal structures (Figures 5, 6). Even though previous observations imply that plankton is totally randomly distributed within patches (Currie et al., 1998), in most cases the core (kernel density) of particular patches could be depicted. Consequently, a novel classification of patches, depending on their shape and the location of their cores (either in the central part, in the corner or at the border) has been proposed (Figure 7). However, the expectation that particular types will be more frequent in specific locations (with different physical and biological sets of mechanisms) or for specific size fractions (different compositions) has not been proved by this material (Figure 7).

Even though no clear trends between the types of the patches and the studied environmental parameters emerged, it is still appealing to speculate about the causes of their formation, as this may assist reasoning about their origin, fate, role, or functionality. The interesting spectrum of the observed shapes of the particles and plankton patches may be the result of both the active gathering types of the planktonic organisms (e.g., Rosette, Diamond, Triangle, Flare), by the hydrographical structuring (e.g., Belt, Flag), or the irregularities in the water velocity, which might stretch/squeeze, twist and distort them in many various ways (e.g., Fingers) (Mackas et al., 1985). While the horizontal thin layers (up to few meters thickness and horizontal extensions overs many kilometers) are among the best studied patchy forms (McManus et al., 2005; Stacey et al., 2007), typically containing densities far greater than those above or below this layer (Dekshenieks et al., 2001; Durham and Stocker, 2012), the observed in this study thin vertical layers (narrow horizontally, but vertically extended over the studied water column depth range, such as Belt and Flag types), are something not reported so far. Here, they were mostly specific to the glacier fronts, but as they also occurred sporadically in other locations (Medium and Large fraction at the entrance to KONG in 2014 (Figure 5), patches of Micro, Small, Medium and Large in 2018 in ISF (Figure 6) above the tip of seamount), it can be assumed that such structuring may also occur under the impact of other conditions.



How this study integrates and advances the current knowledge

The patchy distribution of particles and plankton is a derivative of a complex set of multi-stage and multi-dimensional processes. At each step of their residence in a given parcel of the water several agents, representing the physical and biological forces, are acting simultaneously (Pinel-Alloul, 1995; Martin, 2003) and the interactions among them often result in an synergistic effect (Levin and Segel, 1976; Borcard et al., 1992; Borcard and Legendre, 2002), seriously complicating our understanding of their distribution patters. Even though 94 patches of various size fractions of particles and plankton that existed in comparable environmental conditions (two Arctic fjords) over several years of the study were examined thoroughly, it still remains an ambiguous matter when, why, and which of the mechanisms (physical vs. biological vs. chemical) prevails in shaping the patterns of their distribution. The observation that particles and plankton organisms are variously organized in space, both in the ocean and within their individual aggregations, opens a new perspective for studies of the patchiness phenomenon. Thus, this study might indicate a new direction in examining patchiness of plankton and particles by providing a background information on relatively simple shape classification of the detected types of those ‘cells of matter and life’ as a potentially additional aspect to be considered for understanding e.g., patchiness main drivers, the scale of the coexistence of various size fractions in the same patch space, predator-prey interactions and niche portioning.
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Size fraction 2014 2015 2016 2017 2018 2019

Kongsfjorden Pico 15 1 12 6 2 6
Nano 16 2 7 18 4 13
Micro 15 2 10 11 5 7
Small 12 18 13 21 22 9
Medium 20 8 8 19 17 5;
Large 10 12 8 15 14 9
Isfjorden Pico 12 13 16 5 8
Nano 13 17 21 14 25
Micro 8 10 13 18 5
Small 11 10 17 21 9
Medium 7 8 11 15 10

Large 11 9 14 14 13
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