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Abstract

:

Most ecological studies require a cost-effective collection of multi-species samples. A literature review unravelled that (1) large-sized grabs to collect infauna have been used at greater depths, despite no consistent relationship between grab size and replication across studies; and (2) the total number of taxa and individuals is largely determined by the replication. Then, infauna from a sedimentary (sandy) seabed at Gran Canaria Island was collected through van Veen grabs of three sizes: 0.018, 0.042 and 0.087 m2 to optimize, on a simple cost-benefit basis, sample size and replication. Specifically, (1) the degree of representativeness in the composition of assemblages, and (2) accuracy of three univariate metrics (species richness, total infaunal abundances and the Shannon-Wiener index), was compared according to replication. Then, by considering mean times (a surrogate of costs) to process a sample by each grab, (3) their cost-efficiency was estimated. Representativeness increased with grab size. Irrespective of the grab size, accuracy of univariate metrics considerably increased when n > 10 replicates. Costs associated with the 0.087 m2 grab were consistently lower than costs by the other grabs. In conclusion, because of high representativeness and low cost, a 6.87 L grab appears to be the optimal sample size to assess infauna at our local site.
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1. Introduction


Most ecological studies, particularly in community ecology, require collection of multi-species samples through varying sampling techniques, e.g., quadrats, cores, grabs, transects, traps, etc. At the start of any ecological study, researchers often select the size and replication of their sampling units based on previous studies and, less often, using results from initial pilot studies [1,2,3]. The choice of these sampling properties is, however, a complicated task with direct implications in subsequent costs, in terms of time and money.



The importance of selecting a representative sampling size (e.g., quadrat size) to study ecological patterns, at a particular scale, is well-recognized [2,4]. The size of a sampling unit is primarily determined by the target organism’ size and distribution pattern, i.e., random, uniform or clumped [5]. Small-sized units are successful when an organism is randomly distributed, whereas a clumped distribution require larger sampling sizes [1,6]. When multi-species assemblages are targeted, however, selection of the sampling size is problematic, because the range of species that constitute an assemblage tend to have varying sizes, as well as distribution and abundance patterns [7]. Initial quantitative approaches for optimal determination of sample size [5,8,9,10] have tended to look for precision (or uncertainty) of their population estimates, according to cost constraints. This is particularly the case of (univariate) studies targeting exclusively one species of flora or fauna. Multi-species studies, however, can focus on other attributes, particularly in terms of the level of representativeness of sampling units (the number of species collected relative to the total species richness), as well as accuracy of univariate and multivariate metrics [11,12].



The size and replication of the sampling unit, in the case of multi-species studies, largely conditions further efforts in terms of sorting, taxonomic identification and counting, i.e., costs of time and/or money [13,14]. Often, the larger the size of a sampling unit, the lower the replication is, because of the larger costs/efforts involved [1,10,11]. Large-sized sampling units tend to include a large diversity of floral or faunal species and, therefore, tend to encapsulate a larger representativeness of the target assemblage, which is typically quantified in terms of species richness [12]. This is because a larger area tends to include a larger number of species [1,2,4]. However, collection of large-sized samples may sacrifice a sufficient replication level, which is desirable to avoid a decrease in the power of subsequent statistical analyses and, therefore, severe increases in Type II error rates [15]. Therefore, some researchers tend to select small-sized sampling units to have a large replication, at expenses of sacrificing the representativeness of their samples. In summary, there is often a trade-off between the size of the sampling unit and the replication level of independent samples [1,7].



Infauna, from nearshore to abyssal waters, has been extensively sampled through varying techniques, including cores, dredges, air-pump lifters, and grabs [16,17,18]. When infauna has been collected through grabs, in particular van Veen grabs, a wide range of sizes has been used across a range of geographical locations and depths. The experimental design of studies involving infauna is, at first, important, because the sorting and taxonomic identifications of specimens are very time-consuming and expensive. The distribution of infauna in sediments is often patchy [19], so proper sampling size and replication become critical to avoid low statistical power, increased uncertainty and, importantly, low representativeness [6,10]. Despite a previous study locally compared infaunal assemblages collected by two grab sizes (0.1 vs. 0.25 m2), no cost-efficiency measures were provided to compare both grab sizes [20].



In this study, we initially carried out a literature review to assess whether (1) replication has affected grab size, (2) whether grab size is determined by the depth of collections, and (3) whether larger grab sizes have collected richer and more abundant infaunal assemblages. We then compared the effectiveness of grabs of three sizes (0.018, 0.042 and 0.087 m2, equivalent to 1.95, 3.14 and 6.87 L) to sample infauna at a local, shallow-water (2–3 m depth), sedimentary (sandy) seabed at Gran Canaria island (Canary Islands, NE Atlantic Ocean). The aim was to optimize, on a cost-benefit basis, sample size and replication for the collection of infauna living on nearshore waters. Most specifically, we compared (4) the degree of representativeness in the composition of infaunal assemblages and (5) accuracy of three widely used univariate metrics (species richness, total infaunal abundances and the Shannon-Wiener diversity index), according to replication, between the three grab types. Then, by considering mean working times (a surrogate of costs) to process a sample provided by the three types of grabs, we estimated (6) the cost-efficiency of the three grabs, in terms of costs to reach a certain level in the representativeness of the assemblage. This information is relevant to develop local monitoring programs, taking advantage of the resources and time available. This strategy may help other researchers in the design of their studies to collect infaunal assemblages.




2. Methods


2.1. Literature Review


We searched in the ISI Web of Science for scientific papers collecting infauna through van Veen grabs, which included published peer-reviewed journals from 1965 to 2020. This search was carried out in February 2020, using the keywords: “van Veen” AND “infauna”, “Van Veen” AND “intertidal”, “van Veen” AND “subtidal”, “van Veen” AND “grab size” and “van Veen” AND “depth”. Our analysis, however, focused on marine studies, and we deliberately excluded studies collecting epifauna (suprabenthos) and/or focusing on just one taxonomic group (e.g., polychaetes). For each study (Table S1), we extracted the total number of taxa and the total number of individuals collected by a grab of a particular size and its total replication (N). When data was not directly included in the text, we extracted the total number of taxa and individuals from tables and graphs; if some data was missing, we ignored the study.




2.2. Local Study: Site, Sampling and Taxonomic Identifications


Collection of infaunal samples took place at Taliarte, located on the east coast of Gran Canaria (27°59′23.88″ N, 15°22′8.59″ O, Canary Islands, Spain, NE Atlantic Ocean), on a seabed dominated by fine sands, at 2–3 m depth, in June 2019. Samples were collected through van Veen grabs [16] of three sizes, hereafter G1, G2 and G3, which correspond to internal volumes of ca. 1.95, 3.14 and 6.87 L, and a collection surface of ca. 0.018, 0.042 and 0.087 m2, respectively. Similar grab sizes have been employed previously in studies collecting infaunal assemblages (Table S1). Collection of samples was random on a seabed of ca. 60 m2, for a total of n = 40 samples for the G1, and n = 30 samples for the G2 and G3 grabs, respectively. Adjacent samples were, at least, 50 cm apart from each other. All samples were collected by hand using a rope attached to the grabs. The sediment collected in each grab showed no disturbance on its surface and no sediment suspension occurred before deploying the grabs. We assumed that the depth of grab penetration into the sediment was similar between the three grab types. Once in the laboratory, all samples were carefully sorted through a 1 mm mesh size and preserved in 70% ethanol. Then, each sample was initially allocated in a tray and each organism observed under a stereomicroscope (VisiScope STB250, Visiscope, New Zealand), which displayed high-resolution images into a PC screen. Each individual was then assigned to a species, or the lowest taxonomic entity, following keys provided by [21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43]. Unidentified species were given a unique ID code (e.g., Unidentified sp.1) and included in the analyses (Table S2).




2.3. Statistical Analyses: Literature Review


We firstly investigated the influence of the depth of collection and sampling effort (replication) on the size of the grab used across studies. Secondly, we modelled the effect of sampling effort (replication) and grab size on the total number of taxa and individuals reported across studies. In both cases, Generalized Additive Models (GAMs), implemented in the ‘mgcv’ R-package [44], were used to capture non-linear relationships, without making any a priori assumption on its functional form. For all GAMs, the mesh size used by each study (mostly 0.5 and 1 mm) was included as a covariate to account for potential influences of mesh size in tested responses. Predictors were log (x + 1) transformed to improve the spread of data points across the modelling domain. Models were developed with a ‘tweedie’ family error distribution, which is suitable for positive skewed and overdispersed data [45]. The basis dimensions ‘k’ of the cubic regression splines was limited to 4 to ensure monotonic relationships. Violation of model assumptions were visually checked by inspecting residuals against fitted values, and quantile-quantile (Q-Q) plots.




2.4. Statistical Analyses: Local Study


We initially plotted mean-to-variance relationships of infaunal abundances collected by the three grab types to explore if the multi-species data followed theoretical predictions of a Poisson distribution [46]. The representativeness of the sampling effort (replication) by the three types of grabs, to assess infaunal assemblages, was estimated through species accumulation (species-rarefaction) curves, which were computed through the ‘iNEXT’ R-package [12]. We additionally computed the Chao estimator of asymptotic richness for each grab type. Species abundance data was transformed to presence/absence (incidence data) to explore dissimilarities in assemblage composition within each grab type. We calculated Jaccard dissimilarities between all pairs of samples provided by each grab type, using the ‘BiodiversityR’ R-package [47], which were then averaged to obtain a mean similarity (and associated SD) for each grab type. To have balanced comparisons, n = 30 random samples of the G1 were selected. Differences in similarities were then tested through a one-way ANOVA on untransformed data in the R statistical package; the assumption of homogeneity of variances was checked by means of the Cochran’s test.



We used the SE (Standard Error of the mean) of three widely used multi-species ecological metrics: species richness, total infaunal abundance and the Shannon-Wiener (H’) diversity index, to assess accuracy, i.e., uncertainty, of infaunal metrics collected through the three grab types. The SE is a measure of the dispersion of sample means around the population mean. The three metrics were obtained, through the ‘BiodiversityR’ R-package [47], for every sample collected by each grab type. We then calculated the SE of the mean of the three metrics with increasing replication, separately for each grab type. Graphical inspection of changes of the SE of target metrics with increasing number of replicates has been previously implemented as a way to visually analyse the effect of replication levels on accuracy of metrics [1,3].




2.5. Costs


We firstly estimated mean laboratory costs, in terms of time for sorting and taxonomic identifications, for samples (n = 10) processed by each grab type. Then, using the accumulation curves, we estimated how many samples of each of the three grab types were necessary to collect a varying number of taxa. We then plotted the costs, i.e., working time (minutes), to increase the representativeness of the samples, in terms of species richness, for each grab type. For each grab type, costs were obtained by multiplying their mean laboratory costs (per sample) by the number of samples necessary to reach a progressive number of species. A Generalized Linear Model (GLM) then tested whether costs differed between the three grab types. The model incorporated the factor ‘Grab’ and the covariate ‘Richness’, including an interaction term between the factor and the covariate. A ‘Gaussian’ family error structure was selected, with a ‘log’ link function, to reach the requirements of linearity and homogeneous variances, which were checked by visual inspection of residuals and Q-Q plots. The GLM was implemented using the ‘MASS’ R-package [48].





3. Results


3.1. Literature Review


The depth of collection had a significant, positive, effect on the size of the grab used across studies (estimated degrees of freedom, edf = 3.92, F = 12.85, p < 0.001), increasing exponentially with greater depths (Figure 1A). In contrast, the sampling effort (replication) had a negligible effect on the size of the grab used (edf = 1.00, F = 0.742, p = 0.3990; Figure 1B). The sampling effort (replication level) positively influenced both the total number of taxa (edf = 1.00, F = 15.23, p = 0.0011; Figure 1C) and the total number of individuals recorded (edf = 6.69, F = 9.81, p < 0.001; Figure 1E). The replication used across studies was insufficient to reach a plateau for the total number of taxa (Figure 1C), while a plateau beyond ~150 samples was observed for the total infaunal abundance (Figure 1E). After accounting for the effect of the sampling effort, grab size had a negligible (non-significant) effect on both the total number of taxa (edf = 1.00, F = 0.014, p = 0.9070; Figure 1D) and the total number of individuals recorded (edf = 1.00, F = 0.922, p = 0.9251; Figure 1F). For all GAMs, the mesh size used to sort infauna had a non-significant effect on responses (p > 0.1).




3.2. Local Study


A total of 12,916 infaunal individuals were identified, for a total of 53, 57 and 89 infaunal taxa identified by the G1, G2 and G3 grabs, respectively (Table S2). Overall, infaunal abundances collected by the three grab types followed clear mean-to-variance linear relationships, denoting that multivariate abundances follow Poisson distributions (Figure 2). In general, increasing the size of the sampling unit (i.e., grab size) captured a larger representativeness of the assemblage, i.e., a larger total number of taxa (species richness, Figure 3). In turn, the asymptotic richness of samples collected through the three grab sizes increased from an estimate of 63.35 species for the G1 to 90.41 and 134.97 species for the G2 and G3, respectively. Dissimilarities in assemblage composition decreased with increasing grab size (Figure 4). Dissimilarities in faunal composition were larger for samples collected through the G1 grab, relative to G2 and G3 grabs (Figure 4; 1-way ANOVA: F2,402 = 66.2, p < 2 × 10−16). For the three univariate metrics of infaunal assemblages (total infaunal abundance, species richness and the H’ index), the level of uncertainty abruptly decreased with replication up to 10 replicates, beyond which the SE of the three metrics tended to stabilize (Figure 5).



The mean estimated laboratory costs (times of sorting and taxonomic identifications) per sample of each grab increased with grab size (Table 1). The costs, i.e., working minutes, to increase the representativeness of the samples, in terms of species richness, increased linearly for the three grab sizes (Figure 6). Importantly, costs to reach a certain level of faunal representativeness by the G3 were lower than costs by G1 and G2 grabs (Figure 6; GLM: ‘Grab × Richness’, t-value = −2.84, p = 0.009, Table 2).





4. Discussion


Initially, our literature review found a connection between grab size and the depth at which infaunal collections took place. Normally, the larger the depth of a study, the larger the size of the grab. This seems to be logistically determined, as collection of infaunal samples from large depths are only possible onboard large scientific vessels, which are equipped with sophisticated gear to maneuver large-sized grabs [20]. Large samplers (e.g., grabs) often perform better at collecting samples from sediments at large depths, as a result of a more even and forceful hit on the seabed [20]; small grabs are otherwise avoided at large depths due to their low performance [18,22]. On the other hand, grabs collected from nearshore waters are normally small-sized, because such grabs are often manually managed at intertidal bottoms, or from small-sized inflatable boats. Our review, however, has shown no consistent relationship between grab size and the level of replication of analysed studies. This result may be an artefact, however, because most studies have used grabs with a 0.1 m2 collection area, while a low number of studies have employed either small (<0.05 m2) or large-sized grabs (0.4 to 0.6 m2). In turn, it is widely known that trade-offs between a larger sampling size, with greater representativeness but lower replication, or a smaller sampling size with higher replication, are a fundamental consideration in the initial design stage of any ecological study [1,11].



Our literature review also allowed us to assess whether larger grab sizes, under varying replication levels, have captured richer and more abundant infaunal assemblages. Results have shown, however, that replication seems to account for most variation in both the total number of taxa (i.e., species richness) and the total abundance of infauna. Again, the lack of effects of varying grab sizes on species richness and total abundances may result from a large dominance of studies using a 0.1 m2 collection area. Normally, a larger grab captures more species than a small grab [22], despite other studies have detected inconsistent results in this regard [20].



It is important to highlight that our literature review have two limitations. First, the outcomes are limited to studies implemented through collection of infauna by van Veen grabs. In addition, our study has not considered variation in sediment grain size, as a relevant factor affecting the diversity and abundances of infauna.



As expected for multivariate datasets, infaunal abundances collected by the three grab types at our local study site followed clear mean-to-variance (linear on log-scales) relationships, i.e., following predictions of Poisson distributions. This is relevant because any multivariate statistical analyses to test whatever hypothesis should consider this fundamental statistical property [46]. Importantly, this clear pattern reflects that the local infaunal assemblage is constituted by species with very different abundances, i.e., from very conspicuous to very sparse species.



As reported by [20], the species accumulation (rarefaction) curves have indicated that the aggregated species richness detected by each grab is considerably lower than the true asymptotic species richness. Our results have indicated that the representativeness of the assemblage was, as expected, notably conditioned by the grab size. In this sense, the asymptotic richness of samples collected through the three grab sizes increased, from an estimate of 63.35 species for the G1, to 90.41 and 134.97 species for the G2 and G3, respectively. As a result, our data agree with the conclusions by [49] and [20] that the number of replicates must not be based on the target of collecting a larger proportion of the exact number of species [50,51]. Dissimilarities in faunal composition were larger for samples collected through the G1 grab, relative to G2 and G3 grabs. This is most likely the result of the lower number of taxa collected by the G1 grab with respect to G2 and G3 grabs. In this sense, small grabs have shown a higher heterogeneity in infaunal composition, measured as multivariate dispersion, in comparison with large grabs [20]. These authors also showed that small grabs are particularly adequate for patchy infaunal assemblages, whilst large grabs are more suitable to sample homogeneous infaunal communities. Also, grain size is a pivotal factor that may lead to confound factors if sampling is exclusively carried out with a unique grab size, especially in large grain-sized seabeds, such as those dominated by gravels or very coarse sands [20].



As we previously outlined, the representativeness of the assemblage was affected by the grab size. This had relevant implications in the costs (working minutes) to reach a certain degree of representativeness, so costs associated with G3 were lower than costs by the G1 and G2 grabs. This is particularly accentuated if a study targets a large representativeness per sample (>40 species). To some extent, this is expected, as the infaunal assemblage contains a large spectrum of abundances, as our mean-to-variance plots have here shown. Hence, when less abundant, uncommon, species are targeted, the costs of the study dramatically increase. The larger grab size performed better, in terms of associated costs, that the smaller grabs to reach a desirable level in the representativeness of the assemblage. This outcome is reinforced by the fact that, regardless of grab size, accuracy of univariate metrics considerably increased when n > 10 replicates.



Univariate studies, i.e., those that target one response, tend to focus on the accuracy of an estimator to select the level of replication of a study. However, studies focusing on multivariate responses, e.g., multi-species assemblages, must focus on the representativeness of the sampling unit rather than on the level of replication of sampling units [11]. For example, in our study, n = 10 would represent an ideal number of replicates when univariate metrics are considered to describe variation in infaunal assemblages. [10], [52] and [53] pointed out the obvious fact that, for a fixed number of sampling units, smaller units are likely to give more variable estimates of the density of benthic organisms than larger units. In different ecological disciplines, it is often more cost-effective to collect many small, rather than a few larger, sampling units [52,54]. However, other works suggested collection of larger than smaller sampling units [50,55]. It is then clear that the ecological peculiarities of each study system and the target assemblage affect such a decision. For example, [55] pointed out that a 0.2 m2 grab would be ideal to collect macrobenthic assemblages in gravel substrata, where there is a high diversity of species, with ten, or even more, replicates to get a satisfactory assessment of the species composition. In our case-study, we conclude that a 0.087 m2 grab (G1), with 10 replicates, seem to be an ideal combination to sample infaunal assemblages.



As highlight above, grab size and the number of replicates greatly vary depending on the aim of the ecological study. As a general recommendation, we suggest using a small grab size (0.087 m2) in sandy sediments on shallow waters. For exploratory studies to map infaunal assemblages from a small area, a single replicate is adequate, but for studies encompassing broad-scale spatial and/or temporal scales, a higher sampling effort is highly recommended. We here suggest 10 replicates to balance spatial variability among samples. This guarantees accuracy of univariate descriptors of assemblage structure.
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Figure 1. Model-predicted relationships between the (A) depth and (B) sampling effort on the size of the grab used across studies. Model-predicted relationships between sampling effort (C,E) and grab size (D,F) on the total number of taxa (C,D) and individuals (E,F) recorded across studies are included. Solid lines are mean fitted values from cubic regression splines, and dashed lines are 95% confidence intervals. Dot points are individual studies included in the analysis. Note, predictors variables were log (x + 1) transformed. 
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Figure 2. Mean-variance relationships (on log-transformed axes) of infaunal abundances collected through grabs of varying sizes. Lineal adjustments are for visualization, including 95% confidence intervals. 
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Figure 3. Sample-based accumulation (rarefraction) curves of species richness for infauna collected through grabs of varying sizes: (A) G1, (B) G2 and (C) G3. 
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Figure 4. Compositional dissimilarities (Jaccard dissimilarities) for infaunal assemblages collected through grabs of varying sizes. Different letters above bars denote statistically significant differences. 
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Figure 5. Curves of Standard Error of means of (A) species richness, (B) total infaunal abundances and (C) the Shannon-Wiener diversity index, with increasing replication, for grabs of varying sizes. Generalized lineal adjustments, via Poisson models, are for visualization, including 95% confidence intervals. 
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Figure 6. Costs (working minutes) to achieve increasing representativeness, in terms of species richness, for grabs of varying sizes. Results of lineal adjustments are in Table 2, including 95% confidence intervals. 
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Table 1. Summary of the estimated laboratory costs (times in minutes of sorting and taxonomic identifications) per sample of each grab type.
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Sorting (min)

	
Identifications (min)

	
Total (min)




	
Mean

	
SD

	
Mean

	
SD






	
G1

	
29.85

	
8.84

	
14.03

	
9.65

	
43.88




	
G2

	
43.48

	
14.57

	
32.70

	
14.88

	
76.18




	
G3

	
75.98

	
32.34

	
33.68

	
21.30

	
109.66
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Table 2. Results of the GLM testing for differences in costs (working minutes) between grab types.
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	Coefficient
	Estimate
	SE
	t Value
	p





	Intercept
	4.898
	0.08
	59.28
	1 × 10−16



	Grab (G2)
	−0.089
	0.11
	−0.77
	0.4428



	Grab (G3)
	−0.111
	0.14
	−0.75
	0.4538



	Richness
	0.049
	0.001
	32.1
	1 × 10−16



	Grab (G2) × Richness
	0.002
	0.002
	1.34
	0.1913



	Grab (G3) × Richness
	−0.007
	0.002
	−2.84
	0.009
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