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ABSTRACT: Complex biodiversity patterns arise in
marine systems due to overlapping ecological pro-
cesses, including organism interactions, resource dis-
tribution, and environmental conditions. Despite the
importance of documenting these patterns, describ-
ing diversity in natural ecosystems remains challeng-
ing. Here, we investigate 3 nearshore sub-Arctic sites
to describe benthic macroinfaunal taxa and biological
traits, with the ultimate aim of determining whether
common diversity metrics and typical sampling ef-
forts adequately capture community composition in
these systems. First, we assess how diversity relates to
sediment depth and examine relationships among
commonly used taxonomic and functional diversity
indices. Second, using a power analysis, we explore
how sampling effort influences the interpretation of
diversity patterns in coastal systems. We report sig-
nificant variation in community composition among
sites, even across small spatial scales of km, and find
that taxonomically diverse communities do not nec-
essarily correspond to high functional diversity. We
further find that although environmental factors such
as sediment depth consistently affect macroinfaunal
diversity, the direction and magnitude of these rela-
tionships are site-dependent. Finally, we demonstrate
that typical sampling effort for coastal benthic studies
(for example, <5 push cores of ~7 cm diameter) may
not capture macroinfaunal community composition
adequately, potentially obscuring hotspots in com-
mon diversity metrics such as taxonomic or func-
tional richness. However, indices such as Simpson's
diversity may be well-suited to resource-limited studies
with restricted sampling capacity. Our results high-
light the importance of adopting multi-pronged ap-
proaches to biodiversity assessment and determining
optimal sample sizes for marine benthic systems, par-
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A subset of the diverse macroinvertebrates inhabiting near-
shore sub-Arctic sediments, in which sampling effort can
drastically alter inferences on diversity patterns.
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ticularly in the context of biodiversity monitoring for
conservation purposes.
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1. INTRODUCTION

Biological diversity influences the health, function-
ing, and stability of natural ecosystems and, by exten-
sion, human wellbeing (Cardinale et al. 2012, Naeem
et al. 2016). As a result, biodiversity measurement
defines a central pillar of conservation frameworks
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and monitoring programs globally (Wabnitz et al.
2010, Convention on Biological Diversity 2022). How-
ever, the complexity of natural ecosystems leaves
accurate quantification of diversity as one of the pri-
mary ongoing challenges of ecological research (Ma-
gurran 1988, Purvis & Hector 2000). Indeed, many
overlapping processes influence community compo-
sition, including organism interactions (e.g. competi-
tion, predation, reproduction), disturbance, and re-
source distribution (Legendre & Fortin 1989, Collinge
2001, Rietkerk & van de Koppel 2008). In marine eco-
systems, environmental conditions such as depth,
salinity, and organic matter availability interact and
influence diversity as well (Ellingsen 2002, Baldrighi
et al. 2014, Campanya-Llovet et al. 2017). The inter-
play of these processes produces complex biodiver-
sity patterns that often vary widely, even over rel-
atively small spatial scales (Seed 1996, Silberberger et
al. 2018). As such, accurate description of biodiversity
patterns or investigation of diversity—environment
relationships requires careful consideration of appro-
priate metrics and methodologies.

Historically, researchers have quantified biodiver-
sity using metrics of taxonomic composition, such
as species richness and evenness, Shannon-Wiener
index, and Simpson's diversity, which describe the
number of taxa present in a community and their rel-
ative abundances (Shannon 1948, Simpson 1949, Pie-
lou 1975). However, ecologists increasingly recognize
the importance of functional diversity, which con-
siders the distribution of trait values within a commu-
nity (Tilman 2001, Petchey & Gaston 2002, Miatta et
al. 2021). Biological traits include morphological,
physiological, and behavioural characteristics of
organisms — such as body size, mobility, and feeding
mode — that jointly determine the ecological roles of
organisms and how they interact with their environ-
ment and with one another (Violle et al. 2007, Lef-
check et al. 2015). Functional diversity indices
describe the range, prevalence, and distribution of
these traits within an ecosystem (Diaz & Cabido 2001)
and are widely considered better predictors of ecosys-
tem functioning than their taxonomic counterparts
alone (Diaz & Cabido 2001, Tilman 2001, Bremner et
al. 2003, Hooper et al. 2005, Mouillot et al. 2011, Lef-
check & Duffy 2015). However, quantifying func-
tional diversity requires empirical data for multiple
traits across large numbers of taxa (Lefcheck et al.
2015), which presents challenges in many data-defi-
cient marine environments. Polar marine ecosystems
are particularly challenging in this regard, given the
logistical difficulties of sample collection, lack of trait
knowledge for many high-latitude species, and poorly

understood trait—function relationships (Degen et al.
2018). Despite these challenges, the recent develop-
ment of trait databases (e.g. Faulwetter et al. 2014,
Degen & Faulwetter 2019) and ongoing efforts to share
best practices, methodology, and terminology amongst
researchers continues to promote the expansion of
trait-based studies in high-latitude environments.

Coastal macroinfaunal communities provide an
ideal study system for examining questions related to
changes in marine biodiversity. Benthic macrofauna
are highly abundant, taxonomically diverse, and
encompass a wide range of feeding modes and life-
history strategies (Pinto et al. 2009, Patricio et al.
2012). Additionally, nearshore environments enable
relatively simple and inexpensive benthic sample col-
lection. Unlike studies of deep-sea systems, where
logistical constraints such as ship availability or equip-
ment costs limit sampling, coastal assessments of mar-
ine benthos provide a valuable opportunity to examine
the potential effects of sampling effort on the inter-
pretation of diversity studies. The availability of tax-
onomic keys and functional trait databases (Faulwetter
et al. 2014, Fofonoff et al. 2018, Degen & Faulwetter
2019) for many coastal taxa adds further advantages.

Here, we examine sedimentary biodiversity pat-
terns in 3 nearshore sites on the sub-Arctic island of
Newfoundland, Canada, to achieve 4 key research
outcomes. (1) We describe each biological commu-
nity by producing a comprehensive taxonomic list of
the macroinfaunal invertebrates present at each site,
including descriptions of key biological traits. (2) We
then calculate a suite of taxonomic and functional
diversity indices and examine the relationship between
sediment depth and macroinfaunal diversity at each
of these 3 sites. (3) Next, we use data from all sites to
test for consistent relationships between commonly
used taxonomic and functional diversity indices. (4)
Finally, we take advantage of the unique opportunity
provided by the comparatively large number of repli-
cate samples —relative to most benthic studies —to
examine how replication influences interpretation of
diversity patterns in seafloor ecosystems.

2. MATERIALS AND METHODS
2.1. Study sites and field sampling

We collected sediment push cores in 3 distinct
coastal environments on the island of Newfound-
land, Canada (Fig. 1). St. Paul's Bay (SP; 49.864° N,
—57.815° W), a sandy tidal flat located just off the
Gulf of St. Lawrence on the west coast of Newfound-
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land, experiences seasonal sea ice cover. Previous bio-
diversity assessments suggest a macrofaunal transition
in the region between the Labrador and Acadian bio-
geographic provinces (Quijon & Snelgrove 2005). The
second site, Neddie's Harbour (NH), is also located
on the west coast of Newfoundland, south of SP
(49.524° N, —57.884° W). This site is located in the East
Arm of Bonne Bay, a sub-Arctic fjord; a shallow sill
(~15 m deep) separates the East Arm from the South
Arm and the Gulf of St. Lawrence. Finally, Newman
Sound (NS; 48.557° N, —53.965° W) is a glacial fjord in
Terra Nova National Park on the eastern coast of New-
foundland, comprising inner and outer sounds sep-
arated by a sill located 7 km from the head of the fjord;
our study site is located within the inner sound. In con-
trast to the west coast sites, the macrofaunal community
in NS does not experience sea ice in the winter months,
presumably contributing to a more temperate fauna.

At each study site, we waded into the shallow sub-
tidal and collected sediment push cores (outer diame-

52°N

ter 7.3 cm, inner diameter 6.7 cm) by hand between
September and October 2020. We collected 33 cores
at SP and N§S; however, equipment constraints limited
us to 24 cores at NH. Cores retained at least 10 cm of
sediment and were collected ~30 cm apart from one
another over a relatively small area (<100 m?) at a dis-
tance of ~10 m from the high tide line. We maintained
cores immersed in seawater and at ambient tempera-
tures until processing to minimize vertical movement
of fauna but cannot rule out the possibility of some
activity. To minimize disruption of sediment layers,
we sealed the cores with large rubber stoppers and
transported them to the laboratory in shock-absorbing,
insulated carrying totes.

2.2. Environmental properties

At each study site, we collected one push core to
measure sediment properties (in addition to cores for
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Fig. 1. Sites in Newfoundland, Canada. Inset shows North America, with the red box outlining the island of Newfoundland.
Sediment push cores were collected by hand at St. Paul's Bay, Neddie's Harbour, and Newman Sound
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species characterization); equipment constraints pre-
cluded the possibility of additional replicates. We
extruded and sectioned each of these cores into 3
depth layers (0—2, 2—5, 5—10 cm) using an inert plas-
tic spatula. For each depth layer, we assessed granu-
lometric properties by transferring ~5 ml of homoge-
nized sediment into a 50 ml tube and digesting any
organic particles in the sample with 35% hydrogen
peroxide. We then freeze-dried each sample, sieved
them to remove any coarse material (i.e. gravel frac-
tion >2 mm), and analyzed the remaining sediment
using a Beckman Coulter LS13-320 laser diffraction
analyzer. We logged and processed the laser files
using Femto Particle Sizing Software (PSS, version
5.6). For each sample, we determined the relative per-
centage (%) of gravel (>2 mm), sand (63 pm—2 mm),
silt (10—63 pm), and clay (<10 pm), as well as the
mean grain size (MGS) of the sortable silt fraction
(Hm).

Subsamples were collected from the sediment prop-
erty core to assess organic carbon (%C) as a measure
of food quantity in combination with nitrogen (%N)
and carbon-to-nitrogen ratio (C:N), as indicators of
longer term food quality at each site. We considered
higher %N and lower C:N indicative of fresher and
higher quality organic matter (Godbold & Solan 2009,
Le Guitton et al. 2015, Campanya-Llovet et al. 2017).
We froze these samples in Whirl-Pak bags at —20°C
until analysis. We then dried sediment at 80°C for
24 h, homogenized with a ball grinder, and trans-
ferred samples to a desiccator with an open beaker of
HCl to remove inorganic carbon (Danovaro 2010). We
allowed sediment to dry for another 24 h before sub-
sampling material into tin capsules for analysis using
a Vario Isotope Cube (Elementar) elemental analyzer.

We also collected 3 mini-cores (50 ml syringes with
syringe barrel tips removed, inner diameter 2.7 cm)
from each study site and determined concentrations
of chlorophyll a (chl a) and phaeopigments (Phaeo) in
the surface layer of each sample following Danovaro
(2010). We placed 1—2 g of sediment in a pre-weighed
15 ml tube containing ~8 ml of 90 % acetone, and vort-
exed and sonicated each sample before storing sam-
ples overnight in the dark. The following day, we cen-
trifuged each sample, transferred 3 ml of supernatant
to a cuvette, and used a spectrophotometer to mea-
sure the absorbance of the supernatants at 2 wave-
lengths (750 and 665 nm). We added 200 pl of 0.1 N
HCl to the supernatant before measuring absorbance
again at the same wavelengths. We then dried sed-
iments under a fume hood for 10 d before reweighing
each sample, allowing us to standardize pigment con-
centrations per gram of sediment. Chl a:Phaeo ratios

provide an indication of organic matter quality over
the short term, with higher ratios suggesting fresher
material (Le Guitton et al. 2015).

2.3. Faunal push core processing

To assess taxonomic composition of the macroin-
faunal community, we extruded and sectioned each
core into 3 depth layers (0—2, 2—5, 5—10 cm) using an
inert plastic spatula. We then sieved the sediment
through a 500 pm mesh and fixed each depth layer in
a 4% buffered seawater—formaldehyde solution, min-
imizing handling to protect fragile macrofauna from
damage. In the laboratory, we transferred sediment
samples to a 70% ethanol solution for longer term
storage, until we could begin microscopic analyses.
To facilitate infauna identification, we stained each
sample with a few drops of Rose Bengal (0.5 g 17})
before sorting the sediment under a dissecting micro-
scope and visually identifying macrofauna to the
lowest possible taxonomic level. In some cases, tax-
onomic resolution differed among sites for a given
taxonomic unit. To avoid biases resulting from these
differing levels of taxonomic uncertainty, we binned
some taxa before calculating diversity indices for
each site (see the Appendix).

2.3.1. Assessment of taxonomic diversity

For each site, we counted the total number of indi-
viduals of each taxon and calculated the following
indices of taxonomic diversity for each core: tax-
onomic richness (S; defined as the number of taxa pre-
sent in each sediment core), Shannon-Wiener (H'
natural logarithm), Simpson's index (d), and Pielou's
evenness (J'). These indices were calculated in R
using the 'vegan' package (Oksanen et al. 2020, R
Core Team 2021). Finally, to assess the adequacy of
our sampling efforts, we constructed species accumu-
lation curves to illustrate the total number of macro-
faunal taxa observed as a function of the number of
push cores collected at each site.

We also determined the total number of rare taxa
observed at each site. We define rare taxa as those
represented by no more than 5 individuals in total
across all samples collected from a given site, and
which were observed in <10% of cores at that site; for
SP and NS, this rarity threshold equates to ~0.15 indi-
viduals per sediment core. In NH, where we only col-
lected 24 cores, we adjusted the threshold to account
for differences in sampling effort. Rare taxa in NH
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therefore include those which were observed in <10%
of cores and which were represented by no more than
4 individuals in total. We compared both threshold
approaches for NH and found that the 2 methods
yielded identical lists of rare taxa.

2.3.2. Assessment of functional diversity

To evaluate functional composition of the macro-
faunal communities, we selected 5 functional traits
based on their relationship to ecosystem functioning
and availability of data for all taxa. The selected traits
reflect both morphology (body size) and behaviour
(diet, feeding guild, mobility, sediment reworking)
(see Table 1). Published sources (Fauchald & Jumars
1979, Macdonald et al. 2010, Queiros et al. 2013, Fofo-
noff et al. 2018, Degen & Faulwetter 2019, Polytraits
Team 2022, WoRMS Editorial Board 2022) provided
trait information for each taxon collected. When trait
information was unavailable for a specific taxon, we
obtained information from the next taxonomic rank
(typically genus level) with known trait data.

We determined body size for each taxon based on
the largest attainable size reported in the literature.
We then log transformed body size and scaled the
resulting values between 0 and 1 to ensure this vari-
able did not disproportionately affect Gower's dis-
tances. Diet and feeding guild are nominal trait vari-

ables with 3 and 6 modalities, respectively. We used a
fuzzy coding approach for these traits to allow for
intraspecific variation in trait expression and scored
each taxon from O to 1 depending on the extent to
which a taxon expressed a given trait. For example,
the spionid worm Pygospio elegans obtains food via
suspension feeding or surface deposit feeding,
depending on flow conditions; therefore, we assigned
this taxon a feeding guild value of 0.5 for each of
these trait modalities. Given that mobility is an ordi-
nal variable, we assigned each taxon a value of 0
(none), 0.3 (low), 0.6 (moderate), or 1 (high), with 0
representing a completely sessile taxon and 1 indica-
ting high mobility (Swift 1993). Finally, for the nomi-
nal variable sediment reworking, we assigned each
taxon to one of 4 categories: epipelagic, surficial
modifier, upward or downward conveyor, or biodiffu-
sor (Table 1).

Following assignment of trait modalities to all taxa,
we calculated a Gower's distance matrix, providing
the overall functional distance between each pair of
taxa (Dray & Dufour 2007). We then applied a princi-
pal coordinate analysis on this distance matrix to
obtain coordinates for each taxon in a multidimen-
sional functional space, following (Villéger et al.
2008). Based on this functional space, we determined
the following functional diversity indices: functional
richness (FRic), functional evenness (FEve), and func-
tional divergence (FDiv) (Mason et al. 2005). FRic

Table 1. Functional traits, modalities, and definitions. As a continuous variable, body size has no modalities (N/A: not applicable).

Definitions for mobility and sediment reworking follow (Queirés et al. 2013)

Trait Modalities Definitions of trait modalities
Body size N/A Log-transformed maximum body size, scaled between 0 and 1
Diet Herbivore Feeds on primary producers
Carnivore Feeds on other animals
Detritivore Feeds on dead organic matter
Feeding guild Predator Actively hunt live prey
Scavenger Consumes mostly decaying biomass
Grazer Grazes plant material
Suspension or filter feeder Filters food particles from the water column
Sub-surface deposit feeder Consume particles at depth
Surface deposit feeder Collect and consume surface sediment particles
Mobility None Sedentary or only moving within a fixed tube structure
Low Limited movement (i.e. withdraws into sediment when disturbed)
Moderate Slow, free movement through sediment matrix via non-permanent burrow formation
High Free, 3-dimensional movement via permanent, excavated burrow
system
Sediment reworking Epipelagic Epifauna that bioturbate at the sediment surface with no
significant contribution to sediment reworking
Surficial modifier Activities cause movement of particles at the sediment surface
Upward or downward conveyor Feed at depth and defecate at surface, or feed at surface and defecate at depth
Biodiffusor Causes constant and random local sediment biomixing over short distances
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represents the total functional space occupied by the
community (Villéger et al. 2008), quantified as the
volume of the convex hull (Cornwell et al. 2006).
FEve, a unitless metric constrained between 0 and 1,
describes the extent to which faunal abundances are
evenly distributed within the trait space, where a
value of 1 represents a perfectly even community
(Villéger et al. 2008). FDiv quantifies heterogeneity of
traits by representing the probability that 2 taxa
picked at random from the community exhibit the
same trait value (Lavorel et al. 2008). This metric is
weighted by taxon abundance; a low FDiv indicates
that abundant taxa exhibit functional traits located
close to the center of the trait space and a high FDiv
indicates extreme trait values for the most abundant
taxa (Villéger et al. 2008).

In addition to traditional metrics of functional diver-
sity, we also determined community-level weighted
means (CWDMs) for each trait. For categorical traits,
such as diet or sediment reworking, CWM represents
the probability that an individual organism drawn at
random from the community will exhibit a given trait
modality (Ricotta & Moretti 2011). For example, a
CWM of 0.8 for the trait modality ‘'herbivore’ indi-
cates an 80% probability that a random individual
drawn from that community would be herbivorous.
For continuous traits, such as body size, CWM simply
represents the average value for macrofauna in that
community (Lavorel et al. 2008). We calculated CWMs
for each core and each depth layer within each core
and determined site-level values by averaging all
cores within each site. Calculations of functional
diversity indices and CWMs used the 'FD' package
(Laliberté & Legendre 2010, Laliberté et al. 2014) and
the functions 'multidimFD" and 'qual_funct_space'
(see Villéger et al. 2008, Mouillot et al. 2013 for
details).

2.4. Effect of sediment depth on diversity

To determine the effect of sediment depth on mac-
rofaunal diversity, we first assessed the vertical distri-
bution of macrofauna within the sediment by calcu-
lating the proportion of fauna present in each depth
layer at each site. Next, we calculated taxonomic and
functional diversity indices for each depth layer
within each core. Preliminary analysis revealed simi-
lar diversity patterns in the 2—5 and 5—10 cm depth
layers; therefore, we pooled these layers to calculate
diversity indices. We also pooled CWMs for the 2—5
and 5—10 cm depth layers in each core, following the
methods described above.

2.5. Relationships between taxonomic and
functional diversity indices

For each pair of diversity indices, we created scat-
terplots to identify visually consistent relationships
between metrics across all sites. We also calculated
Pearson correlation coefficients (r) for each pair.

2.6. Statistical analyses

All statistical analyses were conducted using R sta-
tistical software, version 4.1.1 (R Core Team 2021). To
test for differences in taxonomic composition be-
tween collection dates, we conducted analyses of sim-
ilarity (ANOSIMs) for each site. Given the negligible
effect of collection date on macroinfaunal community
composition (see Table S2), we pooled cores from all
collection dates within each study site for all sub-
sequent analyses. We used non-metric multidimen-
sional scaling (nMDS) ordination to visualize overall
differences in taxonomic composition and diversity
indices among sites and conducted permutational
analyses of variance (PERMANOVAs) using Bray-
Curtis dissimilarity matrices from non-transformed
abundance data to test for statistical differences in the
centroids of each group (site). We then conducted a
similarity of percentages (SIMPER) analysis to deter-
mine which taxa contributed most to dissimilarity
among sites. PERMANOVA, ANOSIM, SIMPER, and
nMDS analyses used the ‘vegan' package (Oksanen
et al. 2020). To compare diversity indices and CWMs
between depth layers within a given site, we per-
formed Wilcoxon signed-rank tests using the ‘stats’
package (R Core Team 2021).

We modeled each taxonomic and functional diver-
sity index as a function of site, depth layer, and their
interaction using linear mixed-effects models via the
‘lme4’' package (Bates et al. 2015), and calculated
parameter-specific p-values using a Kenward-Roger
approximation implemented in the 'pbkrtest’ pack-
age (Halekoh & Hgjsgaard 2014). For those indices
naturally bounded between 0 and 1, we used beta
mixed-effects models from the 'glmmTMB' package
(Kieschnick & McCullough 2003, Ferrari & Cribari-
Neto 2004, Brooks et al. 2017). To account for variabil-
ity in each index at the sediment core level, we also
included core ID as a random intercept. For interac-
tion terms with p > 0.05, we re-ran the model without
an interaction term. We used the 'DHARMa’ package
for model diagnostics and to test model fit (Hartig
2022). Although beta regression was the best fit for
the d index data, DHARMa indicated some borderline
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violations of model assumptions. Therefore, we per-
formed non-parametric Kruskal-Wallis tests for d as a
function of site (x2 = 56.0, p = 6.9 x 107%) and depth
layer (x? = 0.08, p = 0.77), respectively, which con-
firmed robust biological inferences drawn from the
beta regression model.

2.7. Power analysis

In a statistical context, power refers to the probabil-
ity that a test of significance —in this case, general-
ized linear mixed effects models for each diversity
index — will detect an effect (i.e. a deviation from the
null hypothesis) that is present in the data, should one
exist (Steidl & Thomas 2001). To determine whether
power would have decreased, and consequently
whether our results and inferences may have differed
had we collected fewer cores, we took 10 000 random
samples (without replacement) of 3, 5, 10, 15, and 20
cores from each site. For each of these sample sizes,
we then calculated the mean values and standard
deviations for taxonomic and functional diversity
indices for each site and for each depth layer within
site to explore how diversity indices changed when
sampling different numbers of cores.

We then fit 1000 generalized linear mixed effects
models for each diversity index, based on 1000 ran-
dom samples for each sample size (3, 5, 10, 15, and
20 cores). From these model results, we calculated
power by determining the proportion of iterations in
which each predictor variable (depth layer, site, and
their interaction) significantly affected the diversity
index (p < 0.05). We used 0.80 (or 80%) to indicate a

power threshold sufficiently robust for a given sample
size; this value corresponds to the minimum conven-
tional power threshold typically used for scientific
experiments (Lipsey 1990). All data and code re-
quired to reproduce these analyses are available on
Dryad (https://doi.org/10.5061/dryad.76hdr7#t3k).

3. RESULTS
3.1. Sedimentary characteristics

Based on visual inspection, grain size appeared
similar among all sediment cores within each site. All
3 study sites were predominantly sandy, with small
amounts of gravel, silt, and clay (Table 2). However,
the sediment in SP contained less gravel and a greater
percentage of sand than the other 2 sites. SP also con-
tained the smallest MGS of the sortable silt fraction,
followed by NH (Table 2). Despite the similar grain
size observed visually across all cores, and the modest
spatial scales spanned within our sampling locations
(<100 m?), we acknowledge that the single replicates
we analyzed for grain size may have missed some
within-site variation in sediment composition.

With respect to organic matter concentrations,
organic carbon (%C) was ~4 times higher in NH than
in NS and SP, resulting in a relatively high C:N ratio
at this site (Table 2). Total nitrogen (%N) was similar
among sites. Finally, the chl a:Phaeo ratio was highest
at SP (Table 2). Although these differences are poten-
tially biologically significant, low sample size pre-
cluded statistical comparison of nutrient and grain
size measurements among sites.

Table 2. Sediment properties (granulometric, organic matter, and photopigment concentrations) for each depth layer at each

site (NH: Neddie's Harbour; NS: Newman Sound; SP: St. Paul's). Mean grain size (MGS) indicates size of the sortable silt frac-

tion. Duplicate measures of organic carbon (%C; mg per 100 mg dry weight [DW]) and nitrogen (%N; mg per 100 mg DW) were

taken based on sub-samples from a single replicate for each depth layer and used to calculate a carbon to nitrogen ratio (C:N).

Standard deviations for %C and %N capture instrumentation variation rather than within-site variation. Chlorophyll a (chl q;

g g~! DW) and phaeopigment (Phaeo; g g~! DW) were measured for surface sediment only; standard deviations are based on
3 mini-cores collected at each site

Site Depth  Gravel Sand Silt Clay MGS %N C:N Chla Phaeo Chl a:
layer (cm) (%) (%) (%) (%) (nm) Phaeo
NH 0—2 54 86.7 5.5 2.4 342  0.98 =0.031 0.034 £ 0.00028  28.5 2.54+0.29 9.08+0.30 0.279
2—-5 2.0 91.0 4.9 2.1 346 0.82+0.013 0.021 = 0.0016 38.6
5—10 4.6 88.6 4.7 2.1 30.8  0.77+0.0085 0.023 =0.00078  33.3
NS 0-—2 2.4 91.3 4.9 1.4 36.6  0.29 = 0.026 0.033 = 0.0023 8.78 2.71+0.28 9.68 +=0.69 0.281
2—-5 0.4 93.5 4.8 1.3 419 0.14+0.0078 0.016 = 0.00057  8.66
5—-10 7.0 88.5 3.5 1.0 376  0.20 =0.0085 0.020 =0.00085  9.80
SP 0—2 0.4 96.1 2.5 1.0 329 0.21 £0.0021 0.026 = 0.00021  8.20 4.23+0.92 9.43+0.52 0.447
2—-5 1.5 94.7 2.7 1.1 33.0 0.21 +=0.0035 0.026 =0.00042  8.28
5—-10 4.3 92.3 2.4 1.0 328 0.18 =0.00071 0.021 = 0.000071 8.89
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3.2. Community overview

In total, we identified 16357 individuals (Fig. 2,
Table S1 in the Supplement at www.int-res.com/
articles/suppl/m735p001__supp.pdf). Removal of low-
resolution taxonomic groupings and binning of some
taxa to standardize taxonomic uncertainty (see the
Appendix) reduced that number to 10048 individuals
representing 53 taxa, 12 of which were present at all 3
study sites (Table S1). Together, these taxa represent
4 phyla, 17 orders, and 30 families of macroinfauna.
We performed all relevant analyses with both binned
(i.e. binned with low-resolution taxonomic groupings
removed) and unbinned (i.e. raw) taxonomic data.
Given that results differed only marginally and did
not alter ecological conclusions, we present only
binned data here (see the Appendix).

Bivalves dominated SP, with 2656 individuals of
the amethyst gem clam Gemma gemma, the most
abundant taxon, representing ~52% of the total mac-
rofauna at the site. By contrast, polychaetes dom-
inated NS; the most abundant taxon at this site,
Pygospio elegans (n = 1338), made up ~ 51% of the
macrofaunal community. Finally, several taxonomic
groups dominated NH, led by P. elegans (n = 463),
Monocorophium sp. (n = 438), and Mya sp. (n = 336),
representing ~20, 19, and 15% of total macrofauna,
respectively. NS contained the greatest number of
taxa, with the highest overall macrofaunal abundance
at SP.

Taxonomic composition differed significantly among
sites (PERMANOVA, pseudo-R = 64.4, p < 0.001;
Fig. 3A). Twelve taxa explained a large percentage
(~90%) of this dissimilarity (Table 3, SIMPER analy-
sis). Collection date had a negligible effect on tax-
onomic composition (Table S2), so we pooled all sam-
ples within each site across sampling dates.

3.2.1. Taxonomic diversity

When considered together, taxonomic diversity
(i.e. S, H', d, and J') differed significantly among sites
(PERMANOVA, pseudo-R = 7.41, p < 0.001; Fig. 3B,
Table S3). We observed the greatest number of taxa at
NS, followed by SP and then NH (Fig. 4). However,
the diversity of individual cores yielded the reverse
pattern, with the highest core-level S at NH, followed
by SP, then NS (Fig. 5A). This pattern may reflect the
larger number of rare taxa at NS relative to SP and NH
(Fig. S1). J" was similar between NH and NS, but
lowest in SP (Fig. 5B). Finally, H' and d were the high-
est and least variable in NH (Fig. 5).

3.2.2. Functional diversity

When considered together, functional diversity (a
combination of FRic, FEve, and FDiv) also differed
significantly among sites, and this difference ap-
peared more pronounced than that of taxonomic
diversity (PERMANOVA, pseudo-R2 =273, p<0.001;
Fig. 3C). Each functional diversity index was highest
at a different site, with highest FRic in NH, highest
FEve in NS, and highest FDiv in SP (Fig. 5).

To provide insight into which traits might drive
these differences in functional diversity indices, we
also investigated CWMs at each site. Although
organisms were slightly smaller on average in NS
compared to the west coast sites, body size was simi-
lar among sites (Fig. 6, Table S4). Herbivory dom-
inated the diets of most individuals at all sites (75, 61,
and 62% for NH, NS, and SP, respectively; Fig. 6).
However, the feeding guild CWMs differed among
sites. The most common feeding guild in NS, surface
deposit feeders, represented 35% of all macrofauna;
this feeding guild was less common in NH (17 %) and
only minimally represented in SP (~5%). The most
abundant surface deposit feeders in NS were P. ele-
gans, Tellinidae indet., and Rissooidea indet. By con-
trast, suspension feeders (e.g. G. gemma) dominated
SP and grazers (e.g. Naididae indet. and Littorina sp.)
dominated NH, accounting for 53 and 49% of the total
macrofauna at each site, respectively.

Differences in CWMs between the east and west
coast sites were even more pronounced with respect
to sediment reworking. Surficial modifiers strongly
dominated NH and SP, representing 75 and 70% of
macrofauna at each site, respectively. Conversely, NS
contained far fewer surficial modifiers (28 %), instead
dominated by upward and downward conveyors such
as P. elegans and Polydora cornuta (52%). Finally,
average mobility was notably lower in NS than in the
other 2 sites; the prevalence of highly mobile taxa
such as Monocorophium sp. contributed to the great-
est mobility in NH (Fig. 6).

3.3. Relationship between sediment depth and
macrofaunal diversity

At all 3 sites, the majority of macrofauna (>80%)
occurred within the top 0—2 cm of sediment (Fig. S2).
Generalized linear mixed-effects models indicated
that both site and depth layer significantly affected all
taxonomic and functional diversity indices (Table 4 &
Tables S5—S11), with the exception of d, for which
site was significant but depth layer was not (Table S8).


https://www.int-res.com/articles/suppl/m735p001_supp.pdf
https://www.int-res.com/articles/suppl/m735p001_supp.pdf
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0.6 mm 0.5 mm 0.5 mm

Fig. 2. Subset of macrofauna identified from sediment cores: (A) Ecrobia truncata, (B) Alitta sp., (C) Pectinaria gouldii, (D) Gemma
gemma, (E) Monocorophium sp., (F) Microphthalmus sp., (G) Manayunkia aestuarina, (H) Mytilidae indet., (I) Marenzelleria
viridis, (J) Polydora cornuta, (K) Pygospio elegans, (L) Rissooidea indet
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Fig. 3. Non-metric multidimensional scaling (nMDS) plots of (A) taxonomic composition, (B) taxonomic diversity indices, and

(C) functional diversity indices at each site. Coloured symbols represent individual sediment cores (colour: site; shape: collec-

tion ID); collections 1, 2, and 3 represent the first, second, and third days of field sampling at each study site, respectively. Black

text indicates individual taxa identified by SIMPER analysis. Taxa most strongly influence the taxonomic composition of cores

to which they are most closely situated. Results of supporting PERMANOVAs (pseudo-F and p) are displayed in the top right
corner of each plot

3.3.1. Taxonomic diversity

At all sites, S decreased with depth layer, but this
change was most pronounced in NS (Table 4 &
Table S5). Conversely, J' increased with depth, al-
though the magnitude of this change differed among
sites (Table 4 & Table S7). As aresult, the highest values
of J' in surface sediment (top 0—2 c¢m) in NH con-
trasted with the highest J' in deeper sediment (2—
10 cm) in NS (Table 4). H' only differed between
depth layers at NH, where it decreased with depth

(Table S12). H' was also highest in NH, regardless
of depth layer (Table 4 & Table S6). Finally, d did not
differ significantly between depth layers but was
significantly higher at NH than at the other 2 sites
(Table 4 & Tables S8 & S12).

3.3.2. Functional diversity

In addition to significant depth layer and site dif-
ferences, the site x depth layer interaction differed
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Table 3. Taxa that contributed most to the dissimilarity between communities,
presented in descending order according to their relative contributions.
SIMPER analyses were performed between each pair of sites, and taxa that ap-
peared at least twice in the top 10 most influential taxa are included. Mean
, rounded to the nearest whole number) + standard deviation

density (ind. m~2

is listed for each taxon for each site

deposit feeders were more abundant
in deeper sediment, although this dif-
ference was not significant in NS
(Tables S13 & S14). Sediment rework-
ing also differed notably between

depth layers. Biodiffusors were most

Taxon Neddie's Harbour Newman Sound
Monocorophium sp. 1294 = 977 37 =85
Naididae indet. 986 = 739 1151 =940
Pygospio elegans 1368 = 658 2875 = 2104
Ecrobia truncata 284 + 302 0
Gemma gemma 0 0
Heteromastus sp. 219 £ 134 21 =49
Manayunkia aestuarina 815 = 459 0

Mya sp. 993 = 412 118 =98
Odostomia sp. 0 0
Polydora cornuta 121 = 112 97 =90
Rissooidea indet. 0 198 = 298
Tellinidae indet. 0 511 = 310

St. Paul's common in the 2—10 cm layer com-
pared to the 0—2 cm layer (Table S13);
131 + 169 this difference was most evident in SP
2342 + 1416 . qs .
where biodiffusors such as Naididae
632 = 372

0 indet., Odostomia sp., and Alitta sp.

5707 + 4849 accounted for 48.1% of all macro-
2+12 fauna in the deeper sediment, com-
58 8 88 pared to 14% of fauna in the surface
681 = 817 }a.yer. Unsurprisingly, surfl‘c1al mod-
711 = 361 ifiers were most common in surface

0 (0—2 cm) sediment, although again,
64 =380 this difference was most pronounced

significantly for each functional diversity index
(Tables S9—S11). At all sites, FRic decreased with sed-
iment depth (Table 4 & Table S9). However, this
change was negligible in NH, where mean FRic
decreased by only 0.01 (Table 4 & Table S12). Examin-
ing the other 2 indices— FEve and FDiv —revealed
contrasting patterns among sites (Table 4). In NH,
both FEve and FDiv increased with depth (Table 4).
However, at the other 2 sites, change in FEve was neg-
ligible between depth layers (Table 4 &
Table S12). FDiv increased with depth

in SP (Table S13). Finally, upward and
downward conveyors were more com-
mon in the deeper sediment layers; at NH, they made
up 33.3% of the deeper sediment community com-
pared to 14.8% of the surface sediment commu-
nity. SP was similar, with conveyors making up 25.2%
of organisms in the 5—10 cm layer but only 7.5%
in the top 0—2 cm of sediment. NS was the excep-
tion, characterized by the prevalence of upward
and downward conveyors (~50%) at both sediment
depths.

at SP but decreased with depth in NS
(Table 4).

Some patterns in CWM related sig- 307
nificantly to sediment depth (Fig. 7).
For example, macrofauna in the deeper
(2—10 cm) sediment layer were slightly
larger and more mobile than those in
the top 0—2 cm, except in SP where
organisms in both depth layers were
similar in size and mobility (Fig. 7,
Tables S13 & S14). Patterns in diet were
similar between depth layers, with her-
bivory dominating organisms (60% or
more) in all site X depth layer com-
binations (Table S13). However, the 10-
proportion of organisms belonging

251

20+

Number of taxa observed

151

Site
— Neddie's Harbour

— Newman Sound
— St. Paul's

to each feeding guild differed be- 0
tween depth layers. Across all sites,
suspension feeders were roughly twice
as common in the 0—2 cm sediment

10 20 30
Number of cores collected

Fig. 4. Species accumulation curves for Neddie's Harbour, Newman Sound,

and St. Paul's reflecting the number of cores collected at each study site and the

layer compared to the deeper 2—
10 cm layer (Table S13); sub-surface

total number of taxa observed in those cores. Solid lines: mean species richness;

shaded areas: =1 SD
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Fig. 5. Indices of (A—D) taxonomic diversity and (E—G) functional diversity from all cores at all study sites. Dark horizontal
lines: median values; boxes: interquartile range (IQR); whiskers: range of data within +1.5 times the IQR; small grey points:
individual sediment cores collected at each site, including outliers

3.4. Relationship between taxonomic and
functional diversity indices

Several patterns emerged in examining scatterplots
and correlation coefficients to compare taxonomic
and functional diversity indices across all sites (Fig. 8).
H'and d were strongly and positively correlated (r =
0.95), noting a more left-skewed distribution for d
than for H'. Positive relationships were also apparent
between H' and FRic (r = 0.68), and S and FRic (r =
0.66). Sand J' (r = —0.57) produced the strongest neg-
ative relationship. The weakest correlations occurred
between FEve and d (r = —0.01) and between FEve
and FDiv (r = —0.03).

3.5. Power analysis: effects of sample size on
diversity assessment

After exploring results from the full set of samples,
we conducted a post hoc power analysis to determine

whether fewer replicates yield different conclusions.
For many diversity indices, sample size influenced
detection of statistical differences among sites, depth
layers, and their interaction (Fig. S3, Table S15).

3.5.1. Detecting site-level effects

A sample size of 5 cores yielded high confidence
that site affects H', d, and FDiv, with statistical powers
exceeding 80% for all 3 indices (Fig. 9, Table S16). In
other words, >80% of the 1000 model runs yielded
a significant site effect for these community metrics
(p < 0.05), even with a relatively small sample size.
Other indices required larger sample sizes to reach
the 80% power threshold, with FEve, FRic, and S
requiring 10, 15, and 20 cores, respectively (Fig. 9,
Table S16). Finally, in the case of J', even the maxi-
mum sample size of 20 cores resulted in a power of
only 65.8% (Table S16). This finding suggests that
assessing the effect of site on J' statistically would
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Body size Diet Feeding guild Mobility Sediment reworking
0.8+ Site
B NH
M nNs
M sp
0.6 1

Trait modalities

Fig. 6. Community-level weighted means (CWMs) for each functional trait, based on values calculated for each sediment core.
The x-axes indicate modalities for each functional trait. For continuous variables (body size and mobility) y-axis indicates the
mean value for that trait at each site. For categorical variables, y-axis represents the probability that an individual organism
drawn at random from the community would exhibit that trait modality. Green, orange, and purple bars represent the macro-
faunal communities at Neddie's Harbour (NH), Newman Sound (NS), and St. Paul's Bay (SP), respectively. Error bars: =SE

require a sample size greater than that available in
our study (Fig. 9).

For several indices, increasing sample size switched
the detected effect of site on diversity from predomi-
nantly non-significant to predominantly significant
(Fig. 9). S was the most prominent example of this
phenomenon. With 3 cores, 80.1% of model iterations

resulted in a non-significant p-value for site, whereas
20 cores produced a significant effect 95.8% of the
time (Fig. 9, Table S16). A similar pattern was ob-
served for FEve and FRic (Fig. 9).

Examining differences between individual pairs of
sites added further insight. For most indices, a sample
size of 3 cores was sufficient to separate the most dis-

Table 4. Diversity indices for each depth layer (cm) at each site: average (+SD) taxon richness (S), Shannon-Wiener index (H'),

Simpson's diversity index (d), Pielou's evenness (J'), functional richness (FRic), functional evenness (FEve), and functional di-

vergence (FDiv), based on measures for each sample. Bold values indicate significant differences (p < 0.05) between depth
layers within a given site (see Table S12)

—— Neddie's Harbour —— —— Newman Sound St. Paul's

0—2cm 2—10 cm 0—2cm 2—10 cm 0—2cm 2—10 cm
S 9.3 * 1.7 6.6 = 2.5 84*19 4.3*2.0 8.8+24 54 %22
H' 1.8 £ 0.16 1.6 £ 0.35 1.3+ 0.33 1.2 = 0.46 1.3 +0.23 1.2+ 0.34
d 0.79 = 0.043 0.74 = 0.11 0.61 =£0.14 0.62 = 0.20 0.60 = 0.11 0.61 +£0.14
J 0.19 = 0.027 0.26 £ 0.050 0.17 £ 0.041 0.28 £ 0.090 0.16 = 0.056 0.24 £ 0.064
FRic 0.14 £0.11 0.13 £0.11 0.13 £ 0.064 0.042 * 0.064 0.10 £ 0.065 0.030 = 0.037
FEve 0.58 = 0.17 0.72 £ 0.14 0.59 = 0.10 0.62 = 0.21 0.50 = 0.10 0.48 = 0.15
FDiv 0.75 = 0.066 0.84 £ 0.079 0.90 £ 0.058 0.83 £0.10 0.86 = 0.070 0.91 £ 0.063
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tinctive site from the other 2; however, differentiating metric in question (Fig. S3). The exceptions to this
between the 2 more similar sites (often NH and NS) pattern were FEve and S, which required minimum
required 5—20 cores, depending on the community sample sizes of 6 and 9 cores, respectively, to separate
the most distinct site from the others
(Fig. S3).

3.5.2. Detecting depth layer effects

For S, J', and d, 3 cores were sufficient
to achieve a power of >80 % when asses-
sing the effect of depth layer on diver-
sity (Fig. 9, Table S16). FRic required
only 5 cores to detect a statistically sig-
nificant effect with high confidence.
However, FDiv and H' both required
~20 cores to attain 80 % power. For FDiv
in particular, collection of 10 cores or
fewer would have resulted in a rel-
atively high probability (72.5%) of erro-
neously concluding that depth layer
has no significant effect on this index
(Fig. 9). For H' and FEve, the detected
effect of depth layer on diversity also
switched from non-significant to sig-
nificant as sample size increased, al-
though power for FEve did not surpass
80% for any sample size (Fig. 9).

Comparing depth layers within a
given site typically required 3—10 cores
to detect statistically significant differ-
ences in diversity indices, where they
occurred (Fig. S4). However, when com-
paring diversity indices among sites for
a given depth layer, the required sam-

Sediment reworking

Mobility

Trait modalities

Feeding guild

Fig. 7. Community-level weighted means
(CWMs) for each functional trait, separated
by depth layer: top row: macrofauna located
in the upper 0—2 cm of sediment; bottom
row: those found in the lower 2—10 cm of
sediment. The x-axis indicates modalities for
each functional trait. For continuous vari-
ables (body size and mobility), y-axis indi-
cates the mean value for that trait at each
site; for categorical variables, y-axis repre-
sents the probability that an individual or-
ganism drawn at random from the commu-
nity would exhibit that trait modality. Green,
orange, and purple bars represent Neddie's
Harbour, Newman Sound, and St. Paul's, re-
spectively. Error bars: =1 SE around each
n | CWM. Organism images courtesy of the
g S IAN/UMCES Symbol and Image Libraries
c c (Integration and Application Network; www.
CwWM ian.umces.edu/media-library)

Diet

Body size

0.75 1
0.50 1
0.25 1
0.00-
0.75 1
0.50 1
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Fig. 8. Scatterplots and correlations between all taxonomic and functional diversity indices. Lower section is composed of scat-

terplots of each index regressed against the others; points represent individual sediment cores, red lines are the lowess smooth

of the points. Upper corner lists correlation coefficients for each pair of diversity indices. Positive (blue) and negative (red) corre-

lation coefficients are indicated by coloured borders. Bold values indicate high correlation coefficients (>0.7); the corresponding
scatterplots for these highly correlated indices are outlined in bold

ple size varied from 3—20+ cores depending on the
index and depth layer of interest (Fig. S4). For instance,
in the 0—2 cm layer, a sample size of 3 cores was suffi-
cient to differentiate NH from the other 2 sites with
respect to H', d, and FDiv. However, 10 cores were
required to separate FDiv for the other 2 sites, and
>20 cores would be required to detect differences in
H'and d, should they exist.

3.5.3. Detecting interactions

The interaction between site and depth layer had a
statistically significant effect on both FDiv and FRic.
However, the sample size required to detect this
effect differed considerably between the 2 indices
(Fig. 9). For FDiv, 5 cores were sufficient to yield a
power of 86.8%, whereas FRic required 15 cores to
achieve a similar result (Table S16). For FEve and J’,

20 cores were insufficient to achieve a power of 80 %,
suggesting a larger sample size would be required to
assess the interaction term for these indices. When
modeling the full data set, we found no statistically
significant interactions between site and depth layer
for the other indices.

4. DISCUSSION

Our study emphasizes the importance of using mul-
tiple approaches to describe biological communities.
Taxonomic and functional indices revealed comple-
mentary aspects of diversity, yielding valuable in-
sights, particularly because the traits we examined
reflect key elements of ecosystem functioning. We
observed pronounced differences in community com-
position among all sites regardless of their geo-
graphic proximity, highlighting the potential role of
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local and regional drivers in structuring infaunal
communities. Relationships among commonly used
diversity indices also varied; some metrics captured
unique aspects of community composition, whereas

others exhibited strong correlations but differed in
their susceptibility to variation based on sample size.
Finally, we found that typical sampling for coastal
benthic studies (i.e. 3—5 cores site™!) may be suit-
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able for biodiversity assessment only in particular
contexts, emphasizing the importance of clearly defin-
ing ecological questions prior to determining adequ-
ate sample sizes.

4.1. Regional context for macrofaunal
community structure

Macrofaunal densities observed in our study fall
within the range of previous reports for coastal and
fjord sediments in Atlantic Canada (Ramey & Snel-
grove 2003, Gerwing et al. 2015, Dreujou et al. 2020,
Colvin & Snelgrove 2023, McGarrigle & Hunt 2024),
although densities described in the Bonne Bay area
nearly 20 yr ago (Quijén & Snelgrove 2005) were
lower than those observed here. This discrepancy
may partly be due to the different bottom depths
sampled, given that we collected our cores interti-
dally rather than at a depth of 12—15 m. Additionally,
we attribute the notably high mean density at SP, rel-
ative to most other sites in the region, to the high
abundance of the bivalve Gemma gemma. Similar
densities of G. gemma were reported in a coastal mar-
ine protected area in the southern Gulf of St. Law-
rence, although the mechanisms contributing to this
dominance were unclear (Lutz-Collins & Quijon
2014).

Assessments of shallow-water macroinfaunal diver-
sity remain few in Eastern Canada, particularly
with respect to functional metrics. However, we
observed taxonomic and functional diversity values
comparable to those recently reported for unveg-
etated sediments in Newman Sound on the east
coast of Newfoundland (Colvin & Snelgrove 2023),
with 2 exceptions. First, we observed lower J’; this
pattern holds for other coastal studies in New-
foundland and the Gulf of St. Lawrence, which
report similar H' values but higher J' than our study
(Ramey & Snelgrove 2003, Dreujou et al. 2020).
J' describes the extent to which abundances are
uniformly distributed across taxa in a community
(Pielou 1975). Low values are thus unsurprising
for SP and NS, which were each dominated by a
single taxon. In NH, 3 of the 25 taxa observed were
highly abundant, collectively accounting for over
50% of macrofauna. This pattern resulted in lower
J' than other studies in the region. Finally, we
observed high site-level richness compared to other
coastal and fjord areas, although this observation
may reflect methodological differences (i.e. more
extensive sampling) rather than ecological varia-
tion per se.

4.2. Potential drivers of community composition

Of the 53 taxa we observed, 16 were unique to NS
and 20 were recorded only in our west coast study
sites. Notably, many species that did not appear in
NS (e.g. G. gemma, Parexogone hebes, Marenzelleria
viridis etc.) have known distributions that include the
Gulf of St. Lawrence but do not extend to eastern
Newfoundland (Brunel et al. 1998). The interplay of
several factors, including regional variation in species
pools or environmental conditions, may drive differ-
ences in composition among sites (Menge & Olson
1990). For instance, seasonal sea ice cover typifies the
Bonne Bay region (Steel et al. 1994) but not NS,
resulting in contrasting conditions that may select for
different communities. Indeed, species assemblages
in the Bonne Bay area represent a transition between
Arctic and sub-Arctic fauna (Brunel et al. 1998, Qui-
jon & Snelgrove 2005). Local drivers may also play
a role in structuring macrobenthic communities,
as evidenced by significant differences in diversity
among all study sites, even those in close geographic
proximity.

4.2.1. Geological effects

The geological history of western Newfoundland
may partially explain the differences between SP and
NH. Bonne Bay is a compound fjord with a shallow
(~14 m) sill separating NH (in the East Arm) from the
rest of the bay (Richards & deYoung 2004). Sills can
influence ecological conditions, including availabil-
ity of organic matter (Aure & Stigebrandt 1989), water
mass characteristics such as dissolved oxygen (Holte
et al. 2005), and larval dispersal (e.g. Molinet et al.
20006), all of which may affect macrofaunal abundance
and distribution. Additionally, lower sea levels his-
torically isolated several fjords in the area from other
water bodies (Butler et al. 1996); the East Arm of
Bonne Bay was separated from the Gulf of St. Law-
rence, potentially promoting variation in faunal as-
semblages across relatively small spatial scales (i.e.
km). The East Arm now supports a mixture of Arctic
and temperate species (Butler et al. 1996), contributing
to the high taxonomic diversity (S, H', and d) and FRic
in NH. By contrast, SP opens directly into the Gulf of
St. Lawrence, experiences seasonal sea ice cover, and
contains similar fauna to the Gulf itself (Brunel et al.
1998). Finally, 24 freshwater tributaries feed into St.
Paul's inlet, potentially supporting the dominance of
G. gemma, which tolerates estuarine conditions (Ken-
nedy & Mihursky 1971, O'Sullivan 1976).
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4.2.2. Sediment grain size

Sediment grain size may also influence the local
dominance of certain functional groups. At SP, the
sandiest site with the lowest proportions of mud, sus-
pension feeders dominated. By contrast, relatively
few suspension feeders were observed in NH, which
contains the most mud, whilst NS contains intermedi-
ate proportions of both mud and suspension feeders.
This pattern may reflect differences in hydrodynamic
conditions; areas of reduced water flow are unfavou-
rable for passive suspension feeding (Hentschel &
Larson 2005) but allow mud to accumulate in surface
sediment. Fine-grained sediments may also clog the
filtering structures of some suspension feeders, reduc-
ing the fitness of this feeding mode in muddy environ-
ments (Shimeta & Jumars 1991).

4.2.3. Food availability

Of the 3 sites, NH contained the highest food quan-
tity (%C), which is generally associated with in-
creased faunal densities (Campanya-Llovet et al.
2017); however, food quality was relatively low. Given
the high C:N ratios in woody tissues relative to
organic matter of marine origin (Meyers 1994, Hedges
& Oades 1997), lower quality terrestrial inputs likely
dominate organic matter in NH. Indeed, we observed
woody material in surface sediment at this site (M. E.
Clinton pers. obs.). Inclusion of stable isotope analy-
sis in future studies could add clarity on this point.
Although NH did not contain the highest overall mac-
rofaunal density, the community exhibited higher S
and J' than SP or NS. High food quantity may thus
be supporting the co-dominance of several highly
abundant taxa at this site.

By contrast, food quantity was lower at SP and NS
but quality was higher, with C:N ratios suggesting
proportionally greater inputs of marine food sources
compared to NH. At SP, intense filter feeding may
prevent the accumulation of organic matter in the
sediment, explaining the low food quantities ob-
served. Indeed, G. gemma often nearly or completely
exploits its food resources when present in high abun-
dances (Sanders et al. 1962). However, the relatively
high chl a:Phaeo ratio at SP indicates fresh phytode-
tritus (Le Guitton et al. 2015) and suggests that ben-
thic primary production (e.g. by diatoms) may be con-
tributing to the high chl a at this site (Glud et al. 2002,
Cox et al. 2020). The lower chl a in NS may be due to
the prevalence of upward and downward conveyors,
which often contribute to rapid subduction of organic

matter as observed in other intertidal systems (e.g.
Middelburg et al. 2000).

4.3. Contrasting effects of depth layer on
infaunal diversity

Our study aligns with previous findings that sed-
iment depth affects macroinfaunal abundance and
diversity (Witte 2000, Celentano et al. 2019), but the
direction and magnitude of these relationships varied
among sites for several indices. H' differed between
depth layers only at NH, where it was highest in the
upper sediment layer (0—2 cm). This pattern is par-
ticularly interesting because d, which correlated
strongly with H’, exhibited no discernable relation-
ship with depth layer at any site. Although both
indices incorporate elements of taxonomic richness
and evenness, H' places greater weight on richness
whilst d is more heavily influenced by evenness
(DeJong 1975). As such, the relative changes in rich-
ness and evenness between depth layers at NH may
have been mathematically balanced for d but detect-
able for H', emphasizing the importance of incorpo-
rating multiple approaches into diversity assess-
ments, even for correlated indices.

With respect to functional diversity, FDiv remained
relatively consistent between depth layers at SP and
NS but was notably low in the 0—2 cm depth layer at
NH, suggesting little niche differentiation and thus
higher potential for direct competition among dom-
inant species in the surface sediment at this site (Mason
et al. 2005, Mouchet et al. 2010, Dimitriadis et al. 2012).
This pattern may be the result of the high quantity of
terrestrially derived food at NH selecting for similar
diets among abundant taxa, as evidenced by the high
proportion of herbivores in the 0—2 cm layer.

FEve was also high in the 2—10 cm sediment layer
at NH relative to the surface sediment, although this
index did not appear to differ between depth layers at
the other sites. High FEve indicates evenly distrib-
uted abundances within trait space (Villéger et al.
2008) and therefore similar abundances, or more reg-
ular functional distances, among species. The high
FEve in the lower depth layer may simply reflect the
relatively small proportion of fauna present in the 2—
10 cm layer, consequently reducing possible varia-
tion in abundances among taxa. Alternatively, higher
FEve may reflect more evenly distributed feeding
traits in the 2—10 cm layer. Suspension feeders,
grazers, and surface and sub-surface deposit feeders
all occurred in relatively high proportions in the 2—
10 cm sediment at this site, suggesting that deeper
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infauna employ diverse strategies to exploit organic
matter. Indeed, food quantity decreased with sed-
iment depth at NH, potentially increasing interspe-
cific competition and leading to greater variety and
evenness of feeding traits in the deep sediment layer.

4.4. A multi-pronged approach to assessing diversity

Our results suggest that considering taxonomic and
functional indices in tandem reveals complementary
aspects of community structure, but that assessing any
particular metric alone does not necessarily provide
insight into other aspects of diversity, as illustrated by
the range of correlation coefficients we observed be-
tween indices. Some indices (e.g. FEve and FDiv) were
independent of all others considered, capturing unique
aspects of community composition. Others, such as H’
and d, correlated strongly but differed in susceptibility
to variation based on sample size. Finally, CWMs re-
vealed nuances that diversity indices alone miss. For
example, CWMs captured the dominance of surficial
modifiers at both west coast sites (NH and SP), while
highlighting the abundance of upward and downward
conveyors in NS — traits that serve as useful indicators
of ecosystem functioning (Queirds et al. 2013).

To evaluate the effectiveness of conservation initia-
tives or assess impacts of anthropogenic activities using
biodiversity data, many studies select simple indices
such as S or abundance of key species (e.g. Lipej et al.
2003, Lester & Halpern 2008, Lewis et al. 2014). Ac-
knowledging that conservation efforts may sometimes
prioritize biodiversity per se, functional diversity met-
rics generally predict ecosystem functioning better than
taxonomic diversity alone (Tilman et al. 1997, Bremner
etal. 2006, Mouillot etal. 2011, Lefcheck & Duffy 2015,
Lam-Gordillo et al. 2020). However, even functional
diversity metrics may not adequately capture ecosys-
tem status and trends when examined in isolation.
Considering several dimensions of diversity concur-
rently may therefore yield a more comprehensive un-
derstanding of benthic structure and function and
contribute to more accurate ecosystem assessments.

4.5. Implications of sample size for interpretation
of diversity assessments

Most studies of marine infaunal diversity assess rel-
atively large areas (i.e. 100s of km), with a small number
of replicate samples collected at each station or site
(e.g. Biles et al. 2002, Thrush et al. 2003, Belley &
Snelgrove 2016, Miatta & Snelgrove 2021, Bianchelli

et al. 2022). Time or resource availability in the field
(e.g. ship time, equipment, or personnel) often limit
sample size, along with the costly and labour-intensive
process of identifying large quantities of macrofauna
after collection. These limitations contribute to the
dearth of sedimentary diversity studies that specifi-
cally address sample size effects on statistical power
(but see Mavric et al. 2013, Forcino et al. 2015).

Our power analysis illustrates that under-sampling
could impede reliable assessment of biodiversity trends
in marine ecosystems. Even basic estimates of taxon
richness based on too few replicates can mislead, po-
tentially obscuring biological hotspots or leading to
inaccurate conclusions regarding diversity patterns in
benthic systems (Fig. 10). In fact, for many indices (e.g.
S, H', FRic, FDiv), few replicates led to a high probabil-
ity of drawing erroneous conclusions with respect to
the relationship between diversity and site or depth
layer. Despite these limitations, some indices were rel-
atively insensitive to changes in sampling effort. For ex-
ample, 3—5 cores produced statistically robust results
for d, suggesting that this index may be an appropriate
metric for resource-limited diversity studies.

In general, taxonomic assessment required lower
sample sizes compared to functional diversity. How-
ever, we observed multiple exceptions to this pattern,
and for most indices considered, assessing site versus
depth layer effects required different levels of replica-
tion. For example, 3 cores were sufficient to detect
depth layer effects for all taxonomic diversity indices
except H'. Conversely, S and J' required 20+ cores to
distinguish among sites, indicating that the level of
replication required depends strongly on the ecologi-
cal question posed.

Although our analysis focused on numbers of sam-
ples, adjusting other parameters may also affect sta-
tistical power. For studies in which sample size is nec-
essarily low (e.g. limited sampling time), larger cores
may be more appropriate. However, larger cores
require greater investment in laboratory processing
which may not be feasible for all research programs.
Altering core size can also influence diversity within
size classes. For example, the relatively small cores in
our study likely limited capture of large or fast-mov-
ing macrofauna. Given that different size classes of
benthic organisms exhibit characteristic variation on
different spatial scales (Levin 1992, Silberberger et al.
2018), different core sizes would likely capture differ-
ent distribution patterns, altering observed diversity
metrics. As such, the size range of the organisms of
interest merits consideration in relation to the size of
the sampling unit when determining appropriate
levels of replication for benthic diversity assessment.
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Small n: High richness

Large n: Lowest richness, highest

evenness, few rare taxa rare taxa

Small n: Low richness

Large n: Highest richness, many

Small n: High abundance

Large n: Low evenness, some
rare taxa

Fig. 10. Visual representation of community composition at each study site. Dashed white circles: potential sediment core col-

lections. Differences in macrofaunal abundance, distribution (i.e. patchiness), overall richness, and number of rare species in-

fluence ecological conclusions that may be drawn based on varying sample sizes (n). Text in figure reports overall conclusions

regarding each of the 3 study sites based on different levels of sampling effort. Organism images courtesy of the IAN/UMCES
Symbol and Image Libraries (Integration and Application Network; ian.umces.edu/media-library)

Taxonomic resolution may also affect the level of
replication required to assess diversity. Our study
binned or omitted several taxa from the analyses to
compare sites with differing levels of taxonomic
uncertainty directly (see the Appendix). This step was
necessary to reduce biases and standardize tax-
onomic detail, and likely had minimal effect on
indices such as FRic, depending on the functional
traits available at the genus or family level. However,
availability of species-level information for all organ-
isms may have yielded higher values for certain
indices (e.g. S), potentially resulting in greater dif-
ferences in community composition among sites
(i.e. larger effect sizes). Given that larger effects are
more easily detected, taxonomic resolution and re-
quired sample size are likely inversely propor-
tional. This consideration is particularly relevant in
remote or poorly accessible study areas, such as polar
and sub-polar environments with limited available
data.

Overall, our findings suggest a need for caution
when interpreting patterns in benthic diversity studies
with small sample sizes. However, depending on the
aspects of diversity considered, few samples (i.e. 3—5
cores) may sometimes be sufficient to draw statisti-
cally robust conclusions, thus rendering coastal
research or monitoring programs more resource-
efficient. The importance of diversity as a predictor
of ecosystem functioning (Tilman et al. 1997, Diaz &
Cabido 2001, Hooper et al. 2005, Mouillot et al. 2011)
punctuates the need to determine appropriate sample
sizes for a range of marine systems in order to assess
biodiversity status and trends and prioritize conserva-
tion resources in a rapidly changing global ocean.

5. SUMMARY

Accurate quantification of biodiversity is a central
challenge of ecological research and is crucial to the
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Appendix. Taxonomic resolution for calculation of diversity indices

When calculating diversity indices for each site, we made
several adjustments to the taxonomic groupings to reduce
error and biases. First, taxonomic resolution sometimes dif-
fered between sites for a given taxonomic unit. Where this
occurred, we grouped taxa to the coarsest taxonomic level
shared by all relevant sites. For example, the clam Macoma
balthica was identified to species level in both St. Paul's
Bay and Neddie's Harbour. However, in Newman Sound, it
was only possible to identify Macoma clams to genus due
to deterioration of key shell features. Therefore, all individ-
uals of the genus Macoma across all sites were assigned the
taxonomic label Macoma sp. for the purpose of calculating
diversity indices.

In a few cases, we assigned a high taxonomic rank (low
taxonomic resolution) to a solitary individual or to a small
number (<J5) of juveniles. In these situations, we omitted
the individual or small group of juveniles when calculating
diversity indices rather than grouping all taxonomic chil-
dren to this coarse level. For example, one juvenile clam at
Neddie's Harbour was identified as Macominae indet. We
removed this individual from the diversity analysis, rather
than labeling all Macoma sp. at all sites as Macominae
indet. Where taxonomic resolution was identical between
sites for a given taxonomic unit, we made no changes to
taxonomic groupings.

Finally, previous research indicates that significant er-
rors can occur when a taxonomic group with a large

number of individuals is not differentiated into smaller
taxonomic units and is instead treated as a single unit
when calculating diversity indices (Wu 1982). We there-
fore removed 2 highly abundant (n > 1000) class-level
taxonomic groups (Bivalvia indet. and Gastropoda indet.)
from all sites for the purposes of calculating diversity
indices. We decided to remove these groups because
they represent multiple mixed taxa that are likely already
strongly represented by other taxonomic groupings. For
example, the majority of the Bivalvia indet. observed at
St. Paul's are likely the amethyst gem clam Gemma
gemma, whose shells were too degraded to allow for con-
fident identification to species level. A full list of raw (i.e.
unbinned) and binned taxonomic groupings is provided
in Table S1.

Table Al lists the number of taxa identified at each tax-
onomic level (e.g. family, genus, species etc.) for binned
and unbinned data. For each site, we present total
number of taxa, total macrofauna abundance, and average
abundance of macrofauna per core calculated from
binned and unbinned taxonomic groupings (Table A2).
We also present a SIMPER analysis, PERMANOVA, and
nMDS plot of taxonomic composition for these data
(Table A3, Fig. Al). Patterns differed only marginally
between these results and the equivalent analyses per-
formed on binned data, which we present in the main text
(Table 3, Fig. 3A).
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Table A1l. Number of taxa identified at each taxonomic level,
for binned and unbinned data

Level Unbinned Binned
Phylum 1 1
Sub-phylum 1 0
Class 3 0
Order 3 2
Superfamily 2 1
Family 15 10
Subfamily 2 1
Genus 22 19
Species 27 19

Table A2. Total number of taxa, total abundance of macrofauna (N), and aver-
age abundance of macrofauna per core (CA) for each site, based on binned and
unbinned taxonomic groupings

Newman Sound St. Paul's
Unbinned Binned Unbinned Binned

Neddie's Harbour
Unbinned Binned

No. of taxa 36 25 43 32 42 29
N 4232 2285 2701 2632 9426 5131
CA 176 95.2 81.8 79.8 286 156

Table A3. Taxa that contributed most to the dissimilarity between communities
(identified by SIMPER analyses performed between each pair of sites) in de-
scending order according to their relative contributions. Mean density (ind. m~2,
rounded to the nearest whole number) +SD is shown for each taxon at each site

Taxon Neddie's Harbour Newman Sound St. Paul's
Gastropoda indet. 5537 £ 3165 116 = 161 3896 + 2152
Naididae indet. 325 = 549 791 = 964 2209 + 1454
Paranais litoralis 647 = 519 236 + 317 99 + 243
Pygospio elegans 1368 + 658 2875 = 2104 632 + 372
Bivalvia indet. 198 + 161 24 + 49 5320 + 4193
Gemma gemma 0 0 5707 + 4849
Manayunkia aestuarina 815 + 459 0 0
Monocorphium sp. 954 = 761 11 62 13 = 37
Mya sp. 682 = 457 118 =98 58 += 88
Polydora cornuta 121 = 112 97 = 90 711 = 361
Tellinidae indet. 0 511 =310 32 + 64
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Fig. Al. Non-metric multidimensional scaling (nMDS) plots of taxonomic composition at each site based on unbinned data.

Coloured symbols represent individual sediment cores. Colour represents site and shape represents collection ID. Small black

dots represent individual taxa identified by SIMPER. Taxa most strongly influence the taxonomic composition of cores to

which they are most closely situated. Results of the supporting PERMANOVA (pseudo-F, p-value) are displayed in the top
right corner of each plot
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