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Abstract

Biodiversity is important for communities to be resilient to a changing world, but patterns of diversity fluctuate naturally over
time. Understanding these shifts — and the species driving community dynamics — is crucial for informing future ecological
research and conservation management plans. We investigated the impacts of seasonality, small-scale changes in seagrass
cover, and small-scale spatial location on the epifaunal communities occupying a temperate seagrass bed in the South Island
of New Zealand. By sampling epifaunal communities using a fine-mesh push net two to three times per season for 1 year, and
using a combination of multivariate and hierarchical diversity analyses, we discovered that season, seagrass cover, and the location
within the bay, and their interactions, explained 88.5% of the variation in community composition. Community composition
and abundances, but not numbers, of species changed over seasons. The most common taxa were commercially important
Caridean shrimp and juvenile flounder (Rhombosolea spp.), and both decreased in abundance in summer (shrimp: 1.40/m?
in winter to 0.80/m? in summer; flounder: 0.15/m? in winter to 0.01/m? in summer). Other commercially important species
were captured as juveniles, including blue cod (Parapercis colias), kahawai (Arripis trutta), and whitebait (Galaxias spp.).
The only adult fish captured in the study were two pipefish species (Stigmatopora nigra and Leptonotus elevatus), which
had distinctly seasonal breeding patterns, with reproductively active adults most likely to be found in the spring and fall.
Our study highlights the importance of estimating biodiversity parameters based on sampling throughout the year, as some
species will be overlooked. We demonstrate that the temperate estuarine seagrass-affiliated animal communities differ in
response to season and fine-scale local environments, causing fluctuations in biodiversity throughout the year.
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Introduction

Foundation species, such as seagrasses, mangroves, and coral
reefs, provide ecosystem functions and services such as nutri-
ent cycling, sediment trapping and stabilisation, attenuating
water flow, and carbon sequestration (Costanza et al. 1997,
Heck et al. 2003; Morrison et al. 2014; Nordlund et al. 2016;
Ruiz-Frau et al. 2017; Orth et al. 2020). Moreover, these
foundation species also facilitate biodiversity by providing
habitat and supporting diverse food webs (Spalding et al.
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2003; Gillanders 2006; Guannel et al. 2016). Uncovering the
habitat components facilitating biodiversity is important for
understanding the ecological impacts of predicted habitat loss
(Waycott et al. 2009).

Estuaries with seagrass beds are known to harbour high
biodiversity, in part because seagrass provides refugia to a
large number of organisms (Orth and van Montfrans 1987;
Orth et al. 2006; Grech et al. 2012), especially juvenile fish
that rely on seagrass as a nursery habitat (Hemminga and
Duarte 2000; Heck et al. 2003; Gillanders 2006; Shibuno
et al. 2008; Bertelli and Unsworth 2014). Some species
that use seagrass as a nursery include species important for
fisheries industries, such as shrimp and prawns (Watson
et al. 1993; Haywood et al. 1995; Schaffmeister et al. 2006;
Taylor et al. 2017), flounder (Earl et al. 2014; Hyndes et al.
2018), and Australasian snapper (Schwarz et al. 2006). By
providing shelter for prey species, seagrass has the ability
to alter predator—prey relationships while simultaneously
supporting species in other trophic levels such as sea turtles,
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dugongs, tiger sharks, and marine birds (Aragones and
Marsh 1999; Beck et al. 2001; Heithaus et al. 2002; Turner
and Schwarz 2006; Bertelli and Unsworth 2014). These
nursery habitats might provide an influx of certain spe-
cies during specific seasons, for example when juvenile
fish settle out from larvae or when larger predators use
nurseries as feeding grounds, thereby affecting seasonal
patterns of community diversity.

Seagrass biomass can also fluctuate seasonally, impact-
ing the species that rely on it as a habitat. Seagrass char-
acteristics such as above-ground biomass, shoot density or
height, and epiphyte biomass can positively correlate with
the densities of certain species and overall community diver-
sity (Orth et al. 1984; Ray et al. 2014). In temperate regions,
seagrass traits such as density are impacted by seasonal
changes in water temperature, light, day-length, salinity,
nutrient concentrations, and dominant phytoplankton spe-
cies (Hemminga and Duarte 2000; Jankowska et al. 2014).
Temperate seagrass meadows often follow a cyclic pattern
in response to these abiotic variables (Duarte 1989; Olesen
and Sand-Jensen 1994), and faunal communities in sea-
grass beds likewise experience seasonal fluctuations (Bauer
1985; Edgar and Shaw 1995; Nakaoka et al. 2001; Ribeiro
et al. 2006; Hutchinson et al. 2014; Jankowska et al. 2014;
Wiodarska-Kowalczuk et al. 2014). Fluctuations in seagrass
and its associated communities also respond to more epi-
sodic or local stressors like algal blooms (Thomsen et al.
2012; Carstensen et al. 2015), marine heat waves (Oliver
et al. 2018, 2019; Smale et al. 2019), and extreme weather
events (Harris et al., 2020), which can be seasonally linked,
but might also vary at fine spatial scales — for example, due
to freshwater inputs carrying nutrients into coastal habitats;
(Lapointe et al. 2015). These unpredictable environmental
perturbations might counteract and complicate predictable
cues in shaping estuarine biodiversity.

Furthermore, biodiversity of estuarine seagrass beds can
also be impacted by seascape features such as fragmentation
and loss of connectivity between biogenic habitats (Bostrom
et al. 2011), for example created by freshwater inflows or
large unvegetated areas (Bostrom et al. 2006), or by anthro-
pogenic stressors like propeller scars, haul seining, and tram-
pling (Orth et al. 2017; Uhrin and Holmquist 2003). For
species that use seagrass as a nursery, proximity to habitats
used as adults (e.g., rocky reefs) is an important predictor
of species abundance (Rees et al. 2018). The spatial scale of
the impacts of fragmentation between habitats differs based
on the type of organism, and has been measured across a
wide variety of scales (Bostrom et al. 2011). Biodiversity
across interconnected seascapes, such as seagrass and man-
grove habitats, can also fluctuate across seasons (Tarimo
et al. 2022), as fauna transition between nursery grounds or
change in response to biogenic habitat seasonality (Cuvillier
et al. 2017).
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Here, we quantify seasonal changes to epifaunal commu-
nity diversity in a temperate seagrass bed in New Zealand. In
this bioregion, only one species of seagrass occurs, Zostera
muelleri (Turner and Schwarz 2006; Short et al. 2007), which
has seasonal but rare sexual reproduction in New Zealand
(Ramage and Schiel 1998; Dos Santos and Matheson 2017).
Seagrass in New Zealand primarily occurs in intertidal mud-
flats of sheltered estuaries but has also been found on rocky
reef platforms, coastal beaches, and in subtidal waters (Inglis
2003; Turner and Schwarz 2006; Morrison et al. 2014). Sea-
grass is declining throughout New Zealand due to anthropo-
genic impacts (Turner and Schwarz 2006; Matheson et al.
2011; Matheson and Wadhwa 2012; Morrison et al. 2014).
In New Zealand, seagrass habitats have been suggested to be
biodiversity hotspots, but seasonal data on epifaunal commu-
nity structures supporting this notion remain sparse (Turner
and Schwarz 2006; Morrison et al. 2014). More specifically,
research on seasonal dynamics of epifaunal seagrass com-
munities are lacking in terms of understanding small-scale
habitat characteristics shaping biodiversity and have largely
focussed on sampling in one season (e.g., van Houte-Howes
et al. 2004; Morrison et al. 2014). Here, we address this
research gap by testing for impacts of small-scale spatial
variation, seagrass cover, and season on epifaunal community
diversity in a New Zealand seagrass bed. We analyse popula-
tion dynamics of three focal taxa for which we collected size
or age data, providing a unique contribution to understanding
the drivers of community diversity in an estuarine seagrass
bed.

Methods

This study was conducted in Duvauchelle Bay (43.7504°
S, 172.9334° E), located in the Akaroa Harbour on the
South Island of New Zealand (Fig. 1). Duvauchelle Bay
is one of the northernmost bays in Akaroa Harbour, over
1 km from the harbour mouth. The bay is approximately
800 m wide with mosaic patches of no seagrass (mud and
sand flats) and sparse, medium (“patchy”), or consistent
dense cover within close proximity to each other (Figs. 1
and S1). We assessed temporal variation in animal com-
munities occupying the seagrass habitat in Duvauchelle
Bay by sampling monthly from November 2019 through
October 2020 (see Table S1 for detail on sampling dates
and effort). We refer to the sampled animal communities
as epifaunal communities, using a broad definition that
encompasses invertebrates and fish found on or among the
seagrass leaves (Chen et al. 2021). The full list of animals
we include is listed in Table S2, as recommended by Chen
et al. (2021).
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Fig. 1 Map of the sample location on the South Island of New Zea-
land (left) with the sampling locations within Duvauchelle Bay
shown in the two images on the right. At the top right, sampling
tows are shown colour-coded based on seasons (coral=spring,

Monthly Sampling Methods

Each sampling event began approximately 2 h before low
tide in the intertidal zone and sampled the shallow subtidal
zone as the tide receded. To sample, we used a hand-
hauled 1.2 m X 1.2-m push net (5-mm mesh) mounted on
a PVC frame, dragging the net parallel to shore in a series
of non-overlapping tows through 0.5-0.75-m-deep water.
This method is ideal for capturing small animals with min-
imal impact on the seagrass beds (Thomsen et al. 2020).
Because tows were a non-uniform length, we recorded
time-stamped coordinates for the start and end of each
tow using a Garmin GPS (average tow length was 30.6 m).
At the end of each tow, the density of the seagrass was
recorded based on a visual assessment from one of four
semi-quantitative categories: bare patches, in which no
seagrass was observed; sparse seagrass, in which some
seagrass shoots were seen but the majority of the substrate
was bare; patchy seagrass, when the tow included a mix of
bare areas and seagrass, but more seagrass occurred than
in sparse tows; or dense seagrass, when seagrass was the
primary substrate visible (see Fig. S1 for representative
drone images). Tows were conducted to remain within a

Season
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green=summer, yellow=fall, blue=winter). In the bottom right,
tows are colour-coded based on seagrass cover (gradient of greens
from light to dark representing bare to dense, for more details, see
Fig. S1)

single seagrass cover category as much as possible. All
animals captured by the net in each tow were identified
to the lowest taxonomic level (species for some, family
or infraorder for others), and the counts of each type were
recorded. Some taxa, including all fish, were recorded in
size categories to capture ontogenetic variation throughout
the year.

Pipefish species (Stigmatopora nigra and Leptonotus
elevatus) were also identified by sex and classified as either
adults or juveniles. Adult males of both species can be rec-
ognised by the presence of a brood pouch. We identified
adult females based on body size and the presence of female
ornamentation. All pipefish larger than 60 mm were tagged
using visible implant fluorescent elastomer tags (Northwest
Marine Technologies). Using established protocols for tag-
ging syngnathid fishes for minimally invasive population
monitoring (e.g., Masonjones et al. 2010; Flanagan et al.
2017; Masonjones and Rose 2019), pipefish were anesthe-
tised using 100 mg/L of clove oil in 500 mL of seawater
and three coloured tags in unique combinations (to facilitate
individual identification) were injected just below the skin.
Fish recovered in buckets of fresh seawater and were gen-
tly released back into the subtidal seagrass habitats. These
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methods were approved by the University of Canterbury
Animal Ethics Committee (protocol # AEC2018/22R).

Analysis of Community Diversity

All analyses were conducted in R v. 4.1.0 (R Core Team
2021), and plots were created using packages magick (Ooms
2021), leaflet (Cheng et al. 2021), and mapview (Appelhans
et al. 2021). Each sampling date was lumped by southern
hemisphere season (Summer =Dec-Feb; Fall = Mar-May;
Winter =June—Aug; Spring =Sep—Nov). We used the GPS
coordinates from the start and stop of each tow to calculate
the tow distances using the R package geosphere (Hijmans
2019) and multiplied the linear distances by the width of
the net (1.2 m) to calculate the tow area. A single tow was
removed from the analyses because the seagrass cover was
not recorded.

To analyse effects associated with fine-scale spatial varia-
tion, we used distance-based Moran’s Eigenvector Mapping
(dbMEM), a method which accounts for spatial autocorrela-
tion in the analysis of community composition (Dray et al.
2006; Legendre and Legendre 2012). This approach is valu-
able because it accounts for interacting features of the bay
impacting community composition such as seagrass cover,
tidal zone, and unmeasured spatial features of the environ-
ment. This method uses eigenvalue mapping of the tow coor-
dinates to reduce spatial data to a smaller number of axes
that describe spatially autocorrelated community variation,
which can then be used as predictor variables in a partial
redundancy analysis of the community composition. The
final model of relative densities of taxa included the effects
of seagrass cover, season, the most informative axes describ-
ing small-scale spatial variation, and the overlap of each of
those components. A full description of the analysis can be
found in the Supplementary Methods. We used R packages
adespatial (Dray et al. 2021), SoDA (Chambers 2020), vegan
2.5-7 (Oksanen et al. 2015).

A hierarchical analysis of patterns of diversity is most
appropriate, given that our study design was hierarchical,
with seagrass cover nested within sampling date, which itself
is nested within season. The hierDiversity package (Marion
et al. 2015a, b) is designed for such sampling designs, and
estimates alpha, beta, and gamma diversity in a hierarchical
framework for specified Hill numbers (Hill 1973; Jost
2007; Chao et al. 2014). Hill numbers are a unified set of
diversity metrics, each associated with an order ¢, which
down-weight rare species as g increases. When ¢ =0, all
species carry equal weight (corresponding to traditional
“species richness”); at g=1, the weighted geometric mean
is used, and the diversity measure is a transformed version
of Shannon’s entropy; for g =2, the weighted arithmetic
mean of species is used, and abundant species have more
influence on the diversity metric (Hill 1973; Jost 2007; Chao
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et al. 2014). Calculating multiple diversity estimates using
multiple Hill numbers (i.e., creating “diversity profile plots™)
allowed us to inspect the importance of dominant versus less
abundant species in shaping diversity and turnover (Marion
et al. 2015b, 2021). For this analysis, we calculated pairwise
turnover (scripts available on GitHub: https://github.com/
spflanagan/ecology-duvauchelle/tree/main/R/hierDiversity)
to avoid biasing our beta diversity estimates due to uneven
sampling across hierarchical levels (Marion et al. 2017).
See Supplemental Methods for further details. Rarefaction
analysis, done in vegan (Oksanen et al. 2015), indicated that
some of our tows did not sufficiently capture the diversity
of the community. Therefore, we created 999 rarefied
communities, in which we down-sampled to the number of
animals caught in the shortest tow, and ran our modified
hierDiversity analysis on each of those communities. Using
the distributions of these diversity estimates from the
rarefied communities, we assessed whether the diversity
profiles from our observed community were impacted
by sampling effects. This analysis used the densities (the
number of individuals divided by the tow area, to account for
variation among tow areas) of all observations except those
with zero animals captured in the tow.

To test for associations between particular taxonomic
groups and seagrass cover and season, we used the multi-
level pattern analysis in the R package indicspecies (Céceres
and Legendre 2009). We ran this analysis independently for
seagrass cover and for season using the function multipatt
to identify the “core” community membership associated
with each test factor. The results of these analyses were
compared to the species loadings from the distance-based
Moran’s eigenvector maps analysis to identify species with
strong associations with these two variables.

Population Dynamics of Focal Taxa

We further investigated the impacts of season and seagrass
cover on the abundance of key taxa in Caridean shrimp,
patiki (flounder, Rhombosolea spp.), and pipefish (Stigmato-
pora nigra and Leptonotus elevatus). We focused on shrimp
and patiki because they were the two most abundant and
frequently captured taxa in the dataset (see “Results”), and
on pipefish because they were part of a larger study. Further-
more, we also measured sizes for these taxa, allowing us to
test for seasonal ontogenetic changes. For each taxon, we
fitted generalised linear models with the most appropriate
link functions and used a model testing approach to identify
the model with the lowest Akaike information criterion, cor-
rected for small sample sizes (AICc).

Shrimp densities were normally distributed after log
transformation and we therefore used a linear model
(instead of a generalised linear model). The predictor vari-
ables included seagrass cover, season, and size class of
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the shrimp (<50 mm or > 50 mm), and their interactions.
Residual plots from the best-fitting model were evaluated
for model fit and assumptions.

Flounder densities were not normally distributed after
log-transformation nor were their residuals from linear
models, and the raw counts were overdispersed (the mean
counts, 1.59, were much smaller than the variance, 14.29).
Data with these properties are best modelled using a zero-
inflated negative binomial regression, here implemented
in the pcsl package v. 1.5.5 (Zeileis et al. 2008; Jackman
2020). We modelled raw counts and included the tow
area as a predictor. As with the shrimp data, we mod-
elled counts predicted by seagrass cover, season, and size
class (<10 mm, 10-20 mm, 20-50 mm, > 50 mm). All
four size classes are considered juveniles as we did not
catch any fish> 15 cm (Earl et al. 2014). To assess the
fit of the model, we visualised the residuals compared to
each variable in the model to ensure residuals were cen-
tred around 0 and calculated the dispersion statistic as
the E(residualsz)/(N —p —1), where N is the number of
individuals and p is the number of parameters (includ-
ing interaction coefficients). Furthermore, we created a
confusion matrix of the 0 and non-zero observations to
estimate the false negative rate. Finally, we used ordinary
least squares regression to investigate the relationship
between the observed non-zero counts and the non-zero
counts predicted by the model. Specifically, we extracted
the predicted counts and used bootstrapping implemented
by the boot package v. 1.3-28 (Canty and Ripley 2020) to
estimate confidence intervals.

Because pipefish were rare compared to flounder and
shrimp (see results), and therefore their counts overdis-
persed and densities highly skewed, we modelled their
presence, instead of abundance, using a multinomial logistic
regression. This approach enabled us to predict the probabil-
ity of encountering reproductively mature pipefish, given the
season, seagrass cover, and pipefish species identity (Stig-
matopora nigra vs Leptonotus elevatus). Photographs and
size data were used to identify individuals as adults or juve-
niles and assign them to the appropriate species, and count
data to match the individuals with the specific tows in which
they were captured. Tows without pipefish were given the
status “absent” instead of “juvenile” or “adult.” We then
modelled the status of individual pipefish, predicted by
seagrass cover, season, their interaction, and species iden-
tity using a multinomial log-linear regression implemented
in nnet v. 7.3-16 (Ripley and Venables 2021). To ensure
assumptions of the model were not violated, we visually
inspected the residuals compared to each variable in the
model. Finally, we used the effects package version 4.2—0
(Fox et al. 2020) to generate predicted probabilities and
confidence intervals for each level of status across the pre-
dictor variables.

Results

A total of 403 tows covering 14,812 m? were sampled over
12 dates, with a total of 133 tows in summer (3 dates), 52 in
fall (2 dates), 108 in winter (3 dates), and 110 in spring (4
dates). We caught 24,511 animals, represented by 29 taxa,
including 10 fish, 7 crabs, and five snails and whelks (see
Table S2 for total counts and mean densities). The most
abundant taxa were Caridean shrimp (67.72% of the total
catch; all shrimp were identified to infraorder), followed by
Rhombosolea spp. (10.65% of total catch) and Diloma sub-
rostrata (5.75% of total catch). Species accumulation curves
suggest that sampling effort was insufficient for most species
except Rhombosolea spp. and Caridean shrimp (Fig. S2).

Community Composition and Diversity

Partitioning the variation in the seagrass communities revealed
that the spatial position of the tows, seagrass cover, season, and
their overlapping effects shaped the abundances of the animals
in the seagrass beds, with each factor having a significant effect
in partial redundancy analyses (P <0.001; Table S3). The dis-
tance-based redundancy analysis with the interacting effects of
all three types of explanatory variables (seagrass cover, season,
and space) was significant (F3; g5=2.063, p=0.001). The con-
strained axes explained 88.5% of the variation in community
composition, with the first two axes accounting for >65% of
variation (64.51% of total and 72.91% of constrained; Fig. 2A
and B). Three of the 25 retained axes describing the spatial
location of the tows had substantial loadings in the redundancy
analysis, and those axes primarily corresponded to specific
regions of the bay, matching bay-wide east—west and diagonal
intertidal off-shore gradients (Fig. S3; Supplementary Results).
Summer samples were most differentiated from other seasons
(Fig. 2A) and were most similar to the ellipse describing sam-
ples from dense seagrass habitats (Fig. 2A and B). The species
with the largest magnitude loadings on the first axis were Carid-
ean shrimp, Rhombosolea spp., Austrovenus stutchburyi, and
Potamopyrgus antipodarum, and on the second axis Diloma
subrostrata, A. stutchburyi, P. antipodarum, Rhombosolea spp.,
and Caridean shrimp (Fig. 2B). Flounder were associated with
variation in a direction orthogonal to dense habitats (i.e., they
were least associated with dense seagrass), although the four
seagrass cover classes had substantial overlap in the first two
multivariate axes (Fig. 2B).

The alpha diversity profile plots suggest that, across hier-
archical levels, community composition was dominated by
a few abundant species, with most species occurring in low
numbers. Both the observed (Fig. 3, top row) and the rare-
fied (Fig. 3, bottom row) communities showed that alpha
diversity decreased with increasing g (i.e., as rare-species
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Fig.2 The first two con-
strained coordination analysis
axes incorporating the effects
of season, seagrass cover,

and spatial covariates from a
distance-based Moran’s eigen-
value matrix. A and B show
the same axes (explaining 65%
of the constrained variation)
and sample points, but where
overlain ordiellipses represent-
ing seasonal patterns (A) and
seagrass cover (B), respectively.
Also plotted are eigenvec-

tors, scaled by eigenvalue, for
the five taxa with the highest
loadings

Caridea

CAP2 (19.79% of total; 22.37% of constrained)

— Winteir
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-2
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1
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CAP1 (44.73% of total; 50.54% of constrained)

are down-weighted), with values for richness (¢ =0) around
5 effective taxa per tow for each seagrass cover category
and 20 for each season, both decreasing to 2 to 5 effective
taxa per tow for all categories at g =2 (the inverse of Simp-
son’s index). These patterns suggest that the communities
are dominated by several highly abundant species, with most
other species occurring at low abundances. However, we

I
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CAP1 (44.73% of total; 50.54% of constrained)

found no major differences in alpha diversity across seagrass
cover or seasons, although estimates from the rarefied com-
munities suggest that more species were present in the spring
than in the other seasons (Fig. 3).

The pairwise turnover plots suggest that within each
level of seagrass cover, there were few disparities between
common versus rare species (see flat profile plots in Fig. 4),

bare 4 patchy ® Winter Summer ® Overall
25+ sparse ® dense 25 " Spring Fall 25 -
3 20 A 20 A B 20 A ¢
° 0
GE) 15 15 - 15 1
§ 10 10 1 10
o 5 \l-\- 5 5 -
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Order (q) Order (q) Order (q)

Fig. 3 Diversity profile plots of alpha diversity for Hill’s g=0, g=1,
and g=2, calculated at the hierarchical levels of seagrass (A, D),
nested within season (B, E), nested in the overall alpha diversity (C,
F). These values reflect the effective number of taxa captured per
tow. At ¢=0, all species have the same weighting, but as g increases,
rare species have less influence on the metric. The negative slopes on
the profile plots indicate that common species drive patterns of spe-
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cies richness. A—C Observed alpha diversity values with bootstrap-
estimated confidence intervals, D-F Estimates of alpha diversity
and associated confidence intervals estimated from 999 permutation
communities rarefied down to the smallest tow distance in the dataset
(note that some confidence thresholds are so narrow that they are not
visible in the plots)
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suggesting that samples share dominant and low-abundance
species within each seagrass habitat. These analyses suggest
that sparse habitats had lower estimates of pairwise turnover
than other seagrass types. However, at higher hierarchical
levels (season and overall), communities differed in less
abundant species but shared the same highly abundant species,
as can be inferred by the diversity profile plots’ negative
slopes (Marion et al. 2021). Again, seasons did not differ in
the observed estimates, although the rarefied estimates sug-
gested small differences, with larger disparity in communi-
ties between tows in fall compared to other seasons (Fig. 4).

Abundances of individual seagrass-associated taxa fol-
lowed the community-level analyses, in that only few spe-
cies showed strong associations with individual variables
(see overlapping ellipses in Fig. 2 and the generally overlap-
ping diversity results). The most common species did not
have strong associations with particular seagrass habitats
in Duvauchelle Bay (Table S4), likely because they were
found in reasonably large numbers in all habitat types (e.g.,
we caught 246 flounder in dense seagrass, but these repre-
sented only 9.58% of all flounder captured). Still, four taxa
were associated with specific habitat types: Arripis trutta
(indicator value=0.342, p=0.005), Polychaeta spp. (indi-
cator value=0.301, p=0.005), and Notolabrus celidotus
(indicator value=0.292, p=0.005) were associated with
dense seagrass, whereas Retropinna retropinna were associ-
ated with patchy seagrass (indicator value=0.232, p=0.01;

Table S4). Although no species were associated with bare
habitats, four taxa were associated with seagrass pres-
ence (sparse, patchy, and dense habitats): Halicarcinus
spp. (indicator value=0.722, p=0.005), blennies (indica-
tor value =0.687, p=0.005), Stigmatopora nigra (indicator
value =0.405, p=0.005), and Cominella glandiformis (indi-
cator value =0.321, p=0.025). In addition, Peridotea ungu-
lata (indicator value=0.510, p =0.005), Labridae (indicator
value =0.408, p=0.005), and Leptonotus elevatus (indica-
tor value=0.254, p =0.025; Table S4) were associated with
patchy and dense seagrass habitats combined.

The tests of abundance patterns across seasons revealed
that most taxa were associated with combinations of non-
summer seasons (concordant with the multivariate analy-
sis, Fig. 2). Specifically, seven taxa were associated with
the winter-spring-fall combination, including Rhombo-
solea spp. (indicator value=0.878, p=0.005), Caridea
(indicator value =0.845, p=0.005), Varunidae (indica-
tor value=0.567, p=0.005), Peridotea ungulata (indica-
tor value =0.480, p =0.005), Macrophthalmus hirtipes
(indicator value =0.467, p=0.005), S. nigra (indicator
value=0.378, p=0.015), and juvenile N. celidotus (indi-
cator value=0.262, p=0.03). Juvenile R. retropinna and
P. colias were associated with winter (Table S4), lim-
pets (gastropods in subclass Patellogastropoda) with
spring (indicator value =0.204, p=0.015), and juvenile
A. trutta with summer (indicator value =0288, p =0.005).
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Fig.4 Diversity profile plots of pairwise turnover for Hill’s g=0,
g=1, and g=2, calculated at the hierarchical levels of seagrass (A,
D), nested within season (B, E), nested in the overall pairwise turn-
over (C, F). At g=0, all species have the same weighting, but as q
increases, rare species have less influence on the metric. The nega-
tive slopes on the profile plots indicate that common species drive

patterns of sample dissimilarities. A—C Observed pairwise turnover
values with bootstrap-estimated confidence intervals. D-F Estimates
of pairwise turnover and associated confidence intervals estimated
from 999 permutation communities rarefied down to the smallest tow
distance in the dataset (note that some confidence thresholds are so
narrow that they are not visible in the plots)
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Furthermore, C. glandiformis was associated with the win-
ter-spring combination (indicator value =0.372, p =0.005),
juvenile Labridae with winter-fall (indicator value=0.382,
p=0.005), Pyura pachydermatina with spring—summer
(indicator value =0.274, p=0.02), and L. elevatus with
spring-fall (indicator value=0.255, p=0.03; Table S4).

Population Dynamics of Focal Taxa

Caridean shrimp densities were best modelled with all three
explanatory variables (seagrass cover, season, and individual
size) and their interactions. Although the model was statis-
tically significant (F3 774,=10.73, p<0.001), it explained
only 27.25% of the variation in the data. Patchy seagrass and
sparse seagrass had significant positive effects on shrimp den-
sities (Table S5; patchy: estimate=0.51140.168, r=3.039,
p=0.00245; sparse: estimate =0.705+0.180, t=3.912,
p <0.001). However, interactions contributed negatively to
shrimp densities (i.e., decreases in shrimp densities were
explained by combinations of particular seasons and habi-
tat types), in particular the interactions of summer X patchy
(estimate = —0.638 +0.206, r= —3.098, p=0.002),
spring X sparse (estimate = —0.541+0.223, r= —2.43,
p=0.015), summer X sparse (estimate = —0.979 +0.218,
t=—4.488, p<0.001), and spring X large size (esti-
mate = —0.450+0.203, t= -2.212, p=0.027).

The best-fitting zero-inflated negative binomial model
of flounder (Rhombosolea spp.) abundances included
an interaction between season and seagrass cover, with
additive effects of size and tow area (see Supplemen-
tary Results for details of model fit). Flounder showed a
strong negative decline in summer (f= —2.00+0.477,
z=—4.199, p<0.001) and were most abundant in bare
habitats (#=1.705+0.182, z=9.381, p<0.001; Fig. 6).
The two larger size classes were less abundant than the
smallest sizes (20-50 mm: f= —0.532+0.144, z= —3.687,
p<0.001;>50 mm: f=-2.252+0.413, z= —5.457,
p<0.001). Of the interactions, the only significant effects
were sparse seagrass X summer (f=1.437+0.559, z=2.572,
p=0.010) and patchy seagrass X summer (f=1.871+0.616,
7=3.036, p=0.002). In addition, the log(B) term was signifi-
cant (=0.341+0.132, z=2.586, p=0.010), confirming our
assessment that the count data were overdispersed. Similar
patterns were seen for the zero-inflation component of the
model (see Table S6 for all coefficients).

The two pipefish species had largely similar responses
to seagrass cover, season, and their interaction (Table S7).
Both species were found in low abundances, and our model
reflects this by predicting the probability of absences in a
given tow, in any habitat or season, as > 0.8. Pipefish were
least likely to be observed in bare habitats, regardless of
other variables, and most likely to be observed in patchy or
dense seagrass habitats (Fig. 7). Both species of all ages had
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the lowest predicted probabilities in those preferred habitats
during the summer (predicted probabilities of being captured
in a given tow < 0.05) and the highest probabilities in the
spring and fall for both age categories (Fig. 7). In the winter,
the two age classes differed, with adults having near-zero
capture probabilities but juveniles showing no substantial
decline from fall to spring (Fig. 7). None of the 81 marked
individuals were recaptured, so we are unable to estimate
population sizes based on recapture rates.

Discussion

We found that seagrass cover, season, and small-scale spa-
tial location explain community diversity and structure in
Duvauchelle Bay, New Zealand. The communities were
defined by the most abundant species (in particular, shrimp
and flounder), and across seasons, the communities differed
in their least abundant species but not the highly abundant
species. Despite the importance of seasonality in shaping
the community composition (i.e., which rare species were
present), seasons only had minor effects on universal com-
munity diversity metrics. Our combination of multivariate
statistical analyses and hierarchical diversity partitioning
allowed us to maximise the insights gained from monthly
sampling data.

Fine-scale spatial factors shaped community composi-
tion in Duvauchelle Bay. The three spatial axes substantially
contributing to multivariate community diversity axes were
associated with four distinct regions of the bay that would
not have been easily described by other categorical vari-
ables such as intertidal region or the side of the bay (Fig.
S3). Instead, these axes appear to correspond to fine-scale
seascape features related to specific locations in the bay (Fig.
S3). We hypothesise that these fine-scale features are related
to a natural break in connectivity between the east and west
sides of the bay caused by a freshwater inflow, varying high
tide depths and exposures at low tide, and proximity to other
habitat types including a rocky mussel reef on the edges of
the bay. In this way, our data-driven approach enabled us to
identify and include in our analysis seascape features that
would have otherwise been overlooked. Further research is
needed to conduct fine-scale mapping of these seascape fea-
tures in Duvauchelle Bay and throughout Akaroa Harbour to
enable incorporating these specific features into the analysis
of community diversity (as done in Henderson et al. 2017).

While the mechanisms contributing to the importance
of these spatial variables are unknown, fine-scale effects of
seagrass traits have been shown to impact predation rates
on small fishes (Chacin and Stallings 2016) and fish com-
munity diversity (Henderson et al. 2017), and factors such
as wave exposure can impact fish assemblages (Perry et al.
2017). In line with our results emphasising the interacting
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Fig.5 Mean shrimp abun-

dances (+ standard errors) were 2.0

determined by season, seagrass A
cover, and their size. Two size 1.5

categories are represented by 1.0

different colours and shapes,

and in all seasons except fall, 0.5

smaller shrimp were more abun- 0.0-

dant. A-D show the predicted
densities (In(density + 1)) and
E-H show the observed number
of shrimp in bare (A, E), sparse
(B, F), patchy (C, G), and dense
(D, H) seagrass covers

Observed number Predcited In(density+1)

Fall

effects of fine spatial scale variation and season, shallow-
water fish communities in Zanzibar were impacted by off-
shore variables (e.g., wave exposure) in different ways across
the seasons (Perry et al. 2017). Our study was not designed
to detect broad-scale seascape features, nor were we able
to incorporate seagrass traits in our analyses, but these are
fruitful areas of future study as fish diversity has been shown
to respond to both fine- and broad-scale habitat features
(Berkstrom et al. 2013) and proximity to seascape features
such as the open ocean (Henderson et al. 2017). Further-
more, the connectivity to the nearby habitats in other bays
(including seagrass meadows, rocky reefs, and kelp forests)
is likely to be an important factor impacting the biodiversity
we report here (Cuvillier et al. 2017; Henderson et al. 2017;
Rees et al. 2018; Tarimo et al. 2022).

The effect of seasons on the animal communities was —
in part — driven by declines in the abundance of the most
common animals (flounder and shrimp) in the summer. These
declines were counteracted by increases in abundance of rare
species, as reflected in the alpha diversity profile plots (sum-
mer having the largest alpha diversity at g=1 and g=2).
This summer decline was surprising, in part because these
taxa have previously been shown to peak in summer in other
locations (Webb 1972; Bauer 1985), and also because fish are
expected to be most common in New Zealand seagrasses in
summer (Morrison et al. 2014). We suggest that the observed
decreases can be attributed to macroalgal blooms observed
in late January. Macroalgal blooms typically have negative
impacts on seagrasses (Hoffle et al. 2012), particularly in
summer months, as well as on invertebrate communities in
sedimentary habitats (Lyons et al. 2012). However, in lower
abundances, macroalgae can also provide complex habitats
and refugia for some species (Lyons et al. 2012; Thomsen and
Wernberg 2015), which could explain the moderate increase
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in alpha diversity in the summer months. Another possibility
is that the macroalgae reduced our ability to capture different
species, in particular the more mobile flounder and shrimp.

Our result that less abundant species had highest turnover
across seasons reflects patterns in fish recruitment. Most juve-
nile fish were captured only during one season (Table S1),
which likely reflects species-specific variation in spawning
habits. For example, smelt and blue cod juveniles were only
found in winter, and kahawai mainly in summer. These timings
correspond to breeding seasons as blue cod breed in winter
and spring in Otago (Robertson 1973) and kahawai in Can-
terbury breed in summer (Webb 1973). Only typical seagrass
residents such as pipefish, blenny, and small wrasses (Kendrick
and Hyndes 2003; Gillanders 2006) and juvenile flounder were
found year-round. All flounder captured in this study were small
young-of-the-year (all < 100 mm, which is less than 2-year-old
flounder (Webb 1972)), suggesting that Duvauchelle Bay serves
as an important nursery ground, especially given the abundance
of food (e.g., shrimp) and habitat complexity. However, whether
this pattern can be directly attributed to the seagrass is uncer-
tain, because juvenile flounder did not show a strong prefer-
ence for patchy or dense seagrass and are often also found on
mudflats (Webb 1972; Earl et al. 2014; Thomsen et al. 2020).
Additionally, our sampling method targets small fishes across
small spatial scales, so the occupancy of the seagrass by adults
is unknown. Experimental studies are needed to identify the
underpinning factors that cause seagrass beds in New Zealand
to be valuable nursery habitats for juvenile fish. Understanding
these factors is also of cultural and economic importance, as
flounder are taonga (a treasure) to the local hapti (sub-tribe) as
mahinga kai (traditional food source).

The interaction of seagrass cover and season was an impor-
tant predictor in every model we analysed, likely because tem-
perate seagrass cover typically fluctuates throughout the year
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Fig.6 Mean flounder abundances (+standard errors) were deter-
mined by habitat type (A, E bare, B, F sparse, C, G patchy, D, H
dense seagrass), flounder size (represented by shapes and colours),
and season. Flounder were most commonly found in bare habitats
as very small juveniles, and were least commonly observed in the

(e.g., Jankowska et al. 2014). As in other systems (Wlodarska-
Kowalczuk et al. 2014), the magnitude of the differences
along our bare-to-dense gradient of seagrass cover changed
throughout the season for our focal species (Figs. 5, 6, and
7). Although spatial variability in seagrass density at small
scales has been demonstrated to be important for diversity of
epifaunal invertebrates (Gullstrom et al. 2012), the seasonal
impacts of this small-scale variability are unclear. Further-
more, seagrass biomass and community diversity could have
been impacted by (unmeasured) fine-scale features such as a
freshwater input in the middle of the bay (e.g., Lirman and
Cropper 2003) or nearby bivalve beds (e.g., Sharma et al.
2016), as seascape features are known to be important factors
shaping faunal diversity (Bostrom et al. 2006; Cuvillier et al.
2017; Perry et al. 2017; Rees et al. 2018; Tarimo et al. 2022).

We captured breeding adult pipefish, which are considered
flagship seagrass species (Shokri et al. 2009) and indicators
of healthy seagrass meadows (Shokri et al. 2009; Ford et al.
2010; Scapin et al. 2018). Breeding adults were absent in the
winter, but juveniles remained likely to be captured (Fig. 7).
These patterns suggest that the local pipefish population could
be annual with adult mortality at the end of the summer, a
hypothesis supported by a short life span observed for S. nigra
in Australia (Parkinson et al. 2012; Parkinson and Booth 2016).
Alternatively, the local pipefish populations might not be obli-
gate seagrass dwellers, in contrast to consensus data (Hyndes
et al. 2018), and adults could migrate to deeper waters and
other habitats (e.g., kelp beds) upon completion of breeding.
However, this migration hypothesis deviates from patterns
observed in S. nigra in Australian seagrass beds (Connolly
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summer. The predicted number of flounder caught per tow (density,
counts/m?) from the zero-inflated negative binomial model are pre-
sented with bootstrapped confidence intervals in A and D. The mean
observed counts are shown with standard errors in E and H

1994; Hindell et al. 2000; Burt 2002; Browne et al. 2008;
Smith et al. 2011). Regardless, we observed a shortened
breeding season compared to the Australian populations,
where breeding adults were found throughout the winter
(Parkinson and Booth 2016), potentially supporting the

Stigmatopora nigra Leptonotus elevatus
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Fig.7 Predicted probabilities (+standard errors) of each species
being present as adults (A, C), or present as juveniles (B, C) in each
season and across each level of seagrass cover (represented by dif-
ferent shapes and colours). Note the different y-axes. Adult pipefish
were most likely to occur in spring and fall, whereas juveniles had
similar likelihoods of occurring year-round in both species. Stigmato-
pora nigra juveniles were more likely to be caught than Leptonotus
elevatus juveniles in every season. Both species were most likely to
occur in dense or patchy seagrass habitats
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hypothesis that populations of S. nigra in New Zealand and
Australia have diverged sufficiently to be considered different
species (Dawson 2012). A shortened breeding season could
also contribute to stronger sexual selection (Emlen and Oring
1977) and thereby increase genetic divergence.

In conclusion, we have shown that the animal communi-
ties inhabiting a temperate seagrass bed varied across seagrass
patches and seasons, with rarer species showing high temporal
turnover. We also suggest that poorly studied seagrass beds on
the South Island of New Zealand function as nursery grounds for
flounder and habitat for iconic pipefish. These results highlight
the importance of sampling many times over a year to capture
all communities. Although the most abundant species (shrimp
and flounder) dominated all habitat types, seagrass cover was
an important factor facilitating several less common species, in
particular pipefishes of all ages. Seagrass beds therefore enhance
the biodiversity of the system. Seagrass abundance is declining
globally (Orth et al. 2006) and in New Zealand (Turner and
Schwarz 2006; Tan et al. 2020), and protecting this habitat is
critical for maintaining biodiversity. Our finding that seasonal-
ity interacts with seagrass cover to shape community diversity
further highlights the importance of conserving this habitat.
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