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ABSTRACT

Flood-tidal deltas commonly occur along microtidal coasts in the mouths of those inlets kept open by tidal currents, but they have seldom been studied ecologically.
Such a delta of fine sand occurs in the Knysna estuarine bay, South Africa, extending for some 2 km upstream. Although macrofaunal assemblage metrics (overall
abundance, observed and estimated species density, geometric mean morphospecies abundance, evenness, and patchiness) varied little along the deltaic axis, faunal
composition changed markedly though without species replacement except in the paraonid polychaetes. Unusually, the sand was dominated by these paraonids
(especially Paradoneis lyra capensis) and, over its proximal half, also by the amphipod Urothoe pulchella, but worms steadily increased in importance upstream whilst
crustaceans decreased. Noteworthily, a psammodrilid was present - the first record from Africa. The flood-tidal shore fauna contrasted in composition with that of the

facing ebb-channel shore (dominated by Dipolydora) and areas upstream of the mouth.

1. Introduction

Along microtidal coasts, the mouths of those marine inlets kept open
by tidal currents typically develop extensive flood-tidal deltas of sedi-
ment (Harris et al., 1992; Austin et al., 2018), and they are a common
feature of estuaries in the Cape provinces of South Africa (Reddering and
Rust, 1990). One such is in the Knysna estuarine bay in the Western Cape
(Cooper, 2001), where the sediment concerned is largely fine-grained
silica sand (mean particle size 0.18-0.25 mm) containing up to 25 %
calcareous shell debris (Reddering and Esterhuysen, 1987; Cooper and
Green, 2023). Its source is the major Tertiary-Pleistocene fossil coastal
dune system immediately to the west of the mouth (Reddering and
Esterhuysen, 1987; Illenberger, 1996). Sand eroded from the dune face
is brought in by the flooding tide and deposited along the south-western
shore of a bay island, itself a former flood-tidal sand bank created when
local sea level was higher than at present (Flemming, 1977). This sedi-
ment forms a broad sandflat at LWS extending into the estuarine bay for
1.8 km as a single linear intertidal bank that gradually decreases in
height. Tidal channels then occupy the western portion of the 15 m deep
mouth region although the flood-tidal delta and channel are separated
from the western ebb-tidal channel and shore by an elongate sand bank
(Pansy Bank’) (Fig. 1).

Estuarine sands have been rather neglected relative to those of
exposed oceanic beaches (McLachlan and Defeo, 2017), and likewise
those of relatively mobile flood-tidal deltas have received less study than
more stable sheltered sands in general. Very few have specifically
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considered the benthic macrofauna of flood-tidal delta sands as a habitat
system in its own right, and although they are abundant in South Africa
this situation applies to that country too. Studies that have been con-
ducted include work in the deltas developed along the inlet between the
Danish barrier island of Rgmg and the German one of Sylt in the
European.

Wadden Sea (Lackschewitz and Reise, 1998) and that in the mouth of
the South African Nahoon Estuary (Bursey and Wooldridge, 2002,
2003). The Wadden Sea study was mainly directed towards the poly-
chaete Arenicola and its burrow-commensal amphipod Urothoe pos-
eidonis, whilst that in the Nahoon Estuary was particularly concerned
with a faunal comparison of the delta with a sandy beach outside the
estuary’s mouth with which the delta was confluent, and with the
estuarine regions further upstream, together with variation at different
tidal heights. Here, species of Urothoe (U. serrulidactylus and U. coxalis)
were also dominant members of the delta fauna. No study, however,
seems to have investigated whether the faunal assemblages in the delta
sands themselves change along their axial gradients, notwithstanding
that they clearly often show linear habitat change from an exposed and
unstable area near the mouth to their more sheltered zones upstream (e.
g. Austin et al., 2018; Gong et al., 2023). Degree of exposure is after all
considered to be one of the main environmental variables influencing
macrofaunal assemblage composition (Jacquot et al., 2024).

Variation along the Rainbow Channel that cuts through the 140 km?
flood-delta sands of the Eastern Banks region of Moreton Bay, Queens-
land, was indeed studied by Barnes (2023), but that investigation was
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restricted to such seagrass habitats as were present. In the seagrass,
assemblage metrics of the associated macrofauna (faunal abundance,
species richness, evenness and composition) remained effectively un-
changed along the 12+ km length of the delta. It was considered likely,
however, that seagrass systems constitute a special case because they
create their own microclimate, including decoupling renewal times of
the overlying water and local organic enrichment/decomposition state,
permitting relative faunal constancy along environmental gradients. In
contrast, bare sand does not achieve this, and its assemblages are known
to vary more than those of adjacent seagrass beds along the general
upstream gradient of an estuary (Barnes, 2022a). At least one area of the
Rainbow Channel delta sand is also known to be dominated by a haus-
torioid amphipod, in this case by Urohaustorius (Barnes and Cottrell,
2024), the Australian equivalent of Urothoe. The Knysna estuarine bay is
in several respects intermediate between the two huge leaky-lagoonal
systems above (Wadden Sea and Moreton Bay) and the small narrow
Nahoon Estuary, whilst the Queensland delta is structurally similar to
the Knysna one in that the sand derives from immediately adjacent fossil
coastal-barrier dune fields of equivalent age (Patton et al., 2019).
Although as a whole the Knysna estuarine bay is much studied, not
least because of its biodiversity and conservation importance (Hayes
etal., 2022; Whitfield et al., 2023), very little is known of its delta fauna
and that only at its sheltered, north-western upstream end. Here,
Allanson et al., 2000a repeated a transect carried out 50 years earlier
(Day et al., 1951) from high to low water in the seagrass present at the
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time, and Barnes and Barnes (2014) took some samples in the same
general area to compare adjacent seagrass and unvegetated sand faunas.
This small area investigated to date suggested that faunistically the delta
sands were markedly different from all other regions of the estuarine bay
(Barnes, 2021). An equivalent conclusion has been reached in other
systems, for example in respect of the small flood-tidal delta in the
mouth of the Gamtoos Estuary, Eastern Cape (Schlacher and Wool-
dridge, 1996). The available Knysna samples, however, only represent a
very small part of its flood-tidal delta system (especially those taken in a
seagrass bed that no longer occurs over much of the shore), and no in-
formation is available on variation in faunal assemblage characteristics
along its length. Such habitat variation in an ebb-tidal sand delta
(offshore of the Ameland/Terschelling passage in the Dutch section of
the European Wadden Sea) has recently been shown to be reflected by
changes in the occupying zoobenthic assemblages (Holzhauer et al.,
2022).

The present study therefore compared bare-sand sites along the
whole longitudinal upstream axis of the Knysna flood-tide delta to
examine the null hypothesis that macrofaunal invertebrate assemblages
show no linear variation in their taxonomic composition or assemblage
metrics. To place the delta sands in the context of the estuarine mouth
zone as a whole, the investigation also compared the flood-tidal sand
fauna with that on the immediately opposite western coast, alongside
the deep and narrow, ebb-tidal channel, the null hypothesis here being
no faunal difference between the two facing but contrasting shores. The

Fig. 1. Google Earth view of the mouth of Knysna estuarine bay, showing the tidal channels and sampling sites along the eastern flood-tidal delta sandflat and the
western ebb-tidal shore: sites 1-4 upstream along the southwest shore of Leisure Isle; site E in the centre of the opposite ebb-tidal channel coast.
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western coast possesses a shoreline formed by steep, narrow beaches
that appear to have originated in situ from wave and current erosion of
the sheltered landward face of the coastal dune system immediately
behind them (see Marker, 2000); no information at all is available on
their fauna or ecology. Faunal relationships between the delta and the
other areas of the estuarine bay were assessed by comparison with
equivalent historical datasets taken in 2021-2023 from comparable LWS
areas of bare sediment across a representative range of Knysna sites,
including one on the northern limit of the tidal-delta sand (Mendeley
Data VI https://doi.org/10.17632/nmwsrpd738.1 and/d7fmxgx95t.1).

2. Methodology

Four flood-tidal sites spaced at equal distances along the length of the
delta were selected between  34°04'25"S,23°03'41"E  and
34°03'53"S,23°03'01"E, each such site being located in the centre of the
intertidal flat that extends between the tidal channels and the seawall
protecting Leisure Isle (Fig. 1). In so far as could be judged from ob-
servations of tidal movements along the delta, all sites were at more or
less the same height in relation to the tide to avoid complications due to
differential elevation (Dewenter et al., 2023). For comparison with the
delta sands, a site along the shore of the western, ebb-tidal side of the
estuarine mouth, directly opposite the mid point of the flood-tidal delta
coastline, was also examined (at 34°04'16S,23°03'00"E) (Fig. 1). This
region supports sand at higher tidal levels than the eastern coast but
below mean low water the shore comprises only a surface coating of
sand above rock fragments. All these sites are exposed only during
spring tidal cycles. Although the flood-tidal delta extends along part of
the longitudinal estuarine axis, there is no diminution in salinity along
its length, the whole delta being located in the fully-marine mouth re-
gion of the seawater-dominated estuarine bay, a region characterised by
a very large spring-tidal prism of 19 x 106 m® with an average tidal flux
of 1000 m® s7! (Allanson et al., 2000b; Largier et al., 2000).

Studying tidal-sandflat and shallow-subtidal harbour sediments in
Newfoundland, Clinton et al., 2024 found that ’typical sampling effort
for coastal benthic studies, for example of <5 push cores of <0.0038 m?
area’ failed adequately to capture macroinfaunal assemblage composi-
tion and several biodiversity metrics, and could result in erroneous
conclusions. They considered that for assessment of species density and
evenness, >20 such cores per site were needed, although diversity
(measured as the Shannon or Simpson indices) required fewer. This
roughly equates to >14 cores of 0.0054 m? and therefore, here, two
stations, at least 25 m apart, were worked at each site, each station
comprising 16 randomly-located push core samples of 0.0054 m?
cross-sectional area and 0.1 m depth. Stations yielded an average of 174
animals (minimum 120), well above the number required for robust
multivariate comparisons, there being no high levels of evenness
(Forcino et al., 2015). All cores were taken some 60 min before low tide
when the stations were still covered by 15+ c¢m of water. Sampling was
undertaken during in the austral spring, and all sampled areas were
without any covering of macroalgae or seagrass. This sampling regime
collects the smaller and most numerous members of the macrofauna that
constitute the large majority of invertebrate biodiversity, at least insofar
as molluscs are representative (Albano et al., 2011). All samples were
gently sieved on site through 500 pm mesh, and all retained material
from each core was then transported immediately to a local laboratory.
There it was placed in a 30 x 25 cm dish over a LED pad in which the
living fauna was located by visual inspection using 3.5x magnifying
spectacles. The recent historical datasets from upstream of the delta
were obtained in identical fashion (although sieved through 710 pm
mesh).

Because of prevailing taxonomic uncertainty, even amongst
numerically-dominant South African animal groups (see e.g. Simon
et al., 2022), identification of collected fauna was generally attempted
only to morphologically-based operational taxonomic units (’'morpho-
species’), an appropriate procedure to detect spatial patterns of numbers
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of taxa and their differential abundance (Dethier and Schoch, 2006;
Gerwing et al., 2020). Although this incurs a risk of failing to distinguish
closely similar animals, experience of taxonomic resolution/sufficiency
in equivalent soft-sediment macrobenthic studies (e.g. Warwick, 1988;
Tataranni et al., 2009) indicates that operating at various levels from
species up to family all produce similar conclusions. Wherever possible,
however, all animals of particular interest were identified to the lowest
taxonomic level using names currently recognised. Nomenclature is as
given by the World Register of Marine Species (WoRMS, www.marinesp
ecies.org, accessed December 2024), except in respect of ’Assiminea’
capensis (see Barnes, 2018) which is listed in WoRMS as Rissoa capensis
and as a taxon inquirendum [ = the ’A.” aff capensis of Miranda et al.,
2014, but not their A’. cf capensis].

Numbers per unit area (i.e. per core, station, and site) of each
component zoobenthic morphospecies were subjected to similarity
analysis, and assemblage metrics were derived and compared via PAST
4.15 multivariate software (Hammer et al., 2001) or Microsoft Excel for
Mac 16.91 with the StatPlus:mac Pro 8.0.4 add-on, all metrics being
based on animal numerical abundance. Univariate metrics assessed were
those argued to have a major influence on local-scale biodiversity pat-
terns (Santini et al., 2017; Blowes et al., 2022): (1) overall faunal
abundance (presented below as numbers m’z); (2) geometric mean
morphospecies abundance m’z; (3) relative evenness (=equitability) of
individual taxon abundances (Pielou’s J); and (4) observed and pre-
dicted likely real numbers of morphotaxa per unit area (’taxon density’
sensu Gotelli and Colwell, 2001), estimated here as the absolute effective
density (ED) (Gatti et al., 2020), incorporating Hill’'s Hy, H; and Hs
metrics (Gotelli et al., 2024) [i.e. by the expression Hy + [(H%)/(Z*Hz)],
where Hj is the observed taxon density, H; is the exponential of their
Shannon entropy, and Hj is the corresponding inverse Simpson con-
centration]. In addition, (5) local spatial variation in assemblage
abundance was also assessed (by Lloyd’s I, index of patchiness, with
significance of departures from random dispersal tested by Monte Carlo
simulation with 9999 iterations). Interspecific relationships between
assemblage-component abundances and occupancies were compared
across sites by ANCOVA, with, as earlier at Knysna (Barnes, 2022b),
occupancies being presented as logit transformed values [i.e. as
occupancy/(1-occupancy)]. Relative importance of individual species
within the macrofaunal assemblage at each site was assessed by the
Index of Numerical Importance (INI) which combines data from both
relative abundance and relative occupancy (Barnes, 2014).

Similarities between sites will be heavily influenced by numerically
dominant species if no transformation is applied to the raw data, and the
present data do show marked dominance by one or two species at all
sites. Although therefore there are strong arguments in favour of
transformation (Thorne et al., 1999), dominance by a few species is a
feature of great ecological significance, especially where they alter the
nature of the substratum. Hence here comparisons are presented both in
untransformed and fourth-root transformed forms. Multivariate statis-
tical comparison of quantitative assemblage composition was carried
out by ANOSIM (using Euclidean distance), PerMANOVA (using Mor-
isita’s similarity index, see Wolda, 1981; Barwell et al., 2015), SIMPER
(using Bray-Curtis similarity), all with 9999 permutations, and affinities
between sites throughout the estuarine bay were expresed by nMDS.
Qualitative faunal similarity was assessed as the -2 index of Harrison
et al. (1992), which uses incidence data, ranges from 0 (complete sim-
ilarity) to 1 or 100 % (complete dissimilarity), and is a 'narrow sense’
non-directional index in the terminology of Koleff et al. (2003). Con-
tributions of species turnover and nestedness to f§ diversity were assessed
as per Baselga (2010).

3. Results
The macrofauna of the Knysna flood-tidal sand delta was clearly

dominated by paraonid polychaetes (Paradoneis and Levinsenia) which
comprised >50 % of all sampled individuals and by haustorioid
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amphipods (principally Urothoe but with a few Indischnopus). These two
higher taxa plus the cumacean Iphinoe and the polychaetes Orbinia and
Cirratulus comprised 80 % of all animals sampled. Nevertheless,
although the delta is less than 2 km long, there were marked faunal
changes along its length, most obviously in the relative importance of
worms and crustaceans (Fig. 2). Indeed there were significant faunal
differences between all four sites whether the data were fourth-root
transformed or not (PerMANOVA overall F > 36, P < 0.0001; between
individual sites F > 7, P < 0.0001). Levinsenia, for example, occurred at a
density of almost 700 m ™2 at the site nearest the mouth, but was absent
from other sites where it was replaced by Paradoneis at a mean density of
1256 m~2. Urothoe dominated the half of the linear delta nearest the
mouth (at a mean 540 m~2) but only a single individual was found in the
entire distal half. Only Iphinoe, Orbinia, an elongate Tetrastemma-like
four-eyed nemertine, the isopod Cyathura, bivalve Hiatula and poly-
chaete Simplisetia (in decreasing order of abundance) were present at all
four sites.

Which adjacent sites were most similar faunistically depended on
whether the abundance data were transformed or not, but overall the
two distal sites (3 and 4) were most similar, whilst most change occurred
between sites 1 and 2 (see Tables 1 and 2). The taxa whose changing
untransformed abundances were most responsible for differences be-
tween the sites were, in decreasing order, Paradoneis, Urothoe, Levinse-
nia, Iphinoe, Cirratulus, Orbinia and the gastropod ’Assiminea’
(cumulative SIMPER total 80 %), and after fourth-root transformation
the same seven taxa were still those responsible, although Cirratulus and
Orbinia changed places in the rank order (cumulative SIMPER total 62
%). The interspecific relationships at each site between the abundances
of the various component species and their logit occupancy differed,
both in respect of means (ANCOVA F = 3.95, P = 0.01) and slopes
(ANCOVA F = 23.0, P «0.0001). However, there was no consistent
trend related to the sequence of sites along the delta (Fig. 3). Site 3 was
the clear outlier but the slopes of sites 1, 2 and 4 also differed signifi-
cantly (ANCOVA F = 6.9, P < 0.002) although not their means
(ANCOVA F =1.15, P > 0.3).

In total 45 morphospecies were recorded from the 128 flood-tidal
delta samples, of which 22 % were singletons and 16 % were double-
tons. Overall, abundance was 2010 ind m™2. Values of assemblage
metrics were relatively constant across sites (coefficients of variation
within a range of 0.11-0.27, mean 0.16) (Patel et al., 2001), and there
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Fig. 2. Proportion of the total macrofaunal individuals comprised by worms
(nemertines and annelids) and crustaceans along the upstream axis of the
Knysna flood-tide sand delta.
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Table 1

Compositional similarity of the macrobenthic assemblages in equal-area LWS
samples at adjacent stations along the Knysna flood-tidal sand delta, as assessed
by ANOSIM R, Morisita’a similarity index, and the -2 diversity of Harrison et al.
(1992). All three metrics are presented as similarity values so that 0 indicates
complete dissimilarity and 1 complete similarity; the ANOSIM and Morisita’s
index values are quantitative, the Harrison f-2 diversity qualitative. Where
appropriate, values are presented as untransformed/fourth-root transformed
alternatives.

Sites 1 - (ANOSIM R) Morisita 1 - (Harrison et al.’s p-2)
1:2 0.73/0.36 0.26/0.51 0.77
2:3 0.72/0.79 0.89/0.77 0.77
3:4 0.61/0.83 0.99/0.78 0.72
1:4 0.43/0.10 0.01/0.31 0.50
Table 2

Divergence in the three most important macrobenthic taxa at LWS in the mouth
region of the Knysna estuarine bay from equal-area samples along the eastern
flood-tidal sand delta and in the western beach on the ebb-tidal channel shore,
together with their percentage importance (INI) rating.

Site  1st 2nd 3rd

Eastern flood-tidal sand delta

1 Urothoe pulchella (32) Levinsenia gracilis (31) *Assiminea’ capensis (12)

2 Paradoneis lyra Urothoe pulchella (14) Iphinoe truncata (9)
capensis (31)

3 Paradoneis lyra Iphinoe truncata (14) Orbinia angrapequensis
capensis (45) 9

4 Paradoneis lyra Orbinia angrapequensis Schistomeringos ?
capensis (50) (10) neglecta (6)

Western ebb-tidal beach

E Dipolydora socialis (5) Iphinoe truncata (0.5) Urothoe pulchella (0.5)
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Fig. 3. Abundance-occupancy relationships of the macrobenthic assemblages
at the four sampling sites along the upstream axis of the Knysna flood-tidal
sand delta.

were no trends for variation in any metric with progress along the deltaic
axis (Table 3), although site 4 supported both the fewest morphospecies
and least abundance per core sample whilst site 3 showed the greatest
abundance and site 2 the most species per core (ANOVA F3 124 >5.9, P <
0.001). The fauna at sites 1 and 2 included a psammodrilid polychaete,
constituting the first record of this group from African waters [Global
Biodiversity Information Facility (www.gbif.org) and Ocean Biodiver-
sity Information System (obis.org) databases (accessed Nov 2024)].
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Table 3

Biodiversity metrics of the equal-area sites along the eastern flood-tidal sand
delta and on the opposite western ebb-tidal coast at the mouth of the Knysna
estuarine bay (see Fig. 1): observed (obs N) and estimated true (est N) numbers
of morphospecies, overall numbers of macrobenthos m~2 (A), geometric mean
abundance m~? (G), evenness (Pielou’s J), and Lloyd’s index of patchiness ().
All values of I, are significantly patchy at P < 0.004.

Site obs N est N A G J I,

1 20 24 1820 19 0.53 1.08
2 31 38 2078 18 0.59 1.40
3 25 29 2708 21 0.44 1.29
4 22 27 1435 18 0.48 1.19
Mean flood-tide sandflat 24.5 29.5 2010 19 0.51 1.24
Ebb-tide beach 39 51 2031 17 0.62 2.01

Although species density was similar across all four sites, apart from the
two paraonid species there was no evidence of species replacement
along the delta. *Assiminea’ occurred only towards the mouth but no
microphytobenthically-feeding micro- (or indeed macro-) gastropod was
present upstream, likewise no peracaridan took the place of Urothoe
upstream, and no linear sequence of polychaetes was apparent. Never-
theless, species turnover contributed 0.35-0.55 to f diversity; nested-
ness only 0.02-0.13.

Upstream of the mouth, the lagoonal section of the estuarine bay is
floored by aeolian sand from the same enclosing fossil dune system and
the estuarine zone of the Knysna River by fluvial deposits, both systems
with a surface veneer of mud especially in the estuary and in backwater
saltmarsh-enclosed areas (Reddering and Esterhuysen, 1987). The
abundance of macrofauna in the sand delta was marginally less than in
those upstream muddy-sand sites (ANOVA Fj g = 5.23, P = 0.048) but
there was no significant difference in their species density (ANOVA Fy o
= 0.60, P = 0.45). Although the sand fauna on the opposite, ebb
tidal-channel, side of the mouth region also included Iphinoe and Urothoe
amongst its dominants (Table 2), it differed quite markedly from that of
the delta (PerMANOVA F > 14, P < 0.0001), not least in the effective
absence of paraonids (only four individuals being observed, each one in
a different sample) and in the local dominance of maldanids and espe-
cially the polydorine spionid Dipolydora, all largely or completely absent
from the delta. Morisita similarity of the ebb-tidal shore with the two
opposite flood-tidal sites (numbers 2 and 3) was <0.11. Overall, the
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ebb-tidal site supported more species than any flood-tidal one, but
abundance levels were comparable as were the other assemblage metrics
except that of patchiness (Table 3).

Faunal affinity between the flood-tidal delta sites, the ebb-tidal shore
one, and those upstream in the other notional compartments of the
system (bay, lagoonal, estuarine and backwater) is displayed in Fig. 4.
The flood-tidal sites away from the immediate vicinity of the mouth
(sites 1.2-1.4 & 2) together with the two other sites within the marine
bay region (3 & A) form one cluster, as do those upstream sites along the
main channel within the lagoonal and estuarine compartments (sites
4-7), whilst the ebb-tidal mouth site (1E) and that nearest the mouth in
the flood-tidal delta (1.1), dominated by Dipolydora and Levinsenia
respectively, form very isolated outliers.

4. Discussion

Knysna appears most unusual in supporting a sandflat system
dominated by paraonids or jointly by paraonids and Urothoe. Urothoe is a
characteristic, small, worldwide though largely temperate burrower in
marine soft sediments, and specifically U. pulchella is a typical dominant
of relatively sheltered, but still clean and mobile, fine sands around the
coasts of northwestern Europe and the western part of the Mediterra-
nean (e.g. Marques and Bellan-Santini, 1993). The only other area from
which it has been recorded is the south coast of South Africa, although
the conspecificity of this disjunct population may be open to question.
Griffiths (1974) recorded it from clean sand near the mouth of South
African estuaries, exactly its habitat in Knysna and in other local systems
such as Mngazana (Branch and Grindley, 1979). Whitfield (1989)
recorded it from the nearby Swartvlei in a sand community that included
Iphinoe truncata, with which it also occurs in Knysna. In Swartvlei,
however, it occurred throughout the sandy estuary, although it does not
appear to occur on exposed sandy shores, at least in South Africa
(McLachlan et al., 1981). Thus in the Nahoon delta it is rare in the
open-ocean facing sands, but within the flood-tidal sand bank it achieves
densities of 600-2100 m 2 (c.f. 500-900 m~2 at the Knysna stations at
which it is dominant).

Paraonid polychaetes have been recorded as being common sub-
tidally (Aguirrezabalaga and Gil, 2008; Arriaga-Hernandez et al., 2013),
especially in the deep sea (Ranauro et al., 2020) and in some tropical
mudflats (Barrio Frojan et al., 2005). Very few accounts of sandflats,
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Fig. 4. (A) Map of the Knysna estuarine bay showing the location of bare soft-sediment sampling sites. (B) nMDS diagram (using Morisita’s similarity index from
series of 32 core samples) of the LWS macrofaunal assemblages at those sites: 1.1-1.4 & 2, the flood-tidal sand delta; 1.E, the ebb tidal-channel beach; 3-7, muddy-
sand regions upstream of the mouth along the main channel; and A, a backwater creek (sensu Barnes, 2022a). Envelopes enclose sites at the stated levels of Morisita
similarity. Sites 2-7 & A from recent historical datasets (see text). (C) Detail of Morisita similarity of the various group 1 sites: 1-4 along the flood-tide delta and one

on the facing ebb coast.
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however, mention them as dominant members of the fauna. Of those
that do, Tillin et al. (2024:3) record Paraonis fulgens as a dominant
inhabitant of the biotope that occurs mainly on the mid and lower shore of
moderately wave-exposed coasts, with medium and fine clean sand which
remains damp throughout the tidal cycle and contains little organic matter.
The sediment is often rippled. This habitat description is of parts of the
eastern cool-temperate coast of the UK (e.g. ¢.54°N) but it serves equally
well for that of the sand delta at warm-temperate 34°S. The only other
relevant mention appears to be Bulmer et al. (2017) who also describe
Paradoneis lyra lyra (together with Prionospio aucklandia) as dominating
an area of sandflat in Whangamata Harbour in New Zealand’s North
Island (Prionospio is abundant throughout much of the Knysna estuarine
bay, but not in the delta). [Although Nehmer and Kroncke (2003) do
record P. fulgens, together with the amphipod Haustorius, as subdomi-
nant macrofauna of the highly dynamic subtidal inter-sandbank chan-
nels within the flood-tidal delta landwards of the gap between
Norderney and Baltrum barrier islands in the German Wadden Sea.] No
such paraonid-dominance records hail from South Africa, however.
Bursey and Wooldridge (2002) only mention paraonids as occurring at
one of their 14 sites (and then at a density of only 0.3 m2) within the
Nahoon estuary flood-tidal delta, whilst Schlacher and Wooldridge
(1996) do not mention them at all in respect of the mouth of the Gam-
toos estuary. P. lyra lyra has a worldwide but especially North Atlantic
distribution, whereas P. lyra capensis was described from Knysna and
still remains known only from one or two other Western Cape localities,
including near the mouth of the nearby Keurbooms estuary which pos-
sesses a very similar fauna to Knysna (Barnes et al., 2024), but there only
at a density of <13 m~2,

The peculiarity of the Knysna delta system also includes what ap-
pears not to be present there. Cirolanid isopods are highly typical of
South African intertidal sands (McLachlan et al., 1981), and the isopod
Excirolana latipes characterises the Nahoon delta, in densities of up to
200 m 2. No Excirolana were observed in the Knysna delta sand (in 1389
animals sampled), however, notwithstanding that Knysna is well within
its geographical range and it occurs at equivalent shore heights in the
nearby Swartvlei (Whitfield, 1989; Barnes, pers. obs.). Only a total of six
individual cirolanids (all Eurydice) were found in the Knysna delta
samples. Unfortunately, at present the Nahoon flood-tidal sand delta is
really the only one with which it is possible to compare Knysna. There,
Bursey and Wooldridge (2002) recorded Scolelepis, Scoletoma (as Lum-
brineris) and Solen as being indicative of the delta sands. All three were
also present at Knysna though only as totals of ten, eight and two in-
dividuals respectively. Besides Urothoe, only the bivalve Hiatula could be
described as a characteristic member of both sandflats.

A further possible peculiarity is the marked faunal change over such
a short distance in what is visually a uniform sandflat with similar
environmental conditions of salinity, sediment type, etc. along its
length. On the basis of the untransformed abundance data, the Morisita
similarity between site 1 nearest the mouth and site 4 furthest away was
a mere 0.01. To a considerable extent, this results from Urothoe, Lev-
insenia and *Assiminea’ comprising 87 % of the total faunal individuals at
site 1 but zero at site 4, and conversely Paradoneis, the polychaete
Schistomeringos and large ostracod Cylindroleberis comprising zero at site
1 but 75 % at site 4. Since so few flood-tidal deltas have been investi-
gated ecologically it is impossible to know the extent to which the
Knysna system is typical in this respect. It does appear typical, however,
in the coupling of such marked macrobenthic compositional change
with relatively constant biodiversity metrics; a feature demonstrated
over time in the Italian Tortoli Lagoon (Giampaoletti et al., 2025) and
spatially in Zostera meadows along the Breton coast by Boyé et al.
(2017), amongst others. In spite of this marked change in assemblage
composition along the delta, apart from the two paraonids, somewhat
unexpectedly there was no evidence of any species replacement within
functional groups taking place, although turnover was a considerably
more significant factor (Medeiros et al., 2016) than nestedness
(Menegotto et al., 2019). Although there was no apparent difference
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between site 1 and sites 2—4 in the nature of the habitat available, the
fauna responded as if the two areas were totally different.

Although not listed as one of the *opportunistic’ polychaete families
by Dauvin et al. (2016), paraonids are so regarded by some authors (e.g.
Quintana et al., 2015; Tillin et al., 2024). In that regard it is interesting
that if the Knysna delta paraonids are included in this opportunistic
category for the calculation of biotic indices such as the BO2A of Dauvin
et al. (2016), the clean sands of the delta yield an overall value equiv-
alent to the 'poor’ end of the "'moderate’ Ecological Quality Status band
in the European Water Framework Directive (OJEC, 2000). Over the
northern end of the delta where Urothoe is absent, the quality value
would fall well into the "poor’ category. This could be taken to indicate
moderately to heavily polluted local conditions (e.g. Dauvin and Ruellet,
2007) which is certainly not the case, and they strongly suggest that in
this instance at least the dominant paraonids are not opportunistic in-
dicators of pollution in the sense underlying such indices.

The presence of a psammodrilid in the sand delta is particularly
noteworthy. Psammodrilids are distinctive 1-8 mm long interstitial
annelids of uncertain relationships (Jumars et al., 2015) that occur in
shallow sandy marine substrata but which are easily overlooked and
hence very poorly known. Although the group is currently only repre-
sented by seven species, it is likely that many more await discovery
through most areas of the world (Worsaae et al., 2021). The species
present in Knysna closely resembles P. balanoglossoides, a morphotype
that has been reported from the northeastern and northwestern Atlantic,
White Sea, Florida and New Zealand. It joins the minute gastropod
Cornirostra (Barnes, 2010) and benthic chaetognath Spadella (Barnes and
Seath, 2025) as tiny macrofaunal species present in the Knysna estuarine
bay but not otherwise known from Africa — this is very unlikely to be a
true reflection of their distribution.

The Knysna estuarine bay is a complex system, divisible into a
number of different biological/hydrographic compartments each with
its own individual nested subset of the Knysna soft-sediment macrofauna
(Barnes, 2021). It also possesses a distinctive unity, with some elements,
including the systematically isolated and endemic South African
microgastropod ’Assiminea’ capensis, occurring in all such compart-
ments, both inter- and subtidally, including that exposed part of the
flood-tidal sand delta nearest the mouth and the sheltered, muddy,
low-salinity conditions at the estuarine head. Even the Paradoneis lyra
capensis that is the most characteristic element of the delta sands occurs
almost throughout the estuarine bay, i.e. in all compartments except the
estuary of the Knysna River (all sites in Fig. 4 except numbers 6 and 7).
Although it can achieve densities of up to 7000 m~2 (Barnes et al.,
2024), like the psammoderilids it can easily be overlooked (being 0.1 mm
wide and <10 mm long), and hence its real South African distribution
may still be unappreciated.

Granted the nature of the delta substratum and the fact that the delta
is the only place within the estuarine bay where such clean fine sand is
present, it is not unexpected that the flood-tidal sands of the system’s
mouth possess a macrofauna distinct from those upstream (as is the case
in other South African estuaries, see Millard and Harrison, 1954; Branch
and Grindley, 1979; etc.) and distinct from the immediately facing
ebb-tidal shore, although its unusual assemblage composition domi-
nated by paraonids remains a mystery. The Knysna system possesses a
diverse fauna, both within and across its various regions. This is boosted
by the presence of the sand delta at its mouth, an effect that equivalent
deltas may achieve in other areas. They are clearly worth more
ecological attention than they currently receive.

Data availability
Data on the abundance of each morphospecies in each sample from
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https://data.mendeley.com/datasets/pwj6rsd2b3.1
https://data.mendeley.com/datasets/pwj6rsd2b3.1

R.S.K. Barnes
Funding

This research did not receive any grants from funding agencies in the
public, commercial, or not-for-profit sectors.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This research was conducted in accordance with South African Na-
tional Parks scientific research regulations and requirements, and I am
most grateful to SANParks Garden Route Scientific Services, Rondevlei,
for permission to undertake fieldwork in the Knysna Section of the
Garden Route National Park under permit BARN-RSK/2019-034. I am
also most grateful to Jessica Seath and the Knysna Estuary Research
Foundation for the loan of a binocular microscope, and to Erika Rau-
tenbach and the Featherbed Company for permission to access the
western estuary shore across their land and to Joseph Hetjies for his on-
site assistance there.

Data availability
Data deposited in Mendeley Data.

References

Aguirrezabalaga, F., Gil, J., 2008. Paraonidae (Annelida: Polychaeta) of the inlet of
Zarautz (Basque Coast, Bay of Biscay), with new records from the Atlantic and the
Iberian coasts. Cah. Biol. Mar. 49, 37-57. https://doi.org/10.21411/CBM.A.
BC8B940A.

Albano, P.G., Sabelli, B., Bouchet, P., 2011. The challenge of small and rare species in
marine biodiversity surveys: microgastropod diversity in a complex tropical coastal
environment. Biodivers. Conserv. 20, 3233-3237. https://doi.org/10.1007/s10531-
011-0117-x.

Allanson, B.R., Maree, B., Grange, N., 2000b. An introduction to the chemistry of the
water column of the Knysna Estuary with particular reference to nutrients and
suspended solids. Trans. Roy. Soc. S. Afr. 55, 141-162. https://doi.org/10.1080/
00359190009520440.

Allanson, B.R., Nettleton, J., de Villiers, C.J., 2000a. Benthic macrofauna richness and
diversity in the Knysna Estuary: a 50 year comparison. Trans. Roy. Soc. S. Afr. 55,
177-185. https://doi.org/10.1080/00359190009520442.

Arriaga-Hernandez, S., Hernandez-Alcantara, P., Solis-Weiss, V., 2013. Description and
distribution of two species of Paraonidae (Annelida: Polychaeta) from a lagoon-
estuarine ecosystem in the southern Gulf of Mexico. Zootaxa 3686, 51-64. https://
doi.org/10.11646/zootaxa.3686.1.2.

Austin, T.P., Vila-Concejo, A., Short, A.D., Ranasinghe, R., 2018. A multi-scale
conceptual model of flood-tide delta morphodynamics in micro-tidal estuaries.
Geosciences 8, 324. https://doi.org/10.3390/geosciences8090324.

Barnes, R.S.K., 2010. Spatial variation in abundance and diversity of the smaller surface
and near-surface eelgrass-associated intertidal macrobenthos within a warm-
temperate estuarine bay in the Garden Route National Park, RSA. Aquat. Conserv.
20, 762-772. https://doi.org/10.1002/aqc.1152.

Barnes, R.S.K., 2014. The nature and location of spatial change in species assemblages: a
new approach illustrated by the seagrass macrofauna of the Knysna estuarine bay,
South Africa. Trans. Roy. Soc. S. Afr. 69, 75-80. https://doi.org/10.1080/
0035919X.2014.899277.

Barnes, R.S.K., 2018. Little-known and phylogenetically obscure South African estuarine
microgastropods (Mollusca: Truncatelloidea) as living animals. J. Nat. Hist. 52,
87-113. https://doi.org/10.1080/00222933.2017.1408867.

Barnes, R.S.K., 2021. Patterns of seagrass macrobenthic biodiversity in the warm-
temperate Knysna estuarine bay, Western Cape: a review. Aquat. Ecol. 55, 327-345.
https://doi.org/10.1007/5s10452-021-09848-3.

Barnes, R.S.K., 2022a. Biodiversity differentials between seagrass and adjacent bare
sediment change along an estuarine gradient. Estuar. Coast Shelf Sci. 274, 107951.
https://doi.org/10.1016/j.ecss.2022.107951.

Barnes, R.S.K., 2022b. Interspecific abundance-occupancy relations along estuarine
gradients. Mar. Environ. Res. 181, 105755. https://doi.org/10.1016/j.
marenvres.2022.105755.

Barnes, R.S.K., 2023. Seagrass macrobenthic biodiversity does not vary in conformity
with a leaky-lagoonal confinement gradient. Mar. Environ. Res. 185, 105897.
https://doi.org/10.1016/j.marenvres.2023.105897.

Barnes, R.S.K., Barnes, M.K.S., 2014. Biodiversity differentials between the numerically-
dominant macrobenthos of seagrass and adjacent unvegetated sediment in the

Estuarine, Coastal and Shelf Science 321 (2025) 109326

absence of sandflat bioturbation. Mar. Environ. Res. 99, 34-43. https://doi.org/
10.1016/j.marenvres.2014.05.013.

Barnes, R.S.K., Cottrell, L.G., 2024. Do stingray feeding pits enhance intertidal
macrobenthic biodiversity? Hydrobiologia 851, 3403-3412. https://doi.org/
10.1007/510750-024-05504-7.

Barnes, R.S.K., Seath, J.L., 2025. The meaning of benthic Ecological Quality Status
through a warm temperate South African estuary and in a contained blind-ending
marina. Ocean Coast Manag. 262, 107550. https://doi.org/10.1016/].
ocecoaman.2025.107550.

Barnes, R.S.K., Seath, J.L., Arendse, C.J., 2024. Differential sampling in the assessment of
conservation and biodiversity merit: a comparison of the seagrass macrofauna in
three nearby South African estuaries. Biodivers. Conserv. 33, 509-532. https://doi.
org/10.1007/s10531-023-02754-0.

Barrio Frojan, C.R.S., Hawkins, L.E., Aryuthaka, C., Nimsantijaroen, S., Kendall, M.A.,
Paterson, G.L.J., 2005. Patterns of polychaete communities in tropical sedimentary
habitats: a case study in south-western Thailand. Raffles Bull. Zool. 53, 1-11.
https://doi.org/10.5281/zenodo.13245376.

Barwell, L.J., Isaac, N.J.B., Kunin, W.E., 2015. Measuring p-diversity with species
abundance data. J. Anim. Ecol. 84, 1112-1122. https://doi.org/10.1111/1365-
2656.12362.

Baselga, A., 2010. Partitioning the turnover and nestedness components of beta diversity.
Global Ecol. Biogeogr. 19, 134-143. https://doi.org/10.1111/j.1466-
8238.2009.00490.x.

Blowes, S.A., Daskalova, G.N., Dornelas, M., et al., 2022. Local biodiversity change
reflects interactions among changing abundance, evenness and richness. Ecology
103, e3820. https://doi.org/10.1002/ecy.3820.

Boyé, A., Legendre, P., Grall, J., Gauthier, O., 2017. Constancy despite variability: local
and regional macrofaunal diversity in intertidal seagrass beds. J. Sea Res. 130,
107-122. https://doi.org/10.1016/j.seares.2017.06.004.

Branch, G.M., Grindley, J.R., 1979. Ecology of southern African estuaries. Part XI.
Mngazana: a mangrove estuary in Transkei. S. Afr. J. Zool. 14, 149-170. https://doi.
org/10.1080/02541858.1979.11447665.

Bulmer, R.H., Lewis, M., O’Donnell, E., Lundquist, C.J., 2017. Assessing mangrove
clearance methods to minimise adverse impacts and maximise the potential to
achieve restoration objectives. NZ J Mar Freshwat Res 51, 110-126. https://doi.org/
10.1080/00288330.2016.1260605.

Bursey, M.L., Wooldridge, T.H., 2002. Diversity of benthic macrofauna of the flood-tidal
delta of the Nahoon Estuary and adjacent beach, South Africa. Afr. Zool. 37,
231-246. https://doi.org/10.1080/15627020.2002.11657178.

Bursey, M.L., Wooldridge, T.H., 2003. Physical factors regulating macrobenthic
community structure on a South African estuarine flood-tidal delta. Afr. J. Mar. Sci.
25, 263-274. https://doi.org/10.2989,/18142320309504015.

Clinton, M.E., Snelgrove, P.V.R., Bates, A.E., 2024. Macrofaunal diversity patterns in
coastal marine sediments: re-examining common metrics and methods. Mar. Ecol.:
Prog. Ser. 735, 1-26. https://doi.org/10.3354/meps14576.

Cooper, J.A.G., 2001. Geomorphological variability among microtidal estuaries from the
wave-dominated South African coast. Geomorphology 40, 99-122. https://doi.org/
10.1016/s0169-555x(01)00039-3.

Cooper, J.A.G., Green, A.N., 2023. Evolution of Knysna estuary. In: Whitfield, A.K.,
Breen, C.M., Read, M. (Eds.), The Knysna Estuary — Jewel of the Garden Route.
Knysna Basin Project, Knysna, pp. 75-96. ISBN 978-0-6397-6866-3.

Dauvin, J.-C., Andrade, H., de-la-Ossa-Carretero, J.A., Del-Pilar-Ruso, Y., Riera, R., 2016.
Polychaete/amphipod ratios: an approach to validating simple benthic indicators.
Ecol. Indic. 63, 89-99. https://doi.org/10.1016/j.ecolind.2015.11.055.

Dauvin, J.-C., Ruellet, T., 2007. Polychaete/amphipod ratios revisited. Mar. Pollut. Bull.
55, 215-224. https://doi.org/10.1016/j.marpolbul.2006.08.045.

Day, J.H., Millard, N.A.H., Harrison, A.D., 1951. The ecology of South African estuaries.
Part 3. Knysna: a clear open estuary. Trans. Roy. Soc. S. Afr. 33, 367-413. https://
doi.org/10.1080/00359195109510891.

Dethier, M.N., Schoch, G.C., 2006. Taxonomic sufficiency in distinguishing natural
spatial patterns on an estuarine shoreline. Mar. Ecol.: Prog. Ser. 306, 41-49. https://
doi.org/10.3354/meps306041.

Dewenter, J., Yong, J., Schupp, P.J., Lohmus, K., Kroncke, 1., Moorthi, S., Pieck, D.,
Kuczynski, L., Rohde, S., 2023. Abundance, biomass and species richness of
macrozoobenthos along an intertidal elevation gradient. Ecol. Evol. 13, e10815.
https://doi.org/10.1002/ece3.10815.

Flemming, B.W., 1977. Langebaan Lagoon; a mixed carbonate-siliciclastic tidal
environment in a semi-arid environment. Sediment. Geol. 18, 61-95. https://doi.
org/10.1016,/0037-0738(77)90006-9.

Forcino, F.L., Leighton, L.R., Twerdy, P., Cahill, J.F., 2015. Reexamining sample size
requirements for multivariate, abundance-based community research: when
resources are limited, the research does not have to be. PLoS One 10, e0128370.
https://doi.org/10.1371/journal.pone.0128379.

Gatti, R.C., Amoroso, N., Monaco, A., 2020. Estimating and comparing biodiversity with
a single universal metric. Ecol. Model. 424, 109020. https://doi.org/10.1016/j.
ecolmodel.2020.109020.

Gerwing, T.G., Cox, K., Allen Gerwing, A.M., Campbell, L., Macdonald, T., Dudas, S.E.,
Juanes, F., 2020. Varying intertidal invertebrate taxonomic resolution does not
influence ecological findings. Estuar. Coast Shelf Sci. 232, 106516. https://doi.org/
10.1016/j.ecss.2019.106516.

Giampaoletti, J., Galli, S., Gravina, M.F., Magni, P., Sbrana, A., 2025. To change or not to
change: macrozoobenthic community variation versus persistence in Tortoli lagoon
(Sardinia, Italy). Estuar. Coast Shelf Sci. 313, 109067. https://doi.org/10.1016/].
ecss.2024.109067.


https://doi.org/10.21411/CBM.A.BC8B940A
https://doi.org/10.21411/CBM.A.BC8B940A
https://doi.org/10.1007/s10531-011-0117-x
https://doi.org/10.1007/s10531-011-0117-x
https://doi.org/10.1080/00359190009520440
https://doi.org/10.1080/00359190009520440
https://doi.org/10.1080/00359190009520442
https://doi.org/10.11646/zootaxa.3686.1.2
https://doi.org/10.11646/zootaxa.3686.1.2
https://doi.org/10.3390/geosciences8090324
https://doi.org/10.1002/aqc.1152
https://doi.org/10.1080/0035919X.2014.899277
https://doi.org/10.1080/0035919X.2014.899277
https://doi.org/10.1080/00222933.2017.1408867
https://doi.org/10.1007/s10452-021-09848-3
https://doi.org/10.1016/j.ecss.2022.107951
https://doi.org/10.1016/j.marenvres.2022.105755
https://doi.org/10.1016/j.marenvres.2022.105755
https://doi.org/10.1016/j.marenvres.2023.105897
https://doi.org/10.1016/j.marenvres.2014.05.013
https://doi.org/10.1016/j.marenvres.2014.05.013
https://doi.org/10.1007/s10750-024-05504-7
https://doi.org/10.1007/s10750-024-05504-7
https://doi.org/10.1016/j.ocecoaman.2025.107550
https://doi.org/10.1016/j.ocecoaman.2025.107550
https://doi.org/10.1007/s10531-023-02754-0
https://doi.org/10.1007/s10531-023-02754-0
https://doi.org/10.5281/zenodo.13245376
https://doi.org/10.1111/1365-2656.12362
https://doi.org/10.1111/1365-2656.12362
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1002/ecy.3820
https://doi.org/10.1016/j.seares.2017.06.004
https://doi.org/10.1080/02541858.1979.11447665
https://doi.org/10.1080/02541858.1979.11447665
https://doi.org/10.1080/00288330.2016.1260605
https://doi.org/10.1080/00288330.2016.1260605
https://doi.org/10.1080/15627020.2002.11657178
https://doi.org/10.2989/18142320309504015
https://doi.org/10.3354/meps14576
https://doi.org/10.1016/s0169-555x(01)00039-3
https://doi.org/10.1016/s0169-555x(01)00039-3
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref29
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref29
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref29
https://doi.org/10.1016/j.ecolind.2015.11.055
https://doi.org/10.1016/j.marpolbul.2006.08.045
https://doi.org/10.1080/00359195109510891
https://doi.org/10.1080/00359195109510891
https://doi.org/10.3354/meps306041
https://doi.org/10.3354/meps306041
https://doi.org/10.1002/ece3.10815
https://doi.org/10.1016/0037-0738(77)90006-9
https://doi.org/10.1016/0037-0738(77)90006-9
https://doi.org/10.1371/journal.pone.0128379
https://doi.org/10.1016/j.ecolmodel.2020.109020
https://doi.org/10.1016/j.ecolmodel.2020.109020
https://doi.org/10.1016/j.ecss.2019.106516
https://doi.org/10.1016/j.ecss.2019.106516
https://doi.org/10.1016/j.ecss.2024.109067
https://doi.org/10.1016/j.ecss.2024.109067

R.S.K. Barnes

Gong, W., Wang, J., Zhao, J., Chen, L., Zhang, H., 2023. Contrast of fine sediment
dynamics between shoals and channels in a microtidal estuary with mixed semi-
diurnal tides. Anthr Coasts 6 (4). https://doi.org/10.1007/544218-023-00018-6.

Gotelli, N.J., Chao, A., Colwell, R.K., 2024. Measuring and estimating species richness,
taxonomic and phylogenetic diversity, and related biotic (dis)similarity indices from
sampling data. In: Scheiner, S.M. (Ed.), Encyclopedia of Biodiversity, third ed., 5,
pp. 314-339. https://doi.org/10.1016/B978-0-12-822562-2.00104-3.

Gotelli, N.J., Colwell, R.K., 2001. Quantifying biodiversity: procedures and pitfalls in the
measurement and comparison of species richness. Ecol. Lett. 4, 379-391. https://
doi.org/10.1046/j.1461-0248.2001.00230.x.

Griffiths, C.L., 1974. The Amphipoda of southern Africa. Part 4. The Gammaridea and
Caprellidea of the Cape provice east of Cape Agulhas. Ann. S. Afr. Mus. 65, 251-336.

Hammer, @., Harper, D.A.T., Ryan, P.D., 2001. PAST: paleontological statistics software
package for education and data analysis. Palaeontol. Electron. 4 (1), 9.

Harris, P.T., Pattiaratchi, C.B., Cole, A.R., Keene, J.B., 1992. Evolution of subtidal
sandbanks in Moreton Bay, eastern Australia. Mar. Geol. 103, 225-247. https://doi.
org/10.1016,/0025-3227(92)90018-D.

Harrison, S., Ross, S.J., Lawton, J.H., 1992. Beta diversity on geographic gradients in
Britain. J. Anim. Ecol. 61, 151-158. https://doi.org/10.2307/5518.

Hayes, J.S., Russell, .A., Arendse, C.J., Smith, M.K.S., Lawrence, C., Roux, D.J., Baard, J.
A., 2022. Knysna estuary management plan: situation assessment report. SANParks
Report No. 43/2022. Available at: https://www.sanparks.org/wp-content/uploads
/2024/01/Knysna-Estuary-SAR-2022.pdf.

Holzhauer, H., Borsje, B.W., Herman, P.J.M., Schipper, C.A., Wijnberg, K.M., 2022. The
geomorphology of an ebb-tidal-delta linked to benthic species distribution and
functionality. Ocean Coast Manag. 216, 105938. https://doi.org/10.1016/j.
ocecoaman.2021.105938.

Illenberger, W.K., 1996. The geomorphologic evolution of the Wilderness dune cordons,
South Africa. Quat. Int. 33, 11-20. https://doi.org/10.1016,/1040-6182(95)00099-
2.

Jacquot, M.P., Snickars, M., Bonsdorff, E., Nordstrom, M.C., 2024. Trait responses to
direct drivers and effects on multiple macrofauna-mediated ecosystem functions.
Mar. Ecol.: Prog. Ser. 738, 1-20. https://doi.org/10.3354/meps14593.

Jumars, P.A., Dorgan, K.M., Lindsay, S.M., 2015. Diet of worms emended: an update of
polychaete feeding guilds. Appendix A. Family-by-family updates. Ann. Rev. Mar. Sci
7, 497-520. https://doi.org/10.1146/annurev-marine-010814-020007 (A1-A350).

Koleff, P., Gaston, K.J., Lennon, J.L., 2003. Measuring beta diversity for presence-
absence data. J. Anim. Ecol. 72, 367-382. https://doi.org/10.1046/j.1365-
2656.2003.00710.x.

Lackschewitz, D., Reise, K., 1998. Macrofauna on flood delta shoals in the Wadden Sea
with an underground association between the lugworm Arenicola marina and the
amphipod Urothoe poseidonis. Helgol. Meeresunters. 52, 147-158. https://doi.org/
10.1007/bf02908744.

Largier, J.L., Attwood, C., Harcourt-Baldwin, J.-L., 2000. The hydrographic character of
Knysna Estuary. Trans. Roy. Soc. S. Afr. 55, 107-122. https://doi.org/10.1080/
00359190009520437.

Marker, M.E., 2000. A descriptive account of sand movement in the Knysna Estuary.
Trans. Roy. Soc. S. Afr. 55, 129-139. https://doi.org/10.1080/
00359190009520439.

Marques, J.C., Bellan-Santini, D., 1993. Biodiversity in the ecosystem of the Portuguese
continental shelf: distributional ecology and the role of benthic amphipods. Mar.
Biol. 115, 555-564. https://doi.org/10.1007/bf00349362.

McLachlan, A., Defeo, O., 2017. The Ecology of Sandy Shores, 3 Edn. Academic Press,
Cambridge Mass. ISBN 978-0-12-809467-9.

McLachlan, A., Wooldridge, T., Dye, A.H., 1981. The ecology of sandy beaches in
southern Africa. S. Afr. J. Zool. 164, 219-231. https://doi.org/10.1080/
02541858.1981.11447760.

Medeiros, C.R., Hepp, L.U., Patricio, J., Molozzi, J., 2016. Tropical estuarine
macrobenthic communities are structured by turnover rather than nestedness. PLoS
One 11 (9), e0161082. https://doi.org/10.1371/journal.pone.0161082.

Menegotto, A., Dambros, C.S., Netto, S.A., 2019. The scale-dependent effect of
environmental filters on species turnover and nestedness in an estuarine benthic
community. Ecology 100, e02721. https://doi.org/10.1002/ecy.2721.

Estuarine, Coastal and Shelf Science 321 (2025) 109326

Millard, N.A.H., Harrison, A.D., 1954. The ecology of South African estuaries. Part V:
Richard’s Bay. Trans. Roy. Soc. S. Afr. 34, 157-179. https://doi.org/10.1080/
00359195409518983.

Miranda, N.A.F., van Rooyen, R., MacDonald, A., Ponder, W.F., Perissinotto, R., 2014.
Genetics and shell morphometrics of assimineids (Mollusca, Caenogastropoda,
Truncatelloidea) in the St Lucia estuary, South Africa. ZooKeys 419, 73-86. https://
doi.org/10.3897/zookeys.419.7556.

Nehmer, P., Kroncke, 1., 2003. Macrofaunal communities in the Wichter Ee, a channel
system in the east Frisian Wadden Sea. Senckenberg. Maritima 32, 1-10. https://doi.
org/10.1007/bf03043081.

OJEC, 2000. Directive 2000/60/EC of the European Parliament and of the Council of 23
October 2000 establishing a framework for Community action in the field of water
policy. Official Journal of the European Communities L321, 1-72.

Patel, J.K., Patel, N.M., Shiyani, R.L., 2001. Coefficient of variation in field experiments
and yardstick thereof - an empirical study. Curr Sci India 81, 1163-1164. http://
www.jstor.org/stable/24106429.

Patton, N.R., Ellerton, D., Shulmeister, J., 2019. High-resolution remapping of the coastal
dune fields of south east Queensland, Australia: a morphometric approach. J. Maps
15, 578-589. https://doi.org/10.1080/17445647.2019.1642246.

Quintana, C.O., Bernardino, A.F., de Moreas, P.C., Valdemarsen, T.B., Sumida, P.Y.G.,
2015. Effect of coastal upwelling on the structure of macrofaunal communities in SE
Brazil. J. Mar. Syst. 143, 120-129. https://doi.org/10.1016/j.marsys.2014.11.003.

Ranauro, N., Barroso, R., Paiva, P.C., Nogueira, J.M.deM., 2020. On the genus Sabidius
Strelzov, 1973 (Annelid: Paraonidae), with a redescription of the type species and
the description of a new species. PLoS One 15, €0229717. https://doi.org/10.1371/
journal.pone.0229717.

Reddering, J.S.V., Esterhuysen, K., 1987. Sediment dispersal in the Knysna Estuary:
environmental management considerations. S. Afr. J. Geol. 90, 448-457. https://doi.
org/10.10520/AJA10120750-976.

Reddering, J.S.V., Rust, I.C., 1990. Historical changes and sedimentary characteristics of
Southern African estuaries. South Afr. J. Sci. 86, 425-428.

Santini, L., Belmaker, J., Costello, M.J., et al., 2017. Assessing the suitability of diversity
metrics to detect biodiversity change. Biol. Conserv. 213, 341-350. https://doi.org/
10.1016/j.biocon.2016.08.024.

Schlacher, T.A., Wooldridge, T.H., 1996. Axial zonation patterns of subtidal
macrozoobenthos in the Gamtoos Estuary, South Africa. Estuaries 19, 680-696.
https://doi.org/10.2307/1352528.

Simon, C.A., Kara, J., Clarke, D.T., Sedick, S., 2022. Revisiting A monograph on the
polychaeta of southern Africa’: establishing taxonomic research priorities in
southern Africa. Afr. J. Mar. Sci. 44, 83-100. https://doi.org/10.2989/
1814232X.2022.2041094.

Tataranni, M., Maltagliati, F., Floris, A., Castelli, A., Lardicci, C., 2009. Variance
estimates and taxonomic resolution: an analysis of macrobenthic spatial patterns at
different scales in a western Mediterranean coastal lagoon. Mar. Environ. Res. 67,
219-229. https://doi.org/10.1016/j.marenvres.2009.02.003.

Thorne, R.S., Williams, W.P., Cao, Y., 1999. The influence of data transformations on
biological monitoring studies using macroinvertebrates. Water Res. 33, 343-350.
https://doi.org/10.1016/50043-1354(98)00247-4.

Tillin, H.M., Ashley, M., Watson, A., 2024. Polychaetes, including Paraonis fulgens, in
littoral fine sand. In: Tyler-Walters, H. (Ed.), Marine Life Information Network: Biology
And Sensitivity Key Information Reviews, [on-Line]. Marine Biological Association of
the UK, Plymouth. https://www.marlin.ac.uk/habitat/detail/1201.

Warwick, R.M., 1988. Analysis of community attributes of the macrobenthos of
Frierfjord/Langesundfjord at the taxonomic level higher than species. Mar. Ecol.:
Prog. Ser. 46, 167-170. https://doi.org/10.3354/meps046167.

Whitfield, A.K., 1989. The benthic invertebrate community of a southern Cape estuary:
structure and possible food sources. Trans. Roy. Soc. S. Afr. 47, 159-179. https://
doi.org/10.1080/00359198909520160.

Whitfield, A.K., Breen, C.M., Read, M. (Eds.), 2023. The Knysna Estuary — Jewel of the
Garden Route. Knysna Basin Project, Knysna. ISBN 978-0-6397-6866-3.

Wolda, H., 1981. Similarity indices, sample size and diversity. Oecologia 50, 296-302.
https://doi.org/10.1007/bf00344966.

Worsaae, K., Kerbl, A., Di Domenico, M., Gonzalez, B.C., Bekkouche, N., Martinez, A.,
2021. Interstitial Annelida. Diversity 13, 77. https://doi.org/10.3390/d13020077.


https://doi.org/10.1007/s44218-023-00018-6
https://doi.org/10.1016/B978-0-12-822562-2.00104-3
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1046/j.1461-0248.2001.00230.x
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref43
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref43
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref44
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref44
https://doi.org/10.1016/0025-3227(92)90018-D
https://doi.org/10.1016/0025-3227(92)90018-D
https://doi.org/10.2307/5518
https://www.sanparks.org/wp-content/uploads/2024/01/Knysna-Estuary-SAR-2022.pdf
https://www.sanparks.org/wp-content/uploads/2024/01/Knysna-Estuary-SAR-2022.pdf
https://doi.org/10.1016/j.ocecoaman.2021.105938
https://doi.org/10.1016/j.ocecoaman.2021.105938
https://doi.org/10.1016/1040-6182(95)00099-2
https://doi.org/10.1016/1040-6182(95)00099-2
https://doi.org/10.3354/meps14593
https://doi.org/10.1146/annurev-marine-010814-020007
https://doi.org/10.1046/j.1365-2656.2003.00710.x
https://doi.org/10.1046/j.1365-2656.2003.00710.x
https://doi.org/10.1007/bf02908744
https://doi.org/10.1007/bf02908744
https://doi.org/10.1080/00359190009520437
https://doi.org/10.1080/00359190009520437
https://doi.org/10.1080/00359190009520439
https://doi.org/10.1080/00359190009520439
https://doi.org/10.1007/bf00349362
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref57
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref57
https://doi.org/10.1080/02541858.1981.11447760
https://doi.org/10.1080/02541858.1981.11447760
https://doi.org/10.1371/journal.pone.0161082
https://doi.org/10.1002/ecy.2721
https://doi.org/10.1080/00359195409518983
https://doi.org/10.1080/00359195409518983
https://doi.org/10.3897/zookeys.419.7556
https://doi.org/10.3897/zookeys.419.7556
https://doi.org/10.1007/bf03043081
https://doi.org/10.1007/bf03043081
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref64
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref64
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref64
http://www.jstor.org/stable/24106429
http://www.jstor.org/stable/24106429
https://doi.org/10.1080/17445647.2019.1642246
https://doi.org/10.1016/j.marsys.2014.11.003
https://doi.org/10.1371/journal.pone.0229717
https://doi.org/10.1371/journal.pone.0229717
https://doi.org/10.10520/AJA10120750-976
https://doi.org/10.10520/AJA10120750-976
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref70
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref70
https://doi.org/10.1016/j.biocon.2016.08.024
https://doi.org/10.1016/j.biocon.2016.08.024
https://doi.org/10.2307/1352528
https://doi.org/10.2989/1814232X.2022.2041094
https://doi.org/10.2989/1814232X.2022.2041094
https://doi.org/10.1016/j.marenvres.2009.02.003
https://doi.org/10.1016/s0043-1354(98)00247-4
https://www.marlin.ac.uk/habitat/detail/1201
https://doi.org/10.3354/meps046167
https://doi.org/10.1080/00359198909520160
https://doi.org/10.1080/00359198909520160
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref79
http://refhub.elsevier.com/S0272-7714(25)00204-5/sref79
https://doi.org/10.1007/bf00344966
https://doi.org/10.3390/d13020077

	Constancy and change in macrobenthic abundance, biodiversity and assemblage structure along the axis of a flood-tidal sand  ...
	1 Introduction
	2 Methodology
	3 Results
	4 Discussion
	Data availability
	Funding
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


