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Abstract

Invertebrate macrofaunal biodiversity within intertidal seagrass meadows was investigated over a salinity
gradient of <5-35 in the Knysna estuarine system (Garden Route National Park, South Africa). Rather than
the classic gradual decline in species richness with distance from the mouth there were zones of considerable
faunal stability separated by relatively sharp discontinuities. At the point upstream at which salinity
regularly falls below 30, the rich, diverse and highly spatially variable downstream faunal assemblage
changed to a less rich, less diverse and more uniform one that dominated the upstream stretch without any
further upstream reduction in richness. Nevertheless, without loss of overall richness, assemblage
composition changed, again rapidly, in the upper region of the upstream stretch to a zone dominated by the
microgastropod Hydrobia, which otherwise occurs in the Knysna system only in highly sheltered regions of
the downstream stretch where it is also dominant. The upstream faunal assemblage was a subset of that in
the marine-influenced downstream region not a different replacing one. Position along the estuarine gradient
accounted for 29% of total assemblage variation. Overall faunal abundance declined with distance upstream
until the Hydrobia zone where it rose sharply, but there was no evidence of increase in density of those
species remaining on putative release from competition.

1. Introduction

Ever since the classic papers of Remane (1934) and Alexander et al. (1935), organisms that occur in
estuarine systems have been portrayed largely as a series of predominantly marine species that penetrate into
brackish waters to differing degrees, each dependent on its tolerance limit to lowering salinity — or more
likely to the degree of salinity fluctuation (Montague and Ley, 1993; Attrill, 2002) — with the consequence
that species richness continually declines with increasing distance upstream until the onset of freshwater
conditions (Cognetti and Maltagliati, 2000; Attrill, 2002; Attrill and Rundle, 2002; Whitfield et al., 2012).
Although this ‘Remane paradigm’ (Remane, 1934, 1971) has become ‘the recognized textbook model for
diversity patterns in tidal estuaries’ (Attrill, 2002) and “central ... in estuarine ecology’ (Whitfield et al.,
2012), it is clearly subject to a number of qualifications when applied to estuaries (Day, 1981; Attrill, 2002;
de Biasi et al., 2003; Teske and Wooldridge, 2004; Whitfield et al., 2012). One potential caveat is that the
occurrence of the phenomenon in estuarine benthos has been based on data from, e.g. unvegetated soft
sediments (Schlacher and Wooldridge, 1996), rocky outcrops (Bassindale, 1943) or the whole benthic
system (Rodrigues et al., 2011), but never specifically on the benthic faunal assemblages supported by
seagrass. Earlier work (Barnes and Ellwood, 2011; Barnes and Barnes, 2012) has shown that the equivalent
textbook paradigm of declining species richness and diversity with progression from the sublittoral up the
intertidal zone applies poorly within stands of two seagrasses, Nanozostera capensis and Nanozostera
muelleri, possibly in some measure because the vegetation mitigates the usual effects of decreasing tidal
cover on sediment-dwelling animals. Correspondingly, the presence of seagrass along an estuarine axis
might, for example, have an additional dampening effect on the already reduced salinity variation within the
sediment compared to that in the overlying water ( Alexander et al., 1932; Kinne, 1967) and thereby also
affect distributions. In the light of this, the manner and extent to which faunal richness and diversity within
intertidal estuarine seagrass beds decrease upstream is open to question, as is the degree of change within
seagrass faunal assemblages along the upstream gradient.

Notwithstanding that much work has been done on the importance of both salinity and seagrass to estuarine
faunal abundance and diversity (e.g. Collett et al., 1984; Edgar and Barrett, 2002), it appears that the sole
study partly to address these questions has been that of Yamada et al. (2007) on the Akkeshi-ko system in
northern Japan, although this investigation was only semi-quantitative and confined to the seagrass
epibenthos. Concentrating on beds of the subtidal Zostera marina, these authors did find a significant
relationship between salinity and species richness of epifaunal malacostracans and gastropods (the only taxa
studied) in the seagrass. But they found little evidence of different species assemblages occurring in
different regions of the gradient, and there was no relationship between overall faunal abundance and



salinity. This combination of results could be taken to indicate that faunal assemblages in the upstream
regions of estuarine seagrass may be little more than impoverished versions of those in more marine areas,
with a few, particularly tolerant species reacting there to their release from competition by increasing in
density.

The dominant seagrass in southern Africa is Cape dwarf-eelgrass, N. capensis, which is particularly
associated with estuarine conditions ( Bandeira and Gell, 2003; Whitfield et al., 2012). Its South African
stronghold is the estuarine bay (sensu Whitfield, 1992) at Knysna, known locally as the Knysna Lagoon,
within the Garden Route National Park ( Russell et al., 2009). This system supports 350-390 ha of N.
capensis ( Maree, 2000; Bandeira and Gell, 2003); i.e. over half of the total national area. Like all
Nanozostera species, N. capensis can certainly tolerate low salinity, down to some 2 ( lyer and Barnabas,
1993), and hence its usual categorisation as being estuarine in habitat. Nevertheless, like many ‘estuarine’
organisms ( Barnes, 1989; Attrill and Rundle, 2002), dwarf-eelgrasses are probably more truly characteristic
of sheltered coastal conditions in general and they occur in areas other than those of reduced salinity. Indeed
they flourish in full-strength seawater in lagoons and bays, and a salinity of 35 is within their optimal growth
range ( Adams and Bate, 1994). With a field salinity range of some 2—-40, N. capensis therefore provides an
ideal subject for an examination of the extent to which intertidal seagrass faunal assemblages might vary
along an estuarine axis. This paper then considers the effects on seagrass faunal biodiversity and related
ecological features of the axial hydrographical gradient at the Knysna stronghold of N. capensis. The
Knysna system is also an appropriate one for such an investigation on several grounds. It is, for example, the
type of estuary in which salinity is likely to be an important factor structuring the fauna ( Teske and
Wooldridge, 2003), and its influence on biodiversity in several habitat types there has already been
demonstrated ( Day et al., 1952; Allanson et al., 2000a). Further, both N. capensis itself ( Short et al., 2007,
2011) and the fauna that it supports at Knysna are of very high conservation importance ( Hodgson and
Allanson, 2000; Russell et al., 2009), and information on the spatial distribution of their biodiversity is of
practical value to management strategy.

2. Study area

The permanently open, 18 km2 Knysna estuarine bay (34002'S, 23001'E) is ranked ecologically as the most
important of South Africa's 250+ estuaries (Turpie et al., 2002; Turpie and Clark, 2007). It contains a higher
proportion of the total South African estuarine biodiversity than any other estuary (Turpie et al., 2002) and
hosts a number of species for which Knysna is the only known African locality (Barnes, 2010; Barnes and
Ellwood, 2011). In part this is due to its large size and wide range of habitat types, and also because,
unusually amongst South African estuaries, it receives both seawater input with every high tide, supporting a
diverse assemblage of marine species, and freshwater from a permanently inflowing river at its head. At the
same time, however, it is also the most economically valuable of South Africa’s estuarine resources. In 2007,
for example, it was the premier estuarine tourist destination (with an annual tourist revenue then equivalent
to 150 x 106 US$) and premier estuarine residential area (with estuary-related property ~0.2 x 109 USS$),
whilst still yielding an annual income =26 x 106 US$ from its use by line fish as a nursery-area and 120 x
103 US$ of harvested resources to subsistence fishers (Turpie and Clark, 2007). However, despite the
considerable human impingement on the system (Russell et al., 2009), levels of environmental health are
still ranked as ‘good’, the second-highest category on a four point, ‘excellent’ — ‘poor’ scale (Turpie, 2004;
Turpie and Clark, 2007).

Hydrographically, the estuarine bay is divisible into a linear series of three units (Largier et al., 2000): (1) an
outer marine system tidally flushed with cool water from the Indian Ocean (the spring tidal prism being
some 19 x 106 m3, the largest of any South African estuary; CSIR, 1974) and with salinities usually >34;
(2) a middle, relatively isolated lagoonal section with not only a long residence time but also high salinity
(30-34); and (3) an inner, stratified and well-flushed estuary with low (0—<30) and variable salinity as a
result of the influence of the Knysna River. Several other freshwater streams and small rivers do enter all
three units, but these do not normally affect the hydrography of the main water mass. Estuaries being
dynamic systems, these hydrographic components are not constant in areal extent or geographical position.
The estuarine regime shrinks and enlarges in response to variation in river flow, and the marine regime
likewise expands (to 7.5 km upstream) and contracts (to 4 km upstream) in response to variation in high-



tidal seawater incursion during spring (1.7 m range) versus neap (0.5 m range) tidal phases, forcing the
intervening lagoonal regime to move accordingly (Largier et al., 2000). Further, the semi-diurnal tides
impose short-term changes: during high tide the road and rail crossings (see Fig. 1) generally mark the
approximate regions of transition from one hydrographic regime to the next; at low tide, all three regimes
move seaward. The causeway-plus-bridge systems of these two crossings also effectively divide the
estuarine bay into inner, middle and outer basins that thus, at high tide, roughly correspond to the three
components of the hydrographic system. A representative salinity gradient along the estuary is shown in Fig.
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Fig. 1.

The Knysna estuarine bay showing the location of the 12 sites close to the margins of the axial channel. The
width of the axial seagrass beds is at most sites too narrow for them to be included on a map of this scale.
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A representative gradient of surface water salinity at low tide along that section of the Knysna estuarine
system supporting Nanozostera capensis (from data in Day et al., 1952; Hodgson and Allanson, 2000; and
others). Distances along the X axis are as measured along the axial channel; RaC = rail crossing; RoC = road
crossing.

Saltmarsh, seagrass and intertidal sediment flats occupy over half the area of the system (Maree, 2000; CES,
2009), the seagrass being overwhelmingly N. capensis, although Halophila ovalis also occurs throughout
and Ruppia maritima replaces eelgrass in the upper reaches of the inner basin. In sheltered areas across the
outer basin, N. capensis can occupy an intertidal height range of >1 m, cover horizontal distances of >400
m, and extend down to c. 1 m below MLWS ( Grindley, 1985). Along the margins of the axial channel,
however, eelgrass beds usually extend over much smaller horizontal and vertical distances, in the inner basin
only over a vertical intertidal height of <0.3 m ( Day, 1967; Maree, 2000), notwithstanding that the tidal
range remains effectively unchanged ( Grindley, 1985; Largier et al., 2000). Sediments vary somewhat
within the estuary, clearly being less muddy near the mouth than elsewhere, as is typically the case in South
African estuaries ( Teske and Wooldridge, 2003), but otherwise the seagrass substratum ranges from firm
sandy mud to softer sand-less mud in all three basins.

3. Methods
3.1. Sample collection and processing

To investigate the macrobenthic invertebrate assemblages of the intertidal seagrass along the estuary,
sampling was conducted at 12 sites aligned in a chain over the 15.5 km of the axial channel that supports N.
capensis ( Fig. 1). Four such sites were located in each of the three basins, including one in each transitional
hydrographic zone, and they were situated close to the axial channel to avoid potentially confounding
variables such as the high degree of shelter present in the creeks between and behind islands ( Barnes, 2010;
Barnes and Ellwood, 2011). Three replicate stations, some 100 m apart, were worked at each site, and 10
core samples were taken 1 m apart in a line along the shore at each station. All cores were taken within the
same shore height horizon, i.e. near the waterline during low water of spring tides <0.4 m in height. In the
outer basin, this horizon corresponds to the lower quarter of the intertidal seagrass profile; in the inner basin,
however, the horizon could virtually correspond to the bed itself (see above). Except at site 1 where the
seagrass solely occurred in large patches, sampling stations were selected so that cores could be taken from
within comparable areas of 100% cover in continuous seagrass beds to avoid confounding variables such as
% ground cover, patch size and proximity to edges ( Irlandi, 1994; Bowden et al., 2001; Tanner, 2005). Each
of the 360 samples was of 27 cm2 area and 50 mm depth, earlier studies in the Knysna system ( Barnes,
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2010) having indicated that 10 cores of that area would yield an acceptable standard error <10% of the
arithmetic mean in estimation of animal numbers. A 50 mm depth was selected because most benthic
macrofauna in seagrass beds occurs in the top few mm of sediment (e.g. 98% in the top 5 mm in the study
by Klumpp and Kwak, 2005). Potential area effects on species richness and other parameters were avoided
because the same total area was cored at each site and station. Sampling was carried out over a total period
of three months during the 2011/2012 austral summer.

Treatment of the samples was the same as in earlier studies of spatial variation within the Knysna seagrass
beds (Barnes, 2010; Barnes and Ellwood, 2011). Samples were collected soon after tidal ebb from the area
of shore concerned, and were gently sieved through 710 um mesh. Retained material was: (1) placed in a
large polythene bag of seawater within which all seagrass fragments were shaken vigorously to dislodge all
but sessile animals and then discarded; (2) it was then re-sieved and transported immediately to a local
laboratory; where (3) it was placed in a large white tray from which the living fauna was extracted by eye,
extraction continuing until no further animal could be seen after a 3 min search. Faunal individuals were
identified whenever possible to species and were counted, excluding any sessile or semi-sessile animals (e.g.
Halianthella annularis) that had become detached from the seagrass leaves during sorting. Occurrences at
sites and stations are only as observed in the samples; i.e. without interpolation. Animal nomenclature is as
listed in the World Register of Marine Species (WoRMS <www.marinespecies.org>), except for the unlisted
Rissoa capensis Sowerby (on the basis of its anatomical and molecular taxonomy, this species is neither a
Rissoa nor even a rissoid but is related to the Assimineidae; W.F. Ponder, pers. comm.: it is here referred to
as ‘R.” capensis). Across the inner basin a recent spatfall of the estuarine mussel Arcuatula capensis had
occurred, and >8000 m—2 <2 mm long highly mobile young mussels crawling all over the Nanozostera
leaves overwhelming dominated the fauna there, especially at two of the site 10 stations: this spatfall was
excluded from calculations of species diversity, overall abundance, evenness and dominance.

3.2. Statistical analyses

Faunal assemblages were compared multivariately via hierarchical clustering analysis using S17 Bray-
Curtis similarity, ordination by non-metric multidimensional scaling (hMDS), similarity percentage analysis
(SIMPER), permutational analysis of multivariate dispersions (PERMDISP), including as a test for
variability in between-group species composition (i.e. in B-diversity) (Anderson et al., 2006) and
permutational analysis of variance (PERMANOVA), all carried out using PRIMER 6 [PrimerE Ltd:
Plymouth Routines in Multivariate Ecological Research, Version 6]. Detrended correspondence analysis of
the faunal assemblage data revealed a maximum gradient length >4 standard deviations, thus confirming that
the data show a strong unimodal response around some environmental optima. Canonical correspondence
analysis (CCA), via CANOCO for Windows 4.5 [Microcomputer Power, Ithaca NY7], was therefore used to
determine the proportion of assemblage variation attributable to the axial estuarine gradient.
PERMANOVA, PERMDISP, SIMPER and nMDS were conducted on Bray—Curtis similarity matrices with
fourth-root transformed versions of the data, PERMANOVA and PERMDISP using 9999 permutations.

Observed patterns of species co-occurrence were compared with statistical randomisations of the original
species occurrence data using ECOSIM simulations (Gotelli and Entsminger, 2010). ECOSIM's default
randomisation algorithm maintains fixed sums for row and column totals so that each matrix generated had
the same number of species and core samples as the original. This algorithm has a low chance of falsely
rejecting the null hypothesis (Type 1 error), but has good power for detecting non-random patterns (Gotelli,
2000). Differences between simulated and observed co-occurrence patterns were tested using the Stone and
Roberts (1990) checkerboard score (C—) index which indicates: random assemblage structuring if Cobs is
not significantly different from Csim; non-random structure by virtue of more than expected negative co-
occurrences if Cobs is significantly larger than Csim; and non-randomness by virtue of excess positive co-
occurrences if Cobs is significantly smaller than Csim.

Comparison of emergent assemblage properties at the various sites, i.e. species richness, a-diversity,
evenness, dominance, and total abundance, used one-way ANOVA, followed by post-hoc Tukey HSD tests
where applicable, and tests of potential correlation of these emergent properties with location along the axial
gradient used the Pearson coefficient, in both respects after In[x + 1] transformation. Otherwise tests of



potential correlation used the non-parametric Spearman rank coefficient. Granted the numerical importance
of rare species in the local seagrass fauna (species represented by a single individual forming 26% of the 81
species found by Barnes, 2010 in a sample of 8644 individuals), observed numbers of species per site (Sobs)
were converted to total species richness (Smax) by Chao-1 estimation ( Chao, 1984). Species diversity (D)
was measured as the linear Hill's (1973)N2 or the ‘effective number of species’ to permit quantitative
comparison ( Jost, 2006, 2007) and evenness then as Hill's (1973)N1/NO (where NO = Sobs); dominance was
assessed by the Berger and Parker (1970)d as modified by Barnes and Barnes (2012) i.e. [(nmax —
nmean)/N] where nmax is number of the most numerous species in a sample, nmean is mean number of
individuals per species, and N is the total number. Patchiness was assessed via Morisita's Index of
Dispersion and associated y2 analysis.

4. Results
4.1. General nature of the seagrass faunal assemblages

The survey yielded 100 species in total, all from essentially marine taxa except for the larvae of a
chironomid midge, with a range of 12-50 (mean 29) species per site and with 25% of species represented by
a single individual. The Chao-1 estimated total species richness was 135. Mean overall site densities ranged
from 7918 to 3108 (mean 5364) ind. m—2, and site a-diversities from 12.0 to 2.5 (mean 7.1). Species
richness, a-diversity and overall density were all unevenly distributed through space (one-way ANOVA
F11,24 > 7.4; P «< 0.0001), although there was neither significant variation in values of evenness along the
estuary (ANOVA F11,24 =1.7; P = 0.14) (mean E per station 0.48, SE 0.01), nor in those of dominance
(ANOVA F9,20 = 1.5; P = 0.22) (mean d per station 0.25, SE 0.01) until the upstream sites 11 and 12 at
which levels of d increased to 0.47, SE 0.02. Even the species with the highest constancy index, Nassarius
kraussianus, was very patchily distributed across all spatial scales from cores (Morisita's Id 1.86; y2 988; df
359; P « 0.0001) to sites (Id 1.22; y2 173; df 11; P «< 0.0001).

Estimation of the components of spatial variance at the three nested sampling scales (PERMANOVA)
showed that the component due to site was relatively large (c.f. Barnes, 2010; Barnes and Ellwood, 2011)
and of a very similar magnitude to that at the level of the individual core samples ( Table 1), indicating the
importance of location along the estuary. As might be expected, faunal assemblages showed significant
differentiation across the 12 sites (PERMANOVA pseudo-F = 25.9; P = 0.0001), with position along the
axial gradient accounting for 29% of the total variation (CCA; eigenvalue 0.59; species—environment
correlation = 0.97; Monte-Carlo randomisation test, P = 0.001), although pairwise PERMANOVA disclosed
no significant differences between the assemblages at any given pair of sites (P > 0.1). Non-metric
multidimensional scaling ( Fig. 3) shows that whilst site 2 formed an outlier (mainly consequent on the
abundance there of Turritella capensis and of the unidentified ostracod; SIMPER) (see Table 2), the other
six downstream sites (1 and 3-7) and the upstream five (8—12) formed separate clusters.

Table 1.

Partitioning of variance components at the nested spatial scales of site, station and core
(PERMANOVA of fourth-root transformed data).

Spatial scale df Pseudo-F P +EV VC

Site 11 9.19 0.0001 36.2 39.0

Station 24 326 0.0001 18.2 19.6

Core (=residual) 324 38.441.4
Total 359

EV = estimate of variance; VC = variance component as percentage of the total.
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Non-metric multidimensional scaling plot of the superimposed group-average S17 Bray—Curtis
Similarity clusters of fourth-root transformed abundances of the faunal assemblages at the 12
seagrass sites along the Knysna estuarine system. Envelope percentages stated are Bray—Curtis
similarities.

Table 2.

Numerically-dominant members of the faunal assemblages at each of the twelve sites along the
Knysna estuarine system (i.e. species comprising at least 7% of individuals at a site).

Site 1234567 89101112
Symsagittifera macnaei - - - - 10- 8 - - - - -
Ceratonereis erythraeensis— 8 2315- 16— 17- 22— -
Capitella sp. 26- — - = = — = — - — -
Prionospio sexoculata 8 - - -153019307 - - -
Caulleriella capensis - -916- - - - - - - -
Cirriformia sp. - - =-14- - = - = - -
Desdemona ornata -=-11- - = = = = = - -
Unidentified ostracodsp. - 20— - - - = = - - — -
Exosphaeroma hylecoetes - - 13- - - - — - - — -
Diogenes brevirostris 8 - - - == === - - -
Hydrobia knysnaensis - - —= = —= - — — — - 60 52
‘Rissoa’ capensis - = = = = = — — — — 7 12
Turritella capensis - 20- - = = = = = = - -
Nassarius kraussianus 22— 7 — 1812231342271010
Arcuatula capensis - — =7 - =7 2729281414

Dashes indicate that a species comprised <7% of numbers at a site, not necessarily that it was absent.
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Comparisons of observed and simulated species co-occurrence patterns showed no differentiation in
the organisation of the seven downstream and the five upstream sites. At the spatial scale of site, a
similar proportion (five of the seven downstream and four of the five upstream sites) did not depart
from random, whilst at the larger spatial scale of the upstream versus downstream site-groups both
were deterministically structured (Cobs > Csim; P = 0.01 and 0.03). However, in respect of the five
upstream sites, this result was entirely dependent on Prionospio and Hydrobia; with either of these
species removed from the data set, structure of the remaining assemblage did not then depart from
random (Cobs > Csim; P > 0.3). Deletion of any of the other three dominants (Nassarius,
Ceratonereis or Arcuatula), in contrast, had no such effect.

4.2. Downstream sites (1-7)

Species richness per station was not uniform between sites 1 and 7 (one-way ANOVA F6,14 = 6.3; P
< 0.005), consequent on significant differences between site 6 and sites 2, 4 and 5 (Tukey P < 0.015),
and neither was assemblage composition (PERMANOVA pseudo-F = 6.1; P = 0.0001) ( Table 2).
However, there was no significant correlation between position along the upstream axis and either
the observed or the estimated total number of species per station or per site over this region (Pearson
P >0.2) ( Fig. 4A). Neither was there any significant variation in a-diversity ( Fig. 4B) (ANOVA
F6,14=0.9; P =0.5), nor any correlation of a-diversity with position along the axis (Pearson P =
0.8). On average, each of the seven downstream sites supported 40% (SE 2.9) of the local pool of 97
observed species, of which 24% were represented by singletons and a further 10% by doubletons,
and each supported 41% (SE 4.3) of the estimated local total of 123 species. Correspondingly, levels
of within-site Bray—Curtis similarity were low, averaging 35.6% SE1.5 (one-way SIMPER). Within
this downstream region's diverse fauna only three species (N. kraussianus, Ceratonereis erythraeensis
and Prionospio sexoculata) attained >7% of total numbers or occurred in >33% of samples; together
they accounted for <32% of total individuals ( Fig. 5). As expected, position along the axis
accounted for a relatively small, though still significant, proportion (32.8%) of the assemblage
variation among these downstream sites (CCA; eigenvalue 0.16; species—environment correlation =
0.89; Monte-Carlo randomisation test, P = 0.002).
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Macrobenthic faunal biodiversity within intertidal seagrass at sites 1-12 along the length of the
Knysna estuarine system. A; Observed (®) and Chao-1 estimated total (o) numbers of species per
site. Note the sharp fall at some 11 km upstream; variation within each of the two separated plateaux

IS not statistically significant. B; a-species diversity (effective number of species) per site. For details
of the X axis see Fig. 2.
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Differing faunal assemblage structure in different regions of the Knysna estuarine system.
Cumulative relative abundance, as percentage of total individuals, of the macrobenthic species within
intertidal seagrass in the downstream high-salinity sites (1-7), lower upstream brackish sites (8-10)
and upper upstream brackish sites (‘upstream Hydrobia zone’) (11 and 12).

4.3. Upstream sites (8-12)

A marked decrease in species richness, however, was evident upstream of site 7 (Fig. 4A); site 8
differing significantly in this respect from all seven downstream sites (Tukey P < 0.006 in each
case). Likewise site 8 showed a significant difference in B-diversity from each of the downstream
sites (pairwise PERMDISP t > 2.5; P < 0.02). This lower level of richness was then maintained
without any statistically significant variation (ANOVA F4,10 = 1.3; P = 0.3) or correlation with
distance upstream (Pearson P = 0.8) across all the five upstream sites ( Fig. 4A). There was,
however, a significant variation in a-diversity upstream from site 7 (ANOVA F4,10 =5.3; P = 0.01),
although solely consequent on the difference between sites 8 and 11 (Tukey P = 0.01), and there was
a significant negative correlation between diversity and distance upstream (Pearson RP = —0.67; P <
0.01) ( Fig. 4B). In the latter case this was consequent on a marked change in assemblage
composition occurring between sites 10 and 11 (see below). Each of the five sites upstream of site 7
supported a much greater percentage, an average 57% (SE 3.8), of the much smaller local pool of 28
observed species (estimated total 32). 18% of the upstream fauna were represented by singletons and
a further 11% by doubletons, without significant change from the downstream sites in proportion of
such rarities per site (ANOVA F1,10 > 1.8; P > 0.1). Densities of Ceratonereis and Prionospio did
not differ between the two stretches of the estuary (ANOVA F1,34 <0.7; P > 0.4) although
Arcuatula was much more abundant upstream than downstream (ANOVA F1,34 = 114; P « 0.0001).
Only three species were present upstream of site 7 that were not also obtained downstream, and all
three are known to be part of the downstream fauna as well, having been recorded there by the
surveys of Allanson et al. (2000a) and/or Barnes (2010). The upstream fauna was then a small subset
of the richer downstream assemblage, not a separate brackish-water association of replacement
species. Unusually for an echinoderm, the upstream subset included the burrowing holothurian
Leptosynapta knysnaensis which thus penetrates further upstream, and into lower salinities, than
previously recorded (e.g. by Day et al., 1952). Location along the upstream axis accounted for a
higher proportion (54.2%) of the assemblage variation among sites 8-12 (CCA, eigenvalue, 0.07;
species—environment correlation, 0.92; Monte-Carlo randomisation test, P = 0.002) than it did among
the downstream marine-influenced ones.

The upstream sites were themselves divisible into two groups in that a second significant faunal
discontinuity in B-diversity (pairwise PERMDISP t > 4.5; P < 0.0001), though not in species richness
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(see above), occurred within the upstream zone between sites 10 and 11. Across the lower of the two
upstream zones (sites 8-10), the same three dominant species as downstream, together with A.
capensis, were again the only ones to attain >7% of total numbers or occur in >33% of samples, but
together they here comprised a much higher percentage (>82%) of the fauna (see Fig. 5) (c.f. sites 1—-
7 above). This was reflected in higher levels of within-site similarity than downstream (mean 51.3%
SE 0.9; one-way SIMPER), with most of the similarity being attributed to a total of only three
species. Assemblages did not differ significantly across these three sites (PERMANOVA pseudo-F =
2.9; P >0.08). Although Nassarius, Ceratonereis and Arcuatula remained as abundant upstream of
site 10 as over the lower upstream zone of sites 8-10 (ANOVA F1,13 < 0.9; P > 0.3), their numbers
were dwarfed at sites 11 and 12 by the additional presence of very high densities of Hydrobia
knysnaensis, and to a lesser extent ‘R.” capensis, which were responsible for 41% of the dissimilarity
between sites 10 and 11 (one-way SIMPER). Sites 1-10 supported an average of only <3 Hydrobia
and <9 ‘Rissoa’ m—2, whereas at site 11 the position changed dramatically to >4500 Hydrobia and
>500 ‘Rissoa’ m—2 and the two comprised 67% of the faunal individuals there. This microgastropod
domination continued at site 12. Within-site Bray—Curtis similarities were highest at sites 11 and 12
(mean 70.7% SE 1.0; one-way SIMPER), levels of within-site similarity differing significantly
between the three groups of sites along the estuary (i.e. sites 1-7, 8-10 and 11-12) (ANOVA F2,9 =
87; P <<0.0001). Species richness at sites 11 and 12 did not differ from those at sites 8-10 (ANOVA
F1,13 <0.01; P = 0.9), but their species diversities did so (ANOVA F1,13 =12.5; P < 0.01).

4.4. Gradual changes in assemblage features

Besides the stepped changes occurring between sites 7 and 8 and between sites 10 and 11 indicated
above, there were also indications of gradual upstream trends in faunal assemblages and in their
characteristics. The nMDS plot (Fig. 3), for example, also shows that there was a significant trend for
the site assemblages to distribute themselves across the Euclidean space in their order up the estuary
(Spearman RS > 0.9; P « 0.0001). Secondly, overall faunal abundance was not uniform along the
estuary (ANOVA F11,24 =7.3; P « 0.0001) ( Fig. 6), and it also decreased significantly with
distance upstream until the upstream Hydrobia zone (Pearson RP = —0.69; P « 0.001). Over the
same stretch of estuary there was a strong positive correlation between faunal density and observed
species richness (Pearson RS = 0.6; P <0.001). Of the 21 most widespread species between sites 1
and 10 (those occurring in at least 10% of samples), however, the abundance of 15 of them did not
correlate with distance upstream (Spearman RS; P > 0.05) and the density of three of them —
Arcuatula (see above), Glycera convoluta and Macoma litoralis — actually increased significantly
(Spearman RS > 0.7; P < 0.04). Only densities of the polychaetes Arabella iricolor, Orbinia
angrapequensis and Aricidea capensis decreased significantly with upstream distance (Spearman RS
> 0.7; P <0.02). During this decline in overall density, the proportion of polychaetes remained
unaffected (Spearman RS =—0.37; P = 0.3) but those of crustaceans fell (Spearman RS =—0.83; P =
0.003) and of molluscs increased (Spearman RS = 0.68; P = 0.03). At the two most upstream sites
(11 and 12) faunal abundance rose sharply again ( Fig. 6), molluscs here comprising >93% of the
individuals.
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Overall abundance of macrobenthic fauna (mean numbers m + 1 standard error at each site) within
intertidal seagrass at sites 1-12 along the length of the Knysna estuarine system. For details of the X
axis see Fig. 2.

5. Discussion

Salinity gradients of tidal estuaries such as that at Knysna are far from static. In times of flood (that
occur once every 10-12 years; Day et al., 1952) during which river flow may reach 170 m3 s—1
(Largier et al., 2000), freshwater conditions can occur throughout all three basins, especially during
low tide. The last such occasion was some 18 months before the present samples were taken (B.R.
Allanson, pers. comm.). During droughts, river flow can decrease to such a low level (<0.4 m3 s—1)
that it only balances evaporation and evapotranspiration and no net seaward flow occurs; hence
salinities of >30 can extend right through the system especially during high tide (Largier et al.,
2000). Therefore over the medium term, all intertidal points throughout the entire estuarine bay may
experience a maximum of >30 and a minimum of <5, and patterns of distribution in some estuaries,
especially in otherwise high-salinity regions, can be driven by such extreme events (Jones, 1987).
Under non-extreme conditions, however, Largier et al. (2000) suggest that all seagrass regions in the
outer and middle basins at the height sampled are likely to be bathed by water >30; whereas
stratification within the inner basin is likely to produce wide semi-diurnal salinity fluctuation with
state of the tide, from highs of >28 to lows of: down to 20 at site 9; 8 at site 10; 5 at site 11; and <3 at
site 12 (Maree, 2000; Allanson et al., 2000b). If then the general axial salinity gradient (whether its
mean values or the extent of short-term variation) is a major determinant of seagrass faunal
biodiversity and related ecological features, and if the model of Largier et al. (2000) adequately
describes the salinity regime, three predictions follow: (1): that faunal biodiversity, composition,
structure, etc. should (all other things being equal) remain unchanged within the 10.5 km zone of >30
salinity (from Site 1 to Site 8), as is the case, for example, in the seawater-dominated Kariega
Estuary in the Eastern Cape (Henninger and Froneman, 2011); (2): that the critical point along the
length of the Knysna estuarine system should be the junction between the middle and inner basins,
i.e. the general vicinity of Site 9; (3): that the rapidly decreasing minimum salinities upstream of that
critical point, at least during low tide, should result in declining biodiversity thereafter.

Such predictions might not seem to be supported by the Knysna fauna as a whole, in that a relatively
even, continual reduction in species richness per site has been recorded (Day et al., 1952, as updated

by Day, 1967), from >175 near the mouth to <35 near the head, although the same trend has not been
seen in (Shannon) species diversity (Allanson et al., 2000a). These data, however, were derived from
all habitat types and from all tidal heights at each sampling point, and both habitat and tidal height
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can be powerful confounding variables (Day, 1967; Teske and Wooldridge, 2003). Both habitat
diversity and hard substrata decrease upstream, for example, potentially obscuring any potential
relationship between species richness and salinity.

In contrast, the present study was restricted to a single habitat type and within that to a single tidal
height. These data showed that faunal richness within the N. capensis did essentially conform to two
of the local salinity-regime based predictions. Richness across the seven downstream sites along the
axial channel was high, Sobs per site averaging 39 and Smax 50, and, although variable from site to
site as it is across the entire outer basin ( Barnes, 2010), it did not vary with distance from the mouth
until a point some 11 km upstream after which there was a sharp decrease to Sobs < 19 and Smax <
24. Although this critical zone between sites 7 and 8 is somewhat further downstream than might be
predicted, both Day et al. (1952) and Allanson et al. (2000b) do show that average salinity in the
vicinity of site 8 drops to 25 at low tide, and the sudden decrease in species richness therefore does
correspond to the region of the Knysna estuarine bay in which salinities typically drop below 30 for
part of each tidal cycle.

Biodiversity at the five upstream sites did not conform to the third of the three predictions, however.
Rather than decline with distance upstream, species richness showed no significant variation but
plateaued at a level some 40% of that in the marine-dominated region, Sobs per site averaging 16 and
Smax 19, along a section of the estuary over which minimum salinity decreased from 25 to <3 and
its range increased from 10 to >25, i.e. well into the zone generally regarded as being critical for
estuarine biodiversity ( Telesh and Khlebovich, 2010; Elliott and Whitfield, 2011; Whitfield et al.,
2012). Although species richness per station and site were thus still relatively high, the total
upstream fauna was nevertheless impoverished in relation to that downstream: the local pool of
species was <30% of that in the marine section (although note that the area sampled was only 70% of
the latter) and just five species comprised >83% of the total numbers of individuals, whereas the
same five comprised <35% of the downstream total. The presence in large numbers of the
microgastropods H. knysnaensis and ‘R.” capensis only at the two most upstream sites, at which
salinities can fall below 3 during low tide, might suggest that salinity has a strong influence on their
distribution and that they are brackish-water specialists. This, however, is not the case; indeed, like
its closest relative Hydrobia ulvae ( Hylleberg, 1986; Pascual and Drake, 2008; etc.), H. knysnaensis
appears biologically to be an essentially euhaline species also capable of withstanding dilute media (
Barnes, 2004). Abundance of H. knysnaensis and ‘R.” capensis, both local endemics restricted to the
Western Cape and the western part of the Eastern Cape, shows a peculiar, markedly disjunct
distribution in the Knysna system. Besides dominating the lowest salinity reaches of the estuary at
low tidal levels ( Barnes, 2002; and present study), the two also dominate the seagrass fauna at
relatively high-tidal levels in fully marine areas of the Knysna outer basin near the mouth of the
system, where, in 2010, mean densities of 16,000 ind. m—2 occurred in N. capensis beds at the head
of very sheltered backwater creeks enclosed within blocks of saltmarsh ( Barnes, 2010). They are,
however, scarce to absent along the exposed axial channel in the outer basin, through the intervening
middle basin and in the downstream section of the inner basin ( Barnes, 2004, 2010; and present
study). The two regions that they can at times dominate are both extreme, having the lowest salinities
or the highest tidal levels tolerated by seagrass respectively. The microgastropods could thus be
considered marginal species occupying the fringes of the habitat range of seagrass within the estuary,
albeit at times very successfully although their numbers fluctuate markedly from year to year (
Barnes, 2004; Barnes and Ellwood, 2011). There are no indications of their occurrence only in areas
from which some potential competitor is absent, so the driver may be escape from predation by fish
(such as grunters, Pomadasys). In respect of competition, it was noticeable that except for these two
microgastropods at sites 11 and 12, overall faunal densities declined markedly (halved) on
progression upstream and those of only three species increased (two suspension feeding bivalves, a
relatively insignificant feeding category downstream, and a predatory polychaete only present in
small numbers anyway). There was, therefore, little evidence of any putative increase in abundance
of the remaining species on release from competition.



The upstream and numerically-dominant downstream species at Knysna are classic members of the
southern African estuarine fauna (Day, 1981; Schlacher and Wooldridge, 1996; de Villiers et al.,
1999; Henninger and Froneman, 2011). Although characteristic of estuaries, they clearly occur in
full-strength seawater in the Knysna outer basin and many can withstand salinities of up to 50-55 (de
Villiers et al., 1999; Whitfield et al., 2012). That they are not commonly found in the sea appears
more a matter of the absence of other suitable shallow, sheltered habitat along the South African
coastline (Day, 1967; Cooper, 2001) than of the specifically ‘estuarine’ nature of the species
themselves — the exception proving this rule being the fauna of the sheltered but non-estuarine
Langebaan inlet which shows very close similarities to that at Knysna (see e.g. Hanekom et al.,
2009). It might be argued that as this South African estuarine fauna is known to be relatively
independent of ambient salinity (de Villiers et al., 1999; Teske and Wooldridge, 2001, 2003, 2004) it
is only to be expected that salinity would not affect their upstream distributions, particularly as the
stretches of the Knysna Estuary supporting seagrass do not include the oligohaline zone, and
therefore that the constancy of species composition and richness across sites 8-12 has nothing to do
with the seagrass habitat. Other evidence suggests that this is not so. Despite their independence of
salinity, Schlacher and Wooldridge (1996) demonstrated that this fauna showed a decline in species
richness over a range of minimum salinities from <30 to 10 in unvegetated sediments along the
Gamtoos Estuary (Eastern Cape) and also that there they formed an axial series of distinct
assemblages upstream. Distributions of the typically estuarine benthic species of northwestern
Europe are also largely independent of salinity above a 4-5 lower limit (Barnes, 1989), yet in
unvegetated brackish-water sediments they also show declines in species richness down gradients of
the same range in minimum salinity (Bleich et al., 2011; Rodrigues et al., 2011; Whitfield et al.,
2012; etc.).

It then appears that there is a considerable degree of macrobenthic assemblage stability in areas of
the Knysna estuarine system subject to minimum salinities of from 25 to <3. In their potentially
protective vegetated habitat, a sizable group of species, all (with the possible exception of Arcuatula)
equally characteristic and indeed often dominant members of the fauna of various regions of the
marine-influenced zone downstream, can also survive low and wildly fluctuating salinities upstream.
Clearly, however, not all species do so. Day (1967, 1981) considered that 139 of the 310 marine
invertebrates that he and his colleagues had recorded from the Knysna system were stenohaline
marine in nature. The present survey disclosed that a pool of 97 observed (123 estimated total)
species occurred at the marine sites 1-7, but that this dropped to 28 observed (32 estimated total)
species at the upstream sites 8-12. Many of the species not present upstream were relatively rare
components of the downstream fauna although some, such as T. capensis, Paridotea ungulata,
Desdemona ornata and various eunicidan and scolecidan polychaetes, were common, characteristic
downstream species, not only along the axial channel but also in more sheltered regions ( Barnes,
2010; Barnes and Ellwood, 2011). Species such as these and the others responsible for the observed
fall in richness are most likely to be mainly this stenohaline marine component (see Teske and
Wooldridge, 2003). Apart from those, however, there was no indication of the restriction of
particular species or assemblages to different salinity zones, the spurious case of Hydrobia and
‘Rissoa’ excepted. That the switch from the full range of downstream marine species to the more
limited upstream group of estuarine species occurred over a very short stretch of the Knysna system
— a maximum distance of 1.2 km — is unexpected and potentially very interesting. It suggests the
possibility that within the seagrass the fauna shows not so much the more usual seaward ecocline (
Attrill and Rundle, 2002) as a sharp ecotone, and further research to determine whether the boundary
zone is unstable and dynamic could be potentially rewarding.

Finally, does the distribution of macrobenthic species richness within the Knysna estuarine seagrass
meadows then conform to the Remane paradigm? Much would seem to depend on what features of
the model are considered most critical. Leaving aside uncertainties associated with the most
appropriate units of its salinity axis (in a tidal estuary should these be the absolute minimum, the
mean, the range, etc?), all variants of the Remane diagram reviewed by Whitfield et al. (2012) posit a
steep but gradual decrease in species richness between estuarine regions subject to salinities of from
30 to 15 (the approximate mean value at Knysna site 12) or <3 (the minimum at that site). In



contrast, at Knysna there was no significant decline in richness over this segment of the axis,
suggesting independence of richness from salinity over this range. However, when considering the
results of Jones et al. (1986) on the relationship between benthic species richness and salinity along
the Australian Hawkesbury Estuary, Whitfield et al. (2012, p. 85) also considered that ‘although a
consistent decline in species richness along the system never occurred, the more saline locations
usually did support the majority of species and the upstream locations had the least species (i.e.
conforming to the Remane model)’ (our italics), implying that in their view the essence of the model
is species-poverty of the brackish stretch rather than decrease in richness with decreasing salinity
within that stretch. The more saline sites 1-7 at Knysna each certainly supported greater species
richness than did the upstream brackish sites 8-12 and therefore in those terms the estuary's seagrass
fauna does conform.
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