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ABSTRACT: Lithified microbial mats (microbialites) dominated shallow oceans during the Pre-
cambrian but are rare in modern environments. Factors restricting the prevalence of modern
microbialites have been linked predominantly with reduced marine calcium carbonate levels and
metazoan disruption. Some living microbialites only manage to persist together with an abundant
metazoan community because of, among other factors, the regulatory pressure of fish predators on
the grazing macrofauna. In peritidal pools formed by layered microbialites (termed ‘stromatolites’)
along the South African coastline, fishes occur regularly, yet the dynamics of their interactions
with co-occurring metazoans or other habitat features are unknown. We therefore aimed to link
multivariate fish abundance to correlates of potential food resources and physico-chemical
variability, using a generalised linear modelling approach. The fish community comprised both a
resident species (the gobiid Coryogalops sordidus) and a number of transient fishes, most notably
Myxus capensis (Mugilidae) and Rhabdosargus holubi (Sparidae) that dominated the fish biomass
in the pools yet displayed sporadic or seasonal fluctuations. Generally, fish abundance was largely
related to physical forces primarily associated with spatial salinity gradients of pools as well as
swell conditions, with resource variability offering some, but minimal overall, contribution. These
insights suggest limited top-down predatory control by fishes on macrofauna, but rather that this
environment invokes the recruitment of typical marine estuarine-dependent fish species.
However, abundance and growth patterns of recruits suggest that these pools are unfavourable
nurseries for juvenile development and export, likely because of their limited size, reduced
feeding opportunities and spatial extent, unlike typical estuaries.
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INTRODUCTION

Lithified microbial mats (microbialites) represent
some of the oldest forms of life on Earth, documented
from up to 3.4-3.7 Ga (Allwood et al. 2006, Nutman
et al. 2016), and are reflected in varying degrees of
abundance throughout geological history (Riding
2006). Their structures are preserved in the fossil
record because of the nature of sediment deposition,
which primarily occurs through the precipitation of
calcium carbonate by cyanobacteria (Reid et al. 2000,
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Dupraz et al. 2009) or the trapping and binding of
sediment by microalgae (Frantz et al. 2015). Notably
following the Mesoproterozoic, and especially in
modern times, these formations are rare (Riding
2006). This diminished abundance has been attrib-
uted to a variety of factors, including altered sea-
water chemistry states (Grotzinger 1990, Riding &
Liang 2005) and associated geochemistry (Peters et
al. 2017), nutrient-limiting conditions (Elser et al.
2006) or increased bioturbation effects by metazoan
organisms (Riding 2006, Mata & Bottjer 2012). For
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instance, modern layered microbial mats are dis-
rupted by grazing and burrowing activities of meta-
zoans such that the laminated structure is not con-
served (Fenchel 1998).

However, recent evidence suggests that metazoans
can co-exist with microbialites, both historically in
the Phanerozoic (Cénsole-Gonella & Marquillas
2014) and in modern, living examples (e.g. Tarhan et
al. 2013), without necessarily exerting deleterious
effects in terms of grazing or burrowing disruption
(Rishworth et al. 20164, 2017b). Indeed, for metazoan
organisms the microbialite matrix may function as a
temporary micro-refuge from hypoxia through the
oxygen-rich conditions created by the actively grow-
ing microbialite surface (Mobberley et al. 2015).
Additionally, metazoans may seek refuge against
exposure from desiccation and thermal stress, or
from predatory pressures (Dinger et al. 2006, Tarhan
et al. 2013). These benefits are hypothesised to select
against metazoan-disruption of the microbialite
matrix (Rishworth et al. 2016a).

While the factors enabling metazoan coexistence
within microbialite habitats have been explored
(Garcia-Pichel et al. 2004, Tarhan et al. 2013, Rish-
worth et al. 2017a), there remains uncertainty
surrounding these apparently contradictory circum-
stances. Much work has demonstrated that many
modern microbialites develop only in environments
where metazoans or algal competitors are largely
excluded due to intolerances of harsh physical condi-
tions, such as hypersalinity (Suosaari et al. 2016) or
high sediment loads (Kromkamp et al. 2007). These
habitats are also usually oligotrophic, especially with
regards to available phosphorus (Elser et al. 2005,
Centeno et al. 2012, Rishworth et al. 2017c). Where
microbialites do co-occur with metazoans or other
algal taxa, a balance of forces exists which together
perpetuate microbialite growth. For example, this
has been instructively demonstrated in the Rio
Mesquites, Cuatro Ciénegas, México (Garcia-Pichel
et al. 2004, Elser et al. 2005, Dinger et al. 2006). In
this environment, spherical microbialites (termed
‘oncolites’) form in a freshwater stream which is
phosphorus-limited but also rich in calcium carbon-
ate, an essential inorganic compound precipitated by
microbialites (Elser et al. 2005). The abundant meta-
zoan grazer assemblage, principally comprised of
gastropods (Hydrobiidae: Nymphophilus minckleyi,
Mexithauma quadripaludium), feeds on and erodes
the growing microbialite phototrophic layer (Garcia-
Pichel et al. 2004). However, the high calcium car-
bonate concentrations enable the microbialites
to grow faster than the rate of gastropod grazing

(Garcia-Pichel et al. 2004). Furthermore, predatory
fish also importantly restrict the abundance of meta-
zoans in this habitat and thereby minimise their bio-
erosion effect on the microbialites (Dinger et al.
2006). Similar balances between bioerosion pres-
sures have also been observed elsewhere in México
(e.g. Laguna Bacalar: Gischler et al. 2008).

A different suite of factors that enable microbialite
persistence despite metazoan co-occurrence has
been described for peritidal microbialites (of the
layered, stromatolite form, hereafter referred to as
‘stromatolites’) growing along the Eastern Cape
coastline of South Africa (Rishworth et al. 2016a,
2017b). These occur at the interface of groundwater
seepage and regular marine intrusion (Rishworth et
al. 2017c). This creates changing salinity states that
exclude many organisms that are not adapted to
extreme mixohaline (~0.5-30 salinity) conditions.
Furthermore, optimal nutrient conditions created by
marine (phosphorus source) and fresh (nitrogen
source) water promote benthic primary producer bio-
mass (Rishworth et al. 2017d). The benthic cyanobac-
teria and microalgal biomass is in turn neither sub-
stantially disrupted nor homogenised by burrowing
organisms (Rishworth et al. 2016a), and neither is it
an important food resource for primary consumers
(Rishworth et al. 2017b). Instead most macrofaunal
species consume macroalgae associated with the
stromatolite pools as a food resource (Rishworth et al.
2017b) and as such indirectly benefit the stromatolite
cyanobacteria and microalgae by restricting the bio-
mass of this potential macroalgal competitor (Rish-
worth et al. 2017a). These factors together contribute
towards promoting stromatolite persistence. How-
ever, there are resident fishes, primarily gobiids
(Coryogalops sordidus), and transient fish species
that have been observed consistently at these sites
(Perissinotto et al. 2014), but their role in terms of
structuring or controlling metazoan biomass (sensu
Dinger et al. 2006) has not been explored.

Therefore, the aim of this study was to document
and quantify the drivers of the fish assemblages asso-
ciated with peritidal stromatolite pools, especially
with reference to their apparently limited dietary
dependence on the stromatolite-associated metazoan
community (see Rishworth et al. 2017b). In other
intertidal habitats along rocky shore coastlines, the
top-down effect exerted by predators such as fishes is
well known (Menge 2000). Our study is the first to
quantify this dynamic in any peritidal stromatolite
system and in so doing it complements our under-
standing of modern microbialite-metazoan coexis-
tence in terms of the role of fishes.
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MATERIALS AND METHODS
Study site

Stromatolites forming at the interface
between fresh, groundwater inflow and
tidal- or storm-induced marine overtop-
ping (Rishworth et al. 2017c) were first
described along South Africa's coastline
in the early 2000s (Smith et al. 2011)
and more recently have been observed
in at least 540 localities (Perissinotto et
al. 2014). Similar formations growing in
the upper intertidal to supratidal zone
(peritidal) have also been described
globally along the coastlines of Western
Australia (Forbes et al. 2010) and North-
ern Ireland (Cooper et al. 2013), al-
though these are not as extensive or
developed as those in South Africa.

The stromatolites (translated as: 'lay-
ered microbialites’) are accreted by
cyanobacteria and benthic microalgae,
principally diatoms (Rishworth et al.
2016b), at a rate of 2-5 mm yr~! (Smith
et al. 2011), forming large barrage-type
pools (sensu Forbes et al. 2010) up to
1 m deep (Fig. 1; Rishworth et al.
2017d). These pools are bordered by
upper, groundwater-fed pools (Fig. 1c),
which are largely freshwater-domi-
nated, and lower, marine-dominated
pools (Perissinotto et al. 2014, Rishworth
et al. 2016b). The salinity state within
the barrage pool shifts regularly, fol-
lowing a weekly tidal period, between
freshwater and marine states (Rish-
worth et al. 2017c). Three sites support-
ing active stromatolite growth have
been the subject of previous studies
(e.g. Perissinotto et al. 2014, Rishworth
et al. 2017a,b) and as such comprised the sampling
locations during this study: Cape Recife (site A;
34°02'42.13"S, 25°34'07.50"E), Schoenmakerskop
(site B; 34°02'28.23" S, 25°32' 18.60" E), and Seaview
(site C; 34°01'03.16" S, 25°21' 56.48" E).

Data collection
Sampling occurred during the first spring tidal

phase of each month, from January to December
2014. On each occasion, samples were collected from

Fig. 1. Study sites in South Africa: (a) Cape Recife, (b—d) Schoenmakerskop
and (e) Seaview, reflecting the zones of maximum stromatolite accretion
(middle pool: MP) and their relative position to the upper, freshwater (UP)
and lower, seawards (LP) pools. Arrows indicate the position of concealed
pool localities, while dotted arrows show the relative position of pools outside
the frame of view. Horizontal scale bars (0.5 m) are relative to objects in the
foreground of each photograph. All photographs by Lynette Clennell

the 3 pool types (upper, middle/barrage and lower) at
each site. Pool physico-chemical and nutrient data,
as well as meteorological or ocean data were col-
lected in conjunction with each sampling event.
These included pool temperature, salinity, dissolved
oxygen, pool depth and pH using a YSI 6600-V2
multi-meter (see Rishworth et al. 2016b), nutrients in
terms of dissolved inorganic nitrogen (DIN) and
phosphorus (DIP) using standard spectrophotometric
methods (see Rishworth et al. 2017c), as well as
hourly rainfall (from the South African Weather Serv-
ice; SAWS) and swell height in close proximity to the
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study sites (from the South African Environmental
Observation Network; SAEON) in the week preced-
ing sampling (see Rishworth et al. 2017d).

The following resource components were also col-
lected, the details of which are presented elsewhere
(Rishworth et al. 2016a, 2017b). Proxies for the bio-
mass of the primary producer communities associ-
ated with each pool included benthic cyanobacteria
and microalgae as chlorophyll a (chl a) concentra-
tions (Rishworth et al. 2016b) and particulate organic
matter (POM), which included the phytoplankton
(Rishworth et al. 2017a). Additionally, the abundance
and community composition of the macrofaunal in-
vertebrate community associated with each stroma-
tolite pool were also quantified. Organisms were
counted and identified in the laboratory after fixing
2 cm cores (1.7 cm diameter), taken directly from the
growing stromatolite matrix at each pool, in 5%
buffered formaldehyde (Rishworth et al. 2017a). Un-
fortunately preservation of the macrofaunal samples
for site B in February was compromised (see Rish-
worth et al. 2017a) and therefore all February sam-
ples across sites were removed from further analyses
for consistency.

Finally, fish were quantified using a combination of
fyke and hand/sweep nets (1 mm mesh) to catch or
visually identify all specimens within all pools. Each
pool was characterised according to approximate vol-
ume, estimated using pool dimensions measured in
situ. Where possible, fishes were identified in the
field (n = 1524) using local reference guides (van der
Elst & Wallace 1976, Smith & Heemstra 1995, Heem-
stra & Heemstra 2004), and a representative sample
of these were measured to total length (TL) and re-
leased (n = 528). If this was otherwise not possible,
fishes were preserved in 10 % buffered formaldehyde
(n = 328) and identified/measured in the laboratory.

Data analysis

Fish community data were analysed in R (R Core
Team 2017) statistical programming language, using
the multivariate abundance package ‘mvabund’
(Wang et al. 2012). This uses the generalised linear
modelling (GLM) framework to relate predictor vari-
ables (e.g. physico-chemistry or resource variables)
to a suite of community data (e.g. fish species abun-
dance), while accounting for the potentially con-
founding effects of neighbour interactions or rare
species, for example (Warton et al. 2015). This offers
advantages over conventional distance-based com-
munity analysis approaches (Warton et al. 2012). Fish

species-specific abundance was specified as the
response variable in a multivariate GLM (‘negative
binomial’ error distributions specified: Wang et al.
2012).

All data from February were excluded from model
analyses (inconsistency in macrofauna preserva-
tion—see above; Rishworth et al. 2017a). Macro-
faunal indices were portrayed as the density of the
dominant taxonomic guilds, namely polychaetes,
oligochaetes, malacostracans and insect larvae (see
Rishworth et al. 2017a,b). Additional predictor vari-
ables included those described in previous studies
at these locations (Rishworth et al. 2017a,d): pool
temperature, dissolved oxygen, pH, DIN, DIP, POM,
stromatolite chl a, pool salinity state (fresh- or mar-
ine-dominated: sensu Rishworth et al. 2017d), pool
location (upper, main or lower), sampling month,
study site, as well as the prior week's rainfall and
ocean swell. Macroalgal cover was not considered
because of its known close association with macro-
faunal biomass (Rishworth et al. 2017a). Collinearity
between these predictor variables was assessed using
correlation coefficients (r) and variance inflation fac-
tors (VIFs) (Zuur et al. 2009, Rishworth et al. 2017a),
with highly correlated predictors (r > 0.7, VIF > 3.5)
removed from further analyses. The natural logarithm
of pool volume was included as an offset term (follow-
ing Zuur et al. 2009) in the multivariate GLM, to ac-
count for effects related to pool size variability.

The importance of predictor variables was assessed
using backwards iteration procedures that compared
the Akaike information criterion (AIC) score of the
full model (all predictor variables included) to sub-
set models with single-terms sequentially omitted.
The effect of predictors included in the most-parsi-
monious model was assessed using a multivariate
ANOVA (‘anova’, p.uni = ‘adjusted’, nBoot = 1000:
Wang et al. 2012). Model residuals were assessed for
normality and homogeneity, thereby conforming to
model assumptions (Zuur et al. 2010, Wang et al.
2012). All results are presented as mean + SD unless
otherwise indicated and a significance level of o =
0.05 was specified a priori.

RESULTS
Physico-chemical and trophic environment
Characteristic morphological features in terms of
rimstone macrofabric structures encircling a middle,

barrage-type pool at the location of maximum stro-
matolite accretion (Fig. 1; sensu Forbes et al. 2010)
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were consistent between sites despite pool volumes
being variable (Table 1). In general, site C supported
the largest pools and site A the smallest, although the
barrage pool at site A was far larger than the smaller
middle pool at site B. Salinity was consistently lower
in upper compared to lower pools, with middle pools
reflecting the greatest relative variability at their
interface position between marine and fresh water.
Nutrient conditions differed between sites, showing
a gradient of decreasing DIN from site C to site A,
with DIP concentrations only being noticeably higher
at site C (Table 1). Both nutrients tended to decrease
from upper to lower pools, although at low site-
specific phosphorus concentrations (<0.10 pM), DIP
was highest in the lower, seaward pool. Primary pro-
ducers, measured as POM and benthic chl a, reflected
inconsistent trends between sites and pools (Table 1).
Unsurprisingly, middle pools, where stromatolite bio-
mass is maximal, supported the highest benthic chl a
concentrations while POM was largely consistent
between pools (~5 mg 17!). Higher macrofaunal den-
sity was predominantly associated with middle to
lower pools.

Fish community patterns

Seven families comprising 13 species were ob-
served throughout the monthly sampling occasions
during 2014 (Table 2). Pools were dominated by
Myxus capensis (Mugilidae; n = 1465) in terms of
abundance and Coryogalops sordidus (Gobiidae; n =
185) in terms of consistency, and secondly abun-
dance. Other fishes regularly encountered were 2
sparids, Rhabdosargus holubi (n = 68) and Sparodon

durbanensis (n = 28), Mugil cephalus (Mugilidae; n =
51) and Monodactylus falciformis (n = 19). The
remaining species were either encountered sporadi-
cally or in low numbers. These included 2 other
Mugilidae, Liza dumerili (n = 16) and L. richardsonii
(n = 4), occurring in middle to lower pools, as well as
2 anguillid eels, Anguilla mossambica (n = 2) and a
single A. marmorata specimen, both confined to mid-
dle to upper pools. Kuhlia mugil (n = 5), Abudefduf
sordidus (n = 2) and R. globiceps (n = 5) comprised
the remainder of the stromatolite pool fish commu-
nity (Table 2).

Fish density tended to be higher in lower, sea-
ward pools compared to upper, freshwater-domi-
nated pools as well as during the earlier months of
the year in summer/autumn (Fig. 2). These patterns
of pool association were consistent across all fish spe-
cies, apart from the Anguilla specimens and the gob-
iid C. sordidus, the latter of which reflected its high-
est density at Schoenmakerskop, for example, in the
middle pool (Table 2). In the lower pools, C. sordidus
comprised the majority of fish encountered at site A
(78 %), while M. capensis dominated this location at
the remaining sites (77-83 %) as well as for the mid-
dle pool at Seaview (74 %; Table 2). At sites A and B,
C. sordidus dominated the middle pools in terms of
overall abundance (81-90%). No fish were encoun-
tered in the upper, freshwater pool at site A, while
few were observed at the other 2 sites (Fig. 2), apart
from A. mossambica at Schoenmakerskop and M.
capensis, M. falciformis and C. sordidus at Seaview
(Table 2). Specimen removal for laboratory identifi-
cation was <20 % of the total count of dominant spe-
cies, thereby minimising the sampling effect on
abundance for subsequent monthly counts.

Table 1. Summary statistics (mean + SD) for key physico-chemical and biological parameters associated with each pool type

(Low: lower, seawards; Mid: middle, barrage; Up: upper, landwards) at the 3 stromatolite locations sampled along the South

African coastline from January to December 2014. Apart from pool volume, data are adapted from previously published

studies conducted during the sampling period (Rishworth et al. 2016a, 2017b). DIN: dissolved inorganic nitrogen; DIP: dis-
solved inorganic phosphorus; POM: particulate organic matter; MPB: stromatolite-forming microphytobenthos

Site Pool Volume Salinity DIN DIP POM MPB  Macrofauna
(m?) (nM) (M) (mgl)  (mgm? (nem?
A: Cape Recife Up 0.2+0.0 2+0 87 + 14 0.05 +0.06 8+5 308 + 152 8+5
Mid 84+04 5+7 71+ 18 0.01 +0.02 5+2 563 + 279 8+6
Low 0.7+0.1 2+2 72 + 22 0.07 £ 0.11 5+2 453 + 139 17 £ 10
B: Schoenmakerskop Up 56+1.1 2+3 353 +112 0.02 +0.04 + 389 + 139 74
Mid 1.0+0.2 5+6 304 £128 0.02 +0.03 5+2 387+129 23+14
Low 6.9+0.8 13+8 217 + 72 0.03 +0.05 8+4 306 + 167 22 +28
C: Cape Recife Up 244 +£5.1 1+0 611 +111 0.88 +£0.27 4+2 496 + 231 16 + 14
Mid 16.2+3.9 7+6 495+ 132 0.35+0.27 5+3 597 £ 270 18 +13
Low 252+4.2 19+ 7 189 + 87 0.11+0.11 17 + 19 176 + 121 12+9
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Fig. 2. Overall fish density in each of the pool regions at 3

stromatolite locations along the South African coastline dur-

ing monthly sampling occasions from January to December

2014. Mean (+ SD) fish densities are shown by the solid and

dotted lines, respectively. Monthly site-specific samples are

horizontally-separated to minimise visual overlap, despite
occurring on the same day

Fish community drivers

The abovementioned spatial trends in pool asso-
ciation by fishes unsurprisingly were an important
correlate with abundance (offset by pool volume: see
‘Methods'), accounting for 29 % of the deviance (D)
overall (p = 0.10; Table 3). Across the majority of the
most abundant taxa, directional coefficients were
negative in both middle and upper pools compared
to lower, indicating a higher affinity for the seaward
pools. For M. capensis, R. holubi and C. sordidus, this
effect accounted for 38-55% D for each species for
univariate models nested within the overall multi-
variate model (Table 2). Furthermore, salinity state
(7% D overall; p < 0.05) reaffirmed these pool
differences, with species such as M. capensis, S.
durbanensis and M. cephalus reflecting higher
abundances when pool conditions were marine-
dominated, while the remaining dominant species
were more abundant during freshwater conditions.
Ocean swell (10 % overall D) confounded the salinity
effects, with larger swell height in the week preced-

ing sampling resulting in reduced fish abundance in
most stromatolite pools (p < 0.01; Table 3), except for
C. sordidus and M. cephalus which had positive, but
not significant, coefficients related to swell. Both
study site and DIN were omitted from model selec-
tion because of collinearity violations (VIF > 3.5; Zuur
et al. 2010). Consequently, the observed site-specific
variability in DIP concentrations (Table 1) should be
interpreted in light of this collinearity. As the second
most-influential predictor of multivariate fish abun-
dance (17% D overall), DIP was significantly in-
versely related to S. durbanensis, C. sordidus and
M. cephalus (p < 0.05; Table 3).

Rainfall in the week preceding sampling was
positively related to the abundance of most species
(14 % D overall), especially notable for M. cephalus
(39% D; Table 3). Pool temperature (8% D overall)
was also an important correlate of fish abundance,
especially for R. holubi and M. falciformis, which
were significantly associated with warmer conditions
(p <0.05; 31-33% D). All remaining predictors in the
most parsimonious model contributed <5 % D overall
(Table 3), yet several are worth mentioning for their
effect on species-specific abundance, especially for
resource components. Notably, primary producer
resources in the form of benthic chl a had inverse or
positive influences on the abundance of M. capensis
and M. cephalus, respectively (8-11% D; p = 0.45;
Table 3). Macrofaunal density as a food resource,
which is inversely collinear with pool macroalgae
(Rishworth et al. 2017a) and should be interpreted as
such, reflected the largest proportion of D for C. sor-
didus (11 %), although this relationship was not sig-
nificant (p = 0.46; Table 3). Sampling month was con-
sidered as a predictor variable, but was not included
in the most parsimonious model following stepwise
selection, likely because its effects were accounted
for by seasonal pool temperatures.

Recruitment and growth

Apart from the single A. marmorata specimen and
most C. sordidus (excluding the smaller specimens),
all fishes measured in the stromatolite pools were
post-flexion larvae or juveniles, as adjudged by
known length-maturity relationships (Neira et al.
1998, Heemstra & Heemstra 2004). C. sordidus
exhibited abundance and size patterns consistent
with pool residency (Fig. 3a), there being few months
(3, 0 and 1, at sites A, B and C, respectively) when
gobiids were not observed (Table 3). Throughout the
year, C. sordidus largely maintained a normally dis-
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tributed size class representation (bimonthly mean
TL: 62 + 7 mm), with little indication of recruitment
events (right-skewed length frequencies), apart from
perhaps early in the year (January-February and
March—April: 49 + 15 mm TL and 60 + 17 mm TL,
respectively; Fig. 3a).

In contrast to C. sordidus, there were clear periods
when juveniles of other species recruited into the
stromatolite pools. This was especially noticeable for
the more abundant fishes such as M. capensis
(Fig. 3b) and R. holubi (Fig. 3c), where numerous
smaller individuals were predominantly observed in
the summer months (January-February and the fol-
lowing December; Table 2), consistent with overall
temporal abundance trends (Fig. 2). Interestingly,
the juvenile recruits of M. capensis appearing in
January-February at 16 + 8 mm TL demonstrated a
mean size increase until winter: TL of 29 + 7 mm,
36 £ 6 mm and 42 + 11 mm, respectively, in each sub-
sequent bimonthly interval until the end of August
(Fig. 3a). However, over this same period, overall
abundance of M. capensis across pools decreased
from 753 initially, to 433, 139, and finally 131 by the
end of August.

The juvenile R. holubi cohort observed in highest
abundance early in the year (mean TL: 23 +7 mm;
n = 40), did not occur in substantial numbers (n < 9)
across pools in any of the bimonthly intervals there-
after, despite some evidence for an increase in cohort
mean TL (Fig. 3c). Other species occurring in low

abundance yet displaying noticeable recruitment pe-
riods, especially during the warmer months (October
to April), were the 2 Liza species, M. falciformis, S.
durbanensis and K. mugil (Table 2).

DISCUSSION
Community composition

The stromatolite pools analysed in this study typi-
cally exhibit physical similarities with both intertidal
pools (Rishworth et al. 2017d) and estuarine habitats
(Rishworth et al. 2017c). Consequently, fish commu-
nities could be expected to support species encoun-
tered in both of these environments. Indeed these
similarities were apparent compared to assessments
of intertidal rock pools and gullies along the Eastern
Cape coastline (Beckley 1985, Smale & Buxton 1989,
Roux 2013, Strydom et al. 2014) as well as for nearby
estuaries (Strydom et al. 2003, Wasserman & Strydom
2011, Pattrick & Strydom 2014), with notable excep-
tions discussed below.

In terms of fish abundance, geographically similar
intertidal pools are typically dominated by Clinidae,
followed by Sparidae and Gobiidae (Beckley 1985,
Bennett 1987), whereas in the stromatolite pools, the
Mugilidae, Gobiidae and Sparidae (Table 2) were the
key components, as is the case for most nearby estu-
aries and surf zones (e.g. Strydom et al. 2003, Stry-

Table 3. Multivariate generalised linear model (GLM) of fish abundance in 3 stromatolite pools along the South African coast-

line from January to December 2014, in relation to the most parsimonious physico-chemical, biological and environmental

predictors. Predictors are assessed according to proportional deviance (%D) explained, the test significance of this (p), as well

as the directional coefficient (C). Coefficients for salinity state and pool location are shown respective to marine conditions and

lower pools as reference categories, respectively. DO: dissolved oxygen; DIP: dissolved inorganic phosphorus; POM: particu-
late organic matter; MPB: stromatolite microphytobenthos. Bold indicates statistical significance (p < 0.05)

Overall Myxus capensis Rhabdosargus holubi Sparodon durbanensis
%D p C (SE) %D p C (SE) %D p C (SE) %D p

Temperature 8 0.01 -0.1(0.2) 2 075 0.1 (0.2) 33 0.04 2.5 (1.1) 5 032
Salinity 7 0.02 2 0.62 5 0.57 6 0.36
Marine 6 (1.0) -0.3 (0.9) 4 (4.2)

DO 4 0.19 0. 02 0.1) 0 097 —-0.03 (0.1) 0 0.98 8 (1.0) 4 0.57
pH 3 0.42 4 (1.0) 7 0.55 0.7 (0.9) 1 092 2 (3.5) 1 092
DIP 17 0.03 6 (2.0) 6 0.51 3.9 (2.5) 7 0.51 —309 0(145.3) 20 0.04
POM 1 0.95 -0. 03 (0.05) 1 098 —-0.01 (0.04) 0 0.98 -2.9(1.4) 1 098
MPB 5 0.32 —-0.001 (0.002) 11 0.45 —-0.003 (0.002) 0 0.96 0.009 (0.003) O 0.98
Macrofauna 4 0.54 0.02 (0.03) 5 0.87 0.03 (0.03) 2 095 0.7 (0.3) 0 0.98
Pool 27 0.10 55 0.19 38 0.33 22 0.28
Middle -5.7 (1.2) 0.3 (1.0) -34.7 (23.5)

Upper -7.5(2.1) -15.2 (70.3) —25 8(16.8)

Rainfall 14 0.05 —-0.02 (0.02) 0 094 0.02 (0.02) 0 1.00 9 (0.4) 9 0.32
Swell 10 0.07 -2.4 (0.9) 11 0.38 -2.7 (1.0) 14 0.38 —57 9 (29.4) 33 0.07
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dom & d'Hotman 2005, James et al. 2008b, Wasser-
man & Strydom 2011). The absence of clinids in the
stromatolite pools compared to typical rock pools is
likely due to the salinity regime that regularly fluctu-
ates between fresh and marine conditions (Rishworth
et al. 2017c¢), this being unsuitable for the predomi-
nantly stenohaline Clinidae, many of which are
endemic to South Africa’s shores (Heemstra & Heem-
stra 2004). Only Clinus superciliosus and C. spatula-
tus have been documented in southern African estu-
aries (Whitfield 2005), but were not observed in
stromatolite pools. Furthermore, and consistent with
trends of other rock pool catches (e.g. Beckley 1985),
tropical vagrants such as Abudefduf sordidus and
Kuhlia mugil were also observed occasionally in the
stromatolite pools (Table 2).

Sparidae in intertidal pools are transient species
that use this habitat in warmer, summer months as
juveniles (Beckley 1985). Species encountered both
in stromatolite and typical tidal rock pools were
Sparodon durbanensis and Rhabdosargus holubi,
while Diplodus capensis was notably absent from
the stromatolite pools but a prominent sparid in
rock pools, as well as estuaries (Whitfield 2005),
along the same stretch of coastline (Table 2; Beck-
ley 1985, Smale & Buxton 1989). Species from this
family are of particular interest because of their
contribution to the South African recreational line-
fishery (McGrath et al. 1997), which in the past few
decades has largely collapsed (Attwood & Farquhar
1999) predominantly due to overfishing pressures
(Yemane et al. 2004). Some sparids from the stro-
matolite pools are also regularly encountered in
estuaries as juveniles, especially R. holubi (Wasser-
man & Strydom 2011, Pattrick & Strydom 2014,
Kisten et al. 2015).

Also found in local estuaries but not intertidal pools
is Myxus capensis (Wasserman & Strydom 2011), the
mugilid that numerically dominated the stromatolite
fish community (Table 2). This species is catadro-
mous (Potter et al. 2015), with adults moving into
marine waters to spawn and thereafter the juveniles
enter estuaries to migrate to riverine headwaters or
remain in the estuary (Whitfield 1998). This mugilid
also demonstrates a high level of diet flexibility
(Carassou et al. 2017), perhaps enabling its tolerance
of such a diversity of habitats. Similarly, the 2
eels (Anguilla marmorata and A. mossambica) en-
countered in the stromatolite pools are also catadro-
mous species, but use estuaries only as transit corri-
dors to reach freshwater habitats (Whitfield 1998).
However, the Anguilla spp. were observed more spo-
radically and in far lower abundance in the stromato-
lite pools than in local estuaries (Table 2; Wasserman
& Strydom 2011). Also a mugilid, Mugil cephalus
occurred in lower abundance and less frequently
than M. capensis in the stromatolite pools, and has a
marine adult phase whereas the juveniles are classi-
fied as estuarine dependent for their growth and
development (Whitfield 1998, Potter et al. 2015).
Similarly, juvenile Monodactylus falciformis also
enter estuaries following marine spawning (Whitfield
1998) and were occasionally observed in the stroma-
tolite pools in low abundance. Both M. cephalus and
M. falciformis comprise a prominent component of
the local estuarine fish community (e.g. James et al.
2008b, Wasserman & Strydom 2011), but have not
been observed in neighbouring tidal pools (Beckley
1985, Bennett 1987). In contrast, adults of both Liza
dumerili and L. richardsonii spawn in marine waters,
but the juveniles are not entirely estuarine depend-
ent (Whitfield 1998) and consequently have been

observed along rocky shorelines

(Beckley 1985, Smale & Buxton

Coryogalops sordidus Mugil cephalus Monodactylus falciformis 1989), estuaries (Pattrick & Stry-
C (SE) %D p C (SE) %D p C (SE) %D p dom 2014), sandy beaches (Stry-
000.1) 0 093 “17(11) 0 093 04(0.2) 31 0.04 dom 2003, Rishworth et al. 2014)
1 062 18 0.01 9 042 and now peritidal stromatolite
-0.7 (0.4) 50.2 (84.8) -0.5(1.2) pools (Table 2). Similarities be-
—0.04(0.1) 2 074 2.6 (4.1) 2 074 0.02 (0.2) 19 0.14 tween estuarine/riverine species
-0.3 (0.4) 3 0.60 -12.6(14.3) 0 0.92 —2 8 (1.6) 7 0.60 and the stromatolite pools with
-0.8(0.9) 30 0.03 -301.2(118.4) 21 0.04 6 (1.7) 1 0.66 ds to 1 Jinit
-0.02(0.02) 1 0.98 -4.6 (1.7) 1 0.98 -0. 03 0.03) 2 0.98 regards o fow salinily cues are
-0.001 (0.001) 5 0.51 0.1 (0.1) 8 0.45 0.001 (0.002) 1 0.96 discussed below (see 'Recruitment
0.02(0.01) 11 0.46 0.3 (0.1) 1 0.95 0.005 (0.05) 4 0.90 and nursery value').
47 0.13 1 0.90 9 0.82 Although intertidal pools typi-
-1.3 (0.4) -37.6 (13.8) -0.8 (1.0) , :
3.8 (0.8) —16 3 (70.1) ~1.9(17) cally support several resident fish
0.01(0.01) 1 0.93 6(0.2) 47 0.05 -0.1(0.05) 13 0.37 species, only 1 (Coryogalops sor-
0.1 (0.3) 0 0.90 8 (7.8) 0 0.90 -1.1(1.0) 4 0.56 didus) was observed in the stroma-
tolite pools. Extensive surveys of
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Fig. 3. Total length (TL) frequency distributions for the 3 most abundant or consistently occurring fishes: (a) Coryogalops

sordidus, (b) Myxus capensis, (c) Rhabdosargus holubi, from 3 stromatolite locations (A: Cape Recife; B: Schoenmakerskop;

C: Seaview) along the South African coastline, as observed according to relative pool location within the peritidal zone.
Examples of formaldehyde-preserved specimens are shown with their corresponding TL

tidal pools and gullies in near-exact locations to the
stromatolite pools of this study (Beckley 1985, Smale
& Buxton 1989, Roux 2013) have not identified this
gobiid species. Instead, 2 Caffrogobius spp. (C. caffer
and C. saldanha) dominated the Gobiidae assem-
blage. The absence of C. sordidus from previous

rocky shore catches is most likely due to a lack of any
ichthyofaunal investigations into stromatolite habitats
along this shoreline, prior to their discovery and first
description in the past decade (Perissinotto et al.
2014). Beckley (1985), sampling in the same rocky
shore habitat as the stromatolite pools, did identify
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several Monishia william gobiids (C. sordidus was
previously classified as Monishia sordida: Smith &
Heemstra 1995). The occurrence of C. sordidus along
the southern South African coast, seemingly restric-
ted to the stromatolite pools, therefore suggests that
these systems may be functioning as an ecological
microhabitat for this species, as they do for some
macrofauna species (Rishworth et al. 2016a). The
recorded distribution for C. sordidus extends north-
wards from the South Africa/Mozambique border,
>1000 km from the stromatolite pools and in the sub-
tropical/tropical bioregion (Smith & Heemstra 1995).
However, some stromatolite pool specimens have
been observed with numerous dark lesions covering
their externalities (N.A. Strydom pers. obs.; these are
being investigated in a separate histological study),
suggesting that the stromatolite ‘refugia’ may be a
sub-optimal habitat for C. sordidus.

Predatory role and other drivers

The resident stromatolite fish community, com-
prised solely of C. sordidus (Fig. 3a), has a generalist
and omnivorous influence on stromatolite community
components, as shown by stable isotope dietary data
(Rishworth et al. 2017b). Resident species would
be expected to show a greater response in terms of
abundance fluctuations to resource variability,
whereas transient species instead would likely be
more strongly correlated to seasonal, environmental
or life-history patterns. However, there was little
indication of a strong correlation between prey
resources in terms of stromatolite-associated macro-
fauna (and macroalgae as a collinear variable; see
Rishworth et al. 2017a) and resident C. sordidus
abundance (Table 3), nor any of the other prominent,
but transient, fishes. Furthermore, other primary pro-
ducer resources were also not significant correlates
of fish abundance, although for some species where
the proportional deviance was high there were vari-
able responses to resource biomass—for example,
when the biomass of benthic cyanobacteria and
microalgae was high, M. cephalus was more abun-
dant, but M. capensis was less (Table 3), the latter
likely reflecting its known dietary relationship with
benthic microalgal biomass (Carassou et al. 2017).
This supports previous observations for other stroma-
tolite community components which suggest that
these habitats are largely driven by bottom-up pro-
cesses (nutrients and salinity patterns, especially:
Rishworth et al. 2017c) rather than top-down forces
such as predation or herbivory, which are important

for other rocky shore intertidal habitats (Menge
2000). In other words, the top-down influence of res-
ident C. sordidus on stromatolite metazoans (Table 3)
is unlikely to control or prevent substantial grazing
and burrowing disruption on the stromatolites. At
least, this is expected to be less so than other control-
ling factors such as metazoan dietary preferences for
macroalgae rather than stromatolite cyanobacteria
and microalgae (Rishworth et al. 2017a,b) or refugia
protection (Rishworth et al. 2016a). This is in contrast
to the important role played by fishes in other micro-
bialites, such as the freshwater oncolites in Mexico,
where fish predation appears vital in terms of indi-
rect prevention of microbialite destruction by graz-
ing gastropods (Dinger et al. 2006). However, the
lack of apparent top-down control in the stromatolite
pools must be interpreted with some caution until
actual dietary studies or predator exclusions can
validate this.

Instead, other drivers of fish abundance were more
prominent, most especially those related to salinity or
ocean parameters (Table 3). The higher abundance
of fish in lower, seawards pools reflects their marine
origin and transient nature in these stromatolite
habitats. In contrast, the resident gobiid demon-
strated little association with salinity or marine condi-
tions, being persistently present in the stromatolite
pools (Table 2). Transient species such as R. holubi
and M. falciformis reflected a significant positive
association with water temperature, which fluctuates
seasonally in the stromatolite pools (Rishworth et al.
2017%c). This relationship with temperature is expec-
ted, as these species recruit most prominently in
coastal habitats during warmer, summer months (e.g.
Whitfield 1998, Pattrick & Strydom 2014, Kisten et al.
2015). These observations are therefore in line with
the aforementioned expectation that transient spe-
cies would demonstrate seasonal or environmental
rather than resource-dependent variability.

Finally, and also linked to salinity and pool location
gradients, many fishes responded to rainfall and
nutrient-related pool conditions (Table 3), with the
latter being the second-most important predictor of
fish abundance. These variables have been consid-
ered extensively in estuarine ichthyofaunal ecology
as cueing drivers of juvenile, marine estuarine-
dependent fish abundance and their subsequent
recruitment to estuarine and freshwater nursery
habitats (Boehlert & Mundy 1988, Grimes & Kings-
ford 1996, Strydom 2003, James et al. 2008a, Teodo6-
sio et al. 2016). This association is therefore expected,
given the similarities between local estuarine and
stromatolite-pool fish communities (Table 2; Strydom
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et al. 2003, Wasserman & Strydom 2011, Pattrick &
Strydom 2014) as well as the estuarine-like drivers
known to characterise other stromatolite community
components, such as the phytoplankton (Rishworth
et al. 2017d) and benthic macrofauna (Rishworth et
al. 2017a).

Recruitment and nursery value

The discussion above pre-empts an assessment of
the nursery value of peritidal stromatolite pools. High
numbers of juvenile fishes suggest that these habitats
might be functioning as important refugia for the
early life-history stages of some species. However, as
instructively argued by Beck et al. (2001), nurseries
not only should support dense juvenile populations
but also need to export a high proportion of recruits
into adult habitats as a result of favourable nursery
conditions in terms of food resources and protection
(Dahlgren et al. 2006). Several studies have demon-
strated the nursery value of South African coastal
habitats near the stromatolite pools for juvenile
fishes, including rocky and intertidal shorelines
(Beckley 1985, Bennett 1987, Strydom et al. 2014),
sandy beaches (Whitfield 1989, Rishworth et al. 2015)
and estuaries (Strydom et al. 2003, Pattrick & Stry-
dom 2014). These assessments were made princi-
pally on the basis of density or residency, but not
necessarily juvenile growth, export and survival.
Using these comparisons, peritidal stromatolite pools
could be considered as providing a nursery environ-
ment to several species occurring persistently or in
substantial numbers, including M. capensis, R. hol-
ubi, S. durbanensis, M. cephalus and M. falciformis
(Table 1).

Transient recruits, such as M. capensis and R. hol-
ubi, rapidly diminished in terms of abundance de-
spite some indication of growth in the stromatolite-
pool nursery environments, as shown by a mean
increase in TL (Fig. 3). However, the growth inferred
from cohort analysis of M. capensis, for example (ca.
5 mm mo~! until August; Fig. 3), appears less than
that of the same species after their recruitment into
nearby estuaries (ca. 10 mm mo~!; Whitfield & Kok
1992). This trend of comparably reduced growth
likely is the same for other juvenile fishes (in compar-
ison to data in Whitfield 1998).

Therefore, stromatolite pools may be acting as
‘ecological traps' for juvenile fishes, especially those
species with an estuarine association, rather than as
nurseries (sensu stricto Beck et al. 2001, Dahlgren et
al. 2006). Ecological traps suggest that organisms are

cueing towards and entering ‘bad’ habitats where
survival and reproductive success are lower, under
the premise of responding to ‘good’' cues that nor-
mally would indicate habitats where these demo-
graphic metrics are enhanced (Schlaepfer et al. 2002,
Battin 2004, Robertson & Hutto 2006). As an example
of an ecological trap, coho salmon Oncorhynchus
kisutch in California, USA, are cueing towards artifi-
cially-created gravel spawning beds in rivers where
water abstraction is increasing, resulting in lower
juvenile survival for this threatened species as a
consequence of migration barriers (Jeffres & Moyle
2012). It is well known that estuarine-dependent
fishes cue towards river plumes extending out to sea,
supposedly recognising the associated salinity or
nutrient gradients (Grimes & Kingsford 1996). A re-
cent synthesis of the mechanistic forces driving fish
recruitment into temperate estuaries suggests that
these fishes are responding to estuarine and/or river
plumes through a variety of sensory abilities and
then using behavioural responses to best position
themselves near river plumes until conditions are
suitable for entry (Teodésio et al. 2016). Sparids such
as R. holubi, commonly associated with estuaries as
juvenile recruits (Kisten et al. 2015) and similarly
encountered in the stromatolite pools (Table 2), have
been observed in non-estuarine habitats such as surf
zones (Strydom & d'Hotman 2005). This association
has been linked with the transport of shallow, near-
shore water, some of which emanates from estuaries,
along coastlines and the consequent use of habitats
such as surf zones by early-stage fishes in transit
along these ‘cueing corridors’ (Strydom 2003). Spe-
cies like R. holubi therefore may be inadvertently
responding to these intermediary estuarine proxies
at the stromatolite seeps (James et al. 2008a), using
them as 'stepping-stone’ environments (sensu Miran-
da et al. 2016) in transit to more suitable habitats.
Nonetheless, the ecological and survival conse-
quences for stromatolite-associated transient fish
(and perhaps the resident fishes, as preliminary evi-
dence shows for lesion infestations: N.A. Strydom
pers. obs.) do not seem positive judging by growth
comparisons and abundance declines. Whether this
means that juveniles are leaving the stromatolite
‘nurseries’ at a smaller size or younger age, or are not
surviving into the adult population, is not clear from
this study. Ultimately, although typical estuarine
cues appear to be attracting juvenile recruits, evi-
dence suggests that this environment is unfavourable
as a nursery and instead is presenting as an ecologi-
cal trap due to the pools' limited size or lack of ade-
quate food resources. Piscivorous birds should also
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be considered as possibly restricting the nursery
value of these shallow, clear pools (see Fig. 1).

Although every effort was made to measure and
release fish in the field, some were required for
laboratory identification and species verification (n =
328; 17.7% overall). This might have opened a
vacant niche for other fish to recruit to; however, this
effect was likely minimal given that the majority of
non-released fish (n = 307) were post-flexion larvae
or early-juvenile Mugilidae, transient species that
showed little evidence for multiple recruitment
events, especially as a consequence of sampling
(Fig. 3). Fish removal therefore was unlikely to have
had a meaningful effect on community dynamics,
apart from possibly slightly reducing overall abun-
dance observations in subsequent months.

Conclusion

Actively forming stromatolites along the South
African coastline are unique ecosystems because of
their partial analogy to Precambrian formations
(Smith et al. 2011) and their rarity in the Holocene
due to limiting factors such as metazoan bioturbation
(Riding 2006). This study provides evidence to sug-
gest that the role played by fish in terms of restricting
metazoan abundance, and therefore grazing or bur-
rowing bioturbation, is likely minimal in these habi-
tats. This supports previous findings which suggest
that the resident fish species consume a generalist
diet (Rishworth et al. 2017b), in effect contributing
little top-down pressure on metazoan biomass. In-
stead, bottom-up forces in terms of nutrient condi-
tions, salinity, refugia availability and preferential
diet selection more suitably explain the co-occur-
rence of metazoans with stromatolites (Rishworth et
al. 2016a, 2017b,c). As an indirect association with
stromatolite formation, these ecosystems, which are
created by ecosystem-engineering cyanobacteria and
microalgae (Rishworth et al. 2016b), support estuar-
ine-like salinity gradients and consequent fresh-
water, nutrient-rich plumes flowing into the marine
environment. Although the utilisation of these stro-
matolite ‘estuaries’ by fishes suggests that they are
functioning as ecological traps (Schlaepfer et al.
2002, Battin 2004, Robertson & Hutto 2006), due to
abundance declines and reduced growth, they may
yet be important for some juvenile fishes as follows.
Many of the juvenile Sparidae observed in the stro-
matolite pools are linefish species endemic to South
Africa, with this family overall being under threat as
a result of intensive overfishing (Attwood & Farquhar

1999, Yemane et al. 2004). However, species such as
R. holubi and S. durbanensis are some of those with
stocks least depleted, perhaps as a result of their ver-
satility in using varied coastal habitats such as the
peritidal stromatolite pools for juvenile grow-out. It
would be of conservation relevance to assess how
fringe habitats such as these contribute to adult fish
stocks, especially with recent motivation for the
protection of these ancient-analogue stromatolite
ecosystems for biodiversity preservation (Perissinotto
et al. 2014).

Acknowledgements. We are grateful to the numerous field
assistants who helped collect fish and stromatolite-related
samples, especially Cuen Muller and Matthew Bird. This
research is funded by the National Research Foundation
(NRF) of South Africa from research grants provided to R.P.
(grant no.: 84375) and N.A.S. (grant no.: 93570). The Claude
Leon Foundation is thanked for the Postdoctoral Fellowship
provided to G.M.R. All findings presented in this manuscript
are attributed to the authors only, and not necessarily to
their affiliated institutions or funding organisations.

LITERATURE CITED

HAllwood AC, Walter MR, Kamber BS, Marshall CP, Burch ITW
(2006) Stromatolite reef from the Early Archaean era of
Australia. Nature 441:714-718

] Attwood CG, Farquhar M (1999) Collapse of linefish stocks
between Cape Hangklip and Walker Bay, South Africa.
S Afr J Mar Sci 21:415-432

]\<Batt'1n J (2004) When good animals love bad habitats: eco-
logical traps and the conservation of animal populations.
Conserv Biol 18:1482-1491

ABeck MW, Heck KL, Able KW, Childers DL and others
(2001) The identification, conservation, and manage-
ment of estuarine and marine nurseries for fish and
invertebrates. Bioscience 51:633-641

A’Beckley LE (1985) The fish community of East Cape tidal
pools and an assessment of the nursery function of this
habitat. S Afr J Zool 20:21-27

]\(Bennett BA (1987) The rock-pool fish community of Koppie
Alleen and an assessment of the importance of Cape
rock-pools as nurseries for juvenile fish. S Afr J Zool 22:
25-32

Boehlert GW, Mundy BC (1988) Roles of behavioral and

physical factors in larval and juvenile fish recruitment to
estuarine nursery areas. Am Fish Soc Symp 3:51-67

A Carassou L, Whitfield AK, Moyo S, Richoux NB (2017)
Dietary tracers and stomach contents reveal pronounced
alimentary flexibility in the freshwater mullet (Myxus
capensis, Mugilidae) concomitant with ontogenetic shifts
in habitat use and seasonal food availability. Hydrobio-
logia 799:327-348

]\<Centeno CM, Legendre P, Beltran Y, Alcantara-Hernandez
RJ, Lidstrom UE, Ashby MN, Falcon LI (2012) Micro-
bialite genetic diversity and composition relate to envi-
ronmental variables. FEMS Microbiol Ecol 82:724-735

]\(Cénsole-Gonella C, Marquillas RA (2014) Bioclaustration
trace fossils in epeiric shallow marine stromatolites: the
Cretaceous-Palaeogene Yacoraite Formation, North-


https://doi.org/10.1038/nature04764
https://doi.org/10.2989/025776199784126150
https://doi.org/10.1111/j.1523-1739.2004.00417.x
https://doi.org/10.1641/0006-3568(2001)051%5b0633%3ATICAMO%5d2.0.CO%3B2
https://doi.org/10.1080/02541858.1985.11447907
https://doi.org/10.1080/02541858.1987.11448016
https://doi.org/10.1007/s10750-017-3230-3
https://doi.org/10.1111/j.1574-6941.2012.01447.x
https://doi.org/10.1111/let.12043

166

Mar Ecol Prog Ser 580: 153-167, 2017

western Argentina. Lethaia 47:107-119
]\( Cooper JAG, Smith AM, Arnscheidt J (2013) Contemporary
stromatolite formation in high intertidal rock pools,
Giant's Causeway, Northern Ireland: preliminary obser-
vations. J Coast Res Spec Issue 65:1675-1680
A'Dahlgren CP, Kellison GT, Adams AJ, Gillanders BM and
others (2006) Marine nurseries and effective juvenile
habitats: concepts and applications. Mar Ecol Prog Ser
312:291-295
]\(Dinger EC, Hendrickson DA, Winsborough BM, Marks JC
(2006) Role of fish in structuring invertebrates on stroma-
tolites in Cuatro Ciénegas, México. Hydrobiologia 563:
407-420
]\(Dupraz C, Reid RP, Braissant O, Decho AW, Norman RS,
Visscher PT (2009) Processes of carbonate precipitation
in modern microbial mats. Earth Sci Rev 96:141-162
ﬁgElser JJ, Schampel JH, Garcia-Pichel F, Wade BD and others
(2005) Effects of phosphorus enrichment and grazing
snails on modern stromatolitic microbial communities.
Freshw Biol 50:1808-1825
]\(Elser JJ, Watts J, Schampel JH, Farmer J (2006) Early Cam-
brian food webs on a trophic knife-edge? A hypothesis
and preliminary data from a modern stromatolite-based
ecosystem. Ecol Lett 9:295-303
]\(Fenchel T (1998) Formation of laminated cyanobacterial
mats in the absence of benthic fauna. Aquat Microb Ecol
14:235-240
]\(Forbes M, Vogwill R, Onton K (2010) A characterisation of
the coastal tufa deposits of south-west Western Australia.
Sediment Geol 232:52-65
]\( Frantz CM, Petryshyn VA, Corsetti FA (2015) Grain trapping
by filamentous cyanobacterial and algal mats: impli-
cations for stromatolite microfabrics through time. Geo-
biology 13:409-423
A Garcia-Pichel F, Al-Horani FA, Farmer JD, Ludwig R, Wade
BD (2004) Balance between microbial calcification and
metazoan bioerosion in modern stromatolitic oncolites.
Geobiology 2:49-57
A Gischler E, Gibson MA, Oschmann W (2008) Giant Holo-
cene freshwater microbialites, Laguna Bacalar, Quintana
Roo, Mexico. Sedimentology 55:1293-1309
] Grimes C, Kingsford M (1996) How do riverine plumes of
different sizes influence fish larvae: Do they enhance
recruitment? Mar Freshw Res 47:191-208
Grotzinger JP (1990) Geochemical model for Proterozoic
stromatolite decline. Am J Sci 290-A:80-103
Heemstra PC, Heemstra E (2004) Coastal fishes of southern
Africa. National Inquiry Service Centre, South Africa,
and the South African Institute for Aquatic Biodiversity,
Grahamstown
AJames NC, Cowley PD, Whitfield AK, Kaiser H (2008a)
Choice chamber experiments to test the attraction of
postflexion Rhabdosargus holubilarvae to water of estu-
arine and riverine origin. Estuar Coast Shelf Sci 77:
143-149
A James NC, Whitfield AK, Cowley PD (2008b) Long-term sta-
bility of the fish assemblages in a warm-temperate South
African estuary. Estuar Coast Shelf Sci 76:723-738
AJeffres C, Moyle P (2012) When good fish make bad deci-
sions: coho salmon in an ecological trap. N Am J Fish
Manag 32:87-92
HKisten Y, Pattrick P, Strydom NA, Perissinotto R (2015)
Dynamics of recruitment of larval and juvenile Cape
stumpnose Rhabdosargus holubi (Teleostei: Sparidae)
into the Swartkops and Sundays estuaries, South Africa.

Afr J Mar Sci 37:1-10
]\( Kromkamp JC, Perkins R, Dijkman N, Consalvey M, Andres
M, Reid RP (2007) Resistance to burial of cyanobacteria
in stromatolites. Aquat Microb Ecol 48:123-130
,\'{ Mata SA, Bottjer DJ (2012) Microbes and mass extinctions:
paleoenvironmental distribution of microbialites during
times of biotic crisis. Geobiology 10:3-24
]\'{ McGrath MD, Horner CCM, Brouwer SL, Lamberth SJ,
Mann BQ, Sauer WHH, Erasmus C (1997) An economic
valuation of the South African linefishery. S Afr J Mar Sci
18:203-211
] Menge BA (2000) Top-down and bottom-up community reg-
ulation in marine rocky intertidal habitats. J Exp Mar
Biol Ecol 250:257-289
AMiranda NAF, Kupriyanova EK, Rishworth GM, Peer N,
Bornman TG, Bird MS, Perissinotto R (2016) An invasive
polychaete species found in living marine stromatolites.
Aquat Invasions 11:257-266
] Mobberley JM, Khodadad CL, Visscher PT, Reid RP, Hagan
P, Foster JS (2015) Inner workings of thrombolites: spa-
tial gradients of metabolic activity as revealed by meta-
transcriptome profiling. Sci Rep 5:12601
Neira FJ, Miskiewicz AG, Trnski T (1998) Larvae of temper-
ate Australian fishes. Laboratory guide for larval fish
identification. University of Western Australia Press,
Nedlands
]\( Nutman AP, Bennett VC, Friend CRL, Kranendonk MJV,
Chivas AR (2016) Rapid emergence of life shown by dis-
covery of 3,700-million-year-old microbial structures.
Nature 537:535-538
]\( Pattrick P, Strydom N (2014) Recruitment of fish larvae and
juveniles into two estuarine nursery areas with evidence
of ebb tide use. Estuar Coast Shelf Sci 149:120-132
]\Vi Perissinotto R, Bornman T, Steyn PP, Miranda NAF and oth-
ers (2014) Tufa stromatolite ecosystems on the South
African south coast. S Afr J Sci 110:89-96
A Peters SE, Husson JM, Wilcots J (2017) The rise and fall of
stromatolites in shallow marine environments. Geology
45:487-490
A Potter IC, Tweedley JR, Elliott M, Whitfield AK (2015) The
ways in which fish use estuaries: a refinement and
expansion of the guild approach. Fish Fish 16:230-239
R Core Team (2017) R: a language and environment for
statistical computing. R Foundation for Statistical Com-
puting, Vienna
HReid RP, Visscher PT, Decho AW, Stolz JF and others (2000)
The role of microbes in accretion, lamination and early
lithification of modern marine stromatolites. Nature 406:
989-992
ﬁg Riding R (2006) Microbial carbonate abundance compared
with fluctuations in metazoan diversity over geological
time. Sediment Geol 185:229-238
"( Riding R, Liang L (2005) Geobiology of microbial carbon-
ates: metazoan and seawater saturation state influences
on secular trends during the Phanerozoic. Palaeogeogr
Palaeoclimatol Palaeoecol 219:101-115
Rishworth GM, Strydom NA, Potts W (2014) Fish utilization of
surf-zones. Are they changing? A case study of the shel-
tered, warm-temperate King's Beach. Afr Zool 49:5-21
] Rishworth GM, Strydom NA, Potts WM (2015) The nursery
role of a sheltered surf-zone in warm-temperate south-
ern Africa. Afr Zool 50:11-16
HRishworth GM, Perissinotto R, Bird MS (2016a) Coexisting
living stromatolites and infaunal metazoans. Oecologia
182:539-545


https://doi.org/10.2112/SI65-283.1
https://doi.org/10.3354/meps312291
https://doi.org/10.1007/s10750-006-0040-4
https://doi.org/10.1016/j.earscirev.2008.10.005
https://doi.org/10.1111/j.1365-2427.2005.01451.x
https://doi.org/10.1111/j.1461-0248.2005.00873.x
https://doi.org/10.3354/ame014235
https://doi.org/10.1016/j.sedgeo.2010.09.009
https://doi.org/10.1111/gbi.12145
https://doi.org/10.1111/j.1472-4669.2004.00017.x
https://doi.org/10.1111/j.1365-3091.2007.00946.x
https://doi.org/10.1071/MF9960191
https://doi.org/10.1016/j.ecss.2007.09.010
https://doi.org/10.1016/j.ecss.2007.07.036
https://doi.org/10.1080/02755947.2012.661389
https://doi.org/10.2989/1814232X.2014.998708
https://doi.org/10.3354/ame048123
https://doi.org/10.1111/j.1472-4669.2011.00305.x
https://doi.org/10.2989/025776197784161171
https://doi.org/10.1016/S0022-0981(00)00200-8
https://doi.org/10.3391/ai.2016.11.3.04
https://doi.org/10.1038/srep12601
https://doi.org/10.1038/nature19355
https://doi.org/10.1016/j.ecss.2014.08.003
https://doi.org/10.1590/sajs.2014/20140011
https://doi.org/10.1130/G38931.1
https://doi.org/10.1111/faf.12050
https://doi.org/10.1038/35023158
https://doi.org/10.1016/j.sedgeo.2005.12.015
https://doi.org/10.1016/j.palaeo.2004.11.018
https://doi.org/10.1080/15627020.2015.1021166
https://doi.org/10.1007/s00442-016-3683-5

Rishworth et al.: Peritidal stromatolite fishes

167

\,

]iRishworth GM, van Elden S, Perissinotto R, Miranda NAF,
Steyn PP, Bornman TG (2016b) Environmental influen-
ces on living marine stromatolites: insights from
benthic microalgal communities. Environ Microbiol 18:

503-513

A¢Rishworth GM, Perissinotto R, Bird MS (2017a) Patterns and
drivers of benthic macrofaunal communities dwelling
within extant peritidal stromatolites. Limnol Oceanogr
62:2227-2242

F‘Rishworth GM, Perissinotto R, Bird MS, Strydom NA, Peer
N, Miranda NAF, Raw JL (2017b) Non-reliance of meta-
zoans on stromatolite-forming microbial mats as a food
resource. Sci Rep 7:42614

ﬁiRiShWOIth GM, Perissinotto R, Bornman TG, Lemley DA
(2017c) Peritidal stromatolites at the convergence of
groundwater seepage and marine incursion: patterns of
salinity, temperature and nutrient variability. J Mar Syst

167:68-77

]\<Rishworth GM, Perissinotto R, Miranda NAF, Bornman TG,
Steyn PP (2017d) Phytoplankton community dynamics
within peritidal pools associated with living stromatolites

at the freshwater-marine interface. Aquat Sci 79:357-370

ﬁi Robertson BA, Hutto RL (2006) A framework for understand-

ing ecological traps and an evaluation of existing evi-
dence. Ecology 87:1075-1085

Roux M (2013) The diversity and distribution patterns of

intertidal fish in the Agulhas Bioregion. MSc thesis,

Nelson Mandela Metropolitan University, Port Elizabeth

]\( Schlaepfer MA, Runge MC, Sherman PW (2002) Ecological
and evolutionary traps. Trends Ecol Evol 17:474-480

Z¢Smale MJ, Buxton CD (1989) The subtidal gully fish commu-
nity of the eastern Cape and the role of this habitat as a
nursery area. S Afr J Zool 24:58-67

Smith MM, Heemstra PC (1995) Smiths' sea fishes. Mac-
millan, Johannesburg

] Smith AM, Andrews JE, Uken R, Thackeray Z, Perissinotto
R, Leuci R, Marca-Bell A (2011) Rock pool tufa stromato-
lites on a modern South African wave-cut platform: par-
tial analogues for Archaean stromatolites? Terra Nova
23:375-381

] Strydom NA (2003) Occurrence of larval and early juvenile
fishes in the surf zone adjacent to two intermittently
open estuaries, South Africa. Environ Biol Fishes 66:
349-359

] Strydom NA, d'Hotman BD (2005) Estuary-dependence of
larval fishes in a non-estuary associated South African
surf zone: evidence for continuity of surf assemblages.
Estuar Coast Shelf Sci 63:101-108

ZStrydom NA, Whitfield AK, Wooldridge TH (2003) The role
of estuarine type in characterizing early stage fish
assemblages in warm temperate estuaries, South Africa.
Afr Zool 38:29-43

]\( Strydom NA, Booth AJ, McLachlan A (2014) Occurrence of

larval fishes in a rocky shore-associated nursery area in

Editorial responsibility: Jana Davis,
Annapolis, Maryland, USA

temperate South Africa, with emphasis on temperature-
related growth in dominant Sparidae. Afr J Mar Sci 36:
125-135
ASuosaari EP, Reid RP, Playford PE, Foster JS and others
(2016) New multi-scale perspectives on the stromatolites
of Shark Bay, Western Australia. Sci Rep 6:20557
ATarhan LG, Planavsky NJ, Laumer CE, Stolz JF, Reid RP
(2013) Microbial mat controls on infaunal abundance
and diversity in modern marine microbialites. Geobio-
logy 11:485-497
A Teodésio MA, Paris CB, Wolanski E, Morais P (2016) Bio-
physical processes leading to the ingress of temperate
fish larvae into estuarine nursery areas: a review. Estuar
Coast Shelf Sci 183:187-202
Avan der Elst RP, Wallace JH (1976) Identification of the juve-
nile mullet of the east coast of South Africa. J Fish Biol 9:
371-374
HAWang Y, Naumann U, Wright ST, Warton DI (2012)
mvabund —an R package for model-based analysis of
multivariate abundance data. Methods Ecol Evol 3:
471-474
AWarton DI, Wright ST, Wang Y (2012) Distance-based multi-
variate analyses confound location and dispersion
effects. Methods Ecol Evol 3:89-101
]\<Wart0n DI, Foster SD, De'ath G, Stoklosa J, Dunstan PK
(2015) Model-based thinking for community ecology.
Plant Ecol 216:669-682
’\'g Wasserman RJ, Strydom NA (2011) The importance of estu-
ary head waters as nursery areas for young estuary- and
marine-spawned fishes in temperate South Africa. Estuar
Coast Shelf Sci 94:56-67
ZWhitfield AK (1989) Ichthyoplankton in a Southern African
surf zone: nursery area for the postlarvae of estuarine
associated fish species? Estuar Coast Shelf Sci 29:
533-547
Whitfield AK (1998) Biology and ecology of fishes in south-
ern African estuaries, Vol 2. Ichthyological Monographs
of the JLB Smith Institute of Ichthyology, Grahamstown
] Whitfield AK (2005) Preliminary documentation and assess-
ment of fish diversity in sub-Saharan African estuaries.
Afr J Mar Sci 27:307-324
Whitfield AK, Kok HM (1992) Recruitment of juvenile mar-
ine fishes into permanently open and seasonally open
estuarine systems on the southern coast of South Africa.
Ichthyol Bull J L. B Smith Inst Ichthyol 57:1-39
A Yemane D, Field JG, Griffiths MH (2004) Effects of fishing
on the size and dominance structure of linefish of the
Cape region, South Africa. Afr J Mar Sci 26:161-177
Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM
(2009) Mixed effects models and extensions in ecology
with R. Springer, New York, NY
AZuur AF, Ieno EN, Elphick CS (2010) A protocol for data
exploration to avoid common statistical problems. Meth-
ods Ecol Evol 1:3-14

Submitted: June 19, 2017; Accepted: August 8, 2017
Proofs received from author(s): September 19, 2017


https://doi.org/10.1111/1462-2920.13116
https://doi.org/10.1002/lno.10563
https://doi.org/10.1038/srep42614
https://doi.org/10.1016/j.jmarsys.2016.11.010
https://doi.org/10.1007/s00027-016-0502-3
https://doi.org/10.1890/0012-9658(2006)87%5b1075%3AAFFUET%5d2.0.CO%3B2
https://doi.org/10.1016/S0169-5347(02)02580-6
https://doi.org/10.1080/02541858.1989.11448133
https://doi.org/10.1111/j.1365-3121.2011.01022.x
https://doi.org/10.1023/A%3A1023949607821
https://doi.org/10.1016/j.ecss.2004.10.013
https://doi.org/10.1080/15627020.2003.11657192
https://doi.org/10.2989/1814232X.2014.899269
https://doi.org/10.1038/srep20557
https://doi.org/10.1111/gbi.12049
https://doi.org/10.1016/j.ecss.2016.10.022
https://doi.org/10.1111/j.1095-8649.1976.tb04685.x
https://doi.org/10.1111/j.2041-210X.2012.00190.x
https://doi.org/10.1111/j.2041-210X.2011.00127.x
https://doi.org/10.1007/s11258-014-0366-3
https://doi.org/10.1016/j.ecss.2011.05.023
https://doi.org/10.1016/0272-7714(89)90009-7
https://doi.org/10.2989/18142320509504089
https://doi.org/10.2989/18142320409504055
https://doi.org/10.1111/j.2041-210X.2009.00001.x



