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a b s t r a c t

Foraminifera represent an important tool for assessing and monitoring the past, present and future
relative health of marine systems, but this is only possible where baseline assemblage characteristics
have been previously established. This type of baseline data is currently lacking for intermittently closed
and open lakes or lagoons (ICOLL). ICOLLs are estuarine environments that are isolated from the open
ocean for much of the time, but are subject to distinct periods of tidal exchange and large fluctuations in
hydrodynamic factors when the barrier that isolates the ICOLL is opened to the sea. This study provides
new data on diversity and distribution of foraminifera from Smiths Lake, an ICOLL on the Australian
eastern coastline. Environmental parameters were measured to identify potential abiotic controls on the
distribution and relative abundance of assemblages and individual taxa. Results indicate that, whilst the
Smiths Lake assemblage is largely similar to foraminifera assemblages found in estuaries consistently
open to the sea, it can be differentiated based upon lower species richness and a lack of calcareous taxa,
even in the seaward parts of the lagoon. Parameters associated with depth, including sediment grain size
and nutrient supply, are identified as significant controls on both assemblage distribution and the
relative abundance of common taxa in Smiths Lake. ICOLLs are considered extremely sensitive to
anthropogenic activities and these results represent an important potential tool in ICOLL management.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Intermittently closed and open lakes or lagoons (ICOLLs) is a
term used to describe both saline coastal lagoons and barrier type
estuaries where low freshwater inflow leads to sand barrier for-
mation across the estuary entrance, preventing exchange with the
open ocean (Roy et al., 2001; Dye and Barros, 2005; Dye, 2005;
Jones and West, 2005; Haines et al., 2006; Everett et al., 2007).
This differs from the majority of ‘true’ coastal lagoons and saline
lakes, which are either permanently or frequently connected to the
open ocean (Haines et al., 2006). The opening and closing of ICOLLs
is highly stochastic, with the timing, frequency of entrance opening,
and length of time the estuary is open to the sea influenced by:
catchment size; rainfall; evaporation; the size of the barrier; the
number of fluvial inputs into the system; marine currents; wave
activity; weather patterns and the size of the initial breakout (Roy
et al., 2001; Everett et al., 2007). ICOLLs only sporadically reach a
steady state (Roy et al., 2001; Everett et al., 2007), as the transition
between open and closed phases results in large fluctuations in
hydrodynamic factors, particularly salinity. When the entrance is
closed (which under natural conditions is the majority of the time),
ICOLLs can be regarded as terminal lakes (Haines et al., 2006). All
freshwater inputs from the catchment are retained and salinity
levels may decrease. Where freshwater input is extremely low,
evapotranspiration may exceed catchment runoff, creating hyper-
saline conditions. When the entrance is open, freshwater input is
able to drain and tidal exchange brings marine waters into the
system.

ICOLLs are confined to temperate micro-tidal coasts where
annual rainfall is intermittent (Gale et al., 2006). Whilst found in
Brazil (Suzuki et al., 1998), Mexico (Lankford, 1976), New Zealand
(Kirk and Lauder, 2000), South Africa (where they are referred to as
Temporally Open/Closed Estuaries e Perissinotto et al., 2000;
Froneman, 2004; Stretch and Parkinson, 2006), and the United
States (Elwany et al., 1998), the term ICOLL is generally used to
describe systems along the south-eastern Australian coastline (Roy
et al., 2001). ICOLLs are common in this region, particularly in New
South Wales, where approximately half of all estuaries are ICOLLs
(Haines et al., 2006).
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Because of their intermittent connection to the open ocean,
ICOLLs are considered to be extremely sensitive to anthropogenic
activities (Boyd et al., 1992). In their ‘terminal lake’ phase, all inputs
are retained in the ICOLL, including any pollutants transported into
the system either via surface runoff or through fluvial inputs
(Webster and Harris, 2004). Even when open, tidal exchange may
still be restricted, and flushing of the system limited (Haines et al.,
2006). Additionally, many ICOLLs are artificially opened to the sea
by local regulators when they reach a predefined mean water level
(Everett et al., 2007). Because of this, many ICOLLs that would
naturally remain closed for long periods of time instead frequently
experience sustained periods of contact with the open ocean.
Despite their sensitivity, ICOLLs have received little consideration in
estuarine management strategies, likely due to their generally
small size and distance from major urban centres (Haines et al.,
2006). Many ICOLLs have not been included as part of assess-
ments of the approximately 800 estuarine systems that have been
classified throughout Australia (Bucher and Saenger, 1991; Boyd
et al., 1992; Harris et al., 2002).

Previous work has demonstrated that foraminifera represent an
important proxy for assessing andmonitoring the past, present and
future relative health of marginal marine systems (Armynot du
Chatelet et al., 2004). Where modern baseline taxonomic compo-
sition and ecological distribution can be established, and is then
combined with down-core assemblages, the possibility exists to
reconstruct historical trends (Culver et al., 2012), identify the re-
percussions of anthropogenic activities, and monitor the effec-
tiveness of any attempted remediation (Debenay et al., 2000). Given
that many ICOLLs are unquestionably anthropogenically impacted
(through artificial opening), foraminifera represent an important
potential tool for ICOLL management. Their application is limited
however, until baseline ecological studies have been undertaken.

Work on foraminifera from coastal lagoons either open or closed
(e.g. Cann et al., 2000; Debenay et al., 2000, 2001; Revets, 2000;
Debenay et al., 2001; Cearreta et al., 2002) is lacking when
compared with other types of estuarine systems. Given that ICOLLs
are concentrated in south-eastern Australia, this lacuna is likely a
reflection of the lack of work on Australian foraminifera generally.
Published studies have described foraminifera from <4% of
Australian estuaries (McKenzie, 1962; Albani, 1968a, 1968b, 1979;
Johnson and Albani, 1973; Collins, 1974, Michie, 1987, Albani and
Johnson, 1976, Quilty, 1977; Bell, 1978, 1995, 1996; Apthorpe,
1980; Yassini and Jones, 1989; Bell and Drury, 1992; Cotter, 1996;
List, 1996; Cann et al., 2000; Revets, 2000; Clarke et al., 2001;
Haslett, 2001; Wang and Chappell, 2001; Horton et al., 2003;
Strotz, 2003; Woodroffe et al., 2005; Quilty and Hosie, 2006;
Haslett, 2007; Haslett et al., 2010; Nash et al., 2010; Callard et al.,
2011; Strotz, 2012; Schr€oder-Adams et al., 2014). Foraminifera
have been documented from another ICOLL fromNew SouthWales,
Coila Lake (Strotz, 2003), but that studywas neither comprehensive
nor detailed. Because of this lack of previous work, it is currently
unclear what constitutes an ICOLL foraminifera assemblage, pre-
cluding the use of foraminifera as environmental proxies in ICOLLs.

This study seeks to resolve this information gap by providing
new primary data on foraminifera ecology from a little studied
estuary type and to test the following hypothesis: the foraminiferal
assemblage present in an ICOLL is distinct from foraminifera as-
semblages found in open estuarine systems. If upheld, this may
mean that the extensive body of existingwork on foraminifera from
open estuaries may not be directly applicable to ICOLLs. There is
some justification for suggesting ICOLL biotas are exceptional, as it
has been established that the presence of species within an ICOLL,
even locally common taxa, is unpredictable because species can
only gain entry during a brief open phase (Robinson et al., 1983; Roy
et al., 2001). The proposed hypothesis is tested by documenting the
distribution and diversity of foraminifera from Smiths Lake, an
ICOLL located on the north coast of New South Wales. Potential
controls on species distribution and abundance are identified
through comparison with selected hydrological parameters. The
foraminifera biota from Smiths Lake is compared with previous
studies of foraminifera from open estuaries to determine if a
distinct ICOLL foraminifera biota exists.

2. Materials and methods

2.1. Study area

Smiths Lake is located approximately 280 km north of Sydney
(Fig. 1). It is a coastal lagoon with a fluctuating surface area of
9.5e9.8 km2 and a catchment area of 33 km2 (Everett et al., 2007).
Freshwater input into the system is limited (Gale et al., 2006),
confined to small creeks, predominately Wamwarra and Tarbuck
Creeks (Webb, Mckeon and Associates, 2008, Fig. 1), and rainfall
runoff from the immediate periphery of the system. There is no
marked seasonality to rainfall volumes and, for the period
1980e2014, mean annual rainfall was 1460 mm. The coastline is
wave-dominated, and ocean tides are semi-diurnal and micro-tidal
(spring tidal range < 2 m). Prevailing winds are from the north-east
in summer and west and south-west inwinter. Winds are generally
10e20 km/h but localised thunderstorms can create gusts over
100 km/h. Best estimates suggest currents of up to 0.5 m/s could be
generated during prolonged storm conditions (Webb, Mckeon and
Associates, 2008), and all wave activity in the lagoon during closed
phases are wind waves.

A large barrier beach, 200 m in width at its narrowest point and
created by longshore sand transport (Roy, 1984), closes the lake off
from the sea the majority of the time. Tidal flows are completely
blocked when the lagoon is closed (Webb, Mckeon and Associates,
2008). Heavy rains in the catchment would ultimately lead to a
freshwater discharge strong enough to breach the sandbar (Bird,
1967). In recent times this no longer occurs, as the lake has been
opened artificially every 1.5 years since 1932 to prevent flooding of
the catchment and to ensure good fish stocks (Robinson et al., 1983;
Everett et al., 2007). Whilst opening of Smiths Lake is infrequent
when compared with other ICOLLs, which are opened multiple
times per annum or kept permanently open to the sea through
construction of training walls (Dye and Barros, 2005), it is esti-
mated to be twice as frequent as natural openings would occur
(Webb, Mckeon and Associates, 2008). The lake is tidal following a
breakout event, although the tidal range is only 10% of the ocean
tide range. Tidal velocities during breakout events are impercep-
tible except in the entrance area, and tidal flows into and out of the
lagoon average less than 3% of the lagoon volume (Webb, Mckeon
and Associates, 2001). Within 2e3 months after a breakout, the
lagoon entrance is completely blocked (Gale et al., 2006).

The eastern or seaward side of the lagoon is dominated by an
extensive shallow flood-tide delta that consists of well-sorted,
light-coloured quartz sand, deposited by ocean waves and tidal
flows at times when the barrier beach is opened to the sea. This
delta is the only part of the lagoon subject to significant sediment
transport (Gale et al., 2011). The western side of the lake consists of
a low energy basin-style setting, approximately twice the size of
the eastern section (Fig. 1). Around the lagoon foreshore, to a depth
of approximately 2 m, sediments consist of reworked coastal sands,
deposited during the last interglacial, combined with fluvial sands
and gravels fromWamwarra and Tarbuck Creeks (Gale et al., 2011).
Deeper areas (below 2m) are dominated by fluvial muds (Robinson
et al., 1983). The total fluvial sediment load entering the lagoon is
estimated to be 3000 m3/yr (Webb, Mckeon and Associates, 2001).
Concentrations of total organic carbon, nitrogen and phosphorous



Fig. 1. Map of Smiths Lake. Upper right inset shows location of Smiths Lake on the eastern Australian coastline. Dark grey areas indicate submerged sandbars.
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levels in the sediments are all low (Webb, Mckeon and Associates,
2001), and Smiths Lake is considered predominately oligotrophic
(Smith and Heggie, 2003). Chlorophyll a and turbidity levels in
Smiths Lake are well below the mean for the region and relative
water quality in the lagoon is classified as ‘good’ (Roper et al., 2011).
Seagrasses fringe almost the entire periphery of the lagoon, and the
low sediment input and nutrient levels allow for extensive seagrass
beds at depths of 3.5e4 m (Robinson et al., 1983; Gale et al., 2011).

The catchment consists predominately of state forest and is
relatively uninhabited, with approximately 1100 people living in
the catchment area (Everett et al., 2007). Agriculture is largely ab-
sent from the catchment. Whilst no ICOLL in New South Wales can
be considered ‘pristine’, the small population, lack of agriculture
and infrequent openings indicates Smiths Lake is one of the better
representatives of an undisturbed ICOLL system.

2.2. Data collection

Sediment samples and environmental data were collected in
April, 2003. At the time of collection, the lake was closed to the
ocean. The previous opening prior to sampling was June 2002
(Everett et al., 2007). According to the Australian Bureau of
Meterology, rainfall for the period JanuaryeApril 2003 (639 mm)
was similar to the mean rainfall volumes for the same period
(571 mm). Thirty three sites were sampled, selected to represent
the range of environments present in the lagoon. None of the
chosen sites are subject to tidal exposurewhen the lagoon is closed,
but sites located on sandbars (Fig. 1) would be exposed when the
barrier is breached. Sediment was collected either by hand from the
shoreline, or using a standard Van Veen style grab sampler lowered
from a small boat. Because the generally muddy nature of the
substrate resulted in the grab sampler returning ‘undisturbed’
blocks of sediment, the top 1 cm of sediment was collected for all
samples (as per recommendations of Scott et al., 2001). Sediment
was placed into 100-ml vials, and treated with buffered ethanol to
preserve foraminifer protoplasm for staining upon return to the
shore.

Six environmental parameters; electrical conductivity (mS/cm),
dissolved oxygen (mg/L), pH, oxidation reduction (redox) potential
(mV), depth (m) and temperature (�C), were measured to evaluate
abiotic controls on species distribution. These hydrological pa-
rameters were chosen as they have been previously demonstrated
to influence foraminiferal diversity and abundance (e.g. Murray,
1973; Boltovskoy and Wright, 1976; Haynes, 1981; Boltovskoy
et al., 1991; Murray, 2001; Strotz, 2012). Conductivity results
were converted to salinity (in ppt) using the method outlined in
Rice et al. (2012). Measurements were collected at the sed-
imentewater interface using a Hydrolab 4 datasonde. Multiple
readings for all parameters (excluding depth) were taken over a
one-month period at varying times of day. The mean of these re-
sults was then used, to account for potential variations in values
due to fluctuations in ambient atmospheric temperatures and
diurnal cycles. Results were visualised as contour maps created
using Surfer version 8.04 (Fig. 2) and values are presented in
Appendix A.

Importantly, these data are not presumed to reflect the ‘abso-
lute’mean value for any of the measured parameters in Smiths Lake
(except depth), given conditions within the lake can vary dramat-
ically depending upon time of year or due to an anomalous event,
such as extremely high rainfall or the opening of the barrier beach
(Robinson et al., 1983; Roy et al., 2001). They are presumed how-
ever, to represent the relative difference between sites, differenti-
ating, for example, sites where oxygen concentrations are low
relative to the rest of the lagoon.

Sediment samples were treated, at the time of collection, with
rose Bengal stain to ascertain whether the foraminifera tests



Fig. 2. Contour maps for the six measured environmental parameters. With the exception of depth (A), all contour values represent the mean of measured values. A. Depth
(metres); B. Salinity (ppt); C. pH; D. Dissolved Oxygen (mg/L); E. Oxidation Reduction Potential (mV); F. Temperature (�C). Measured values used for contour maps are provided in
Appendix A. For Fig. 2A (depth), both Big and Little Islands (Fig. 1) are very steep sided. The contour lines that appear to intersect these islands actually wrap around them, but are
obscured by the scale of the contours (drawn at 0.5 m intervals).
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recovered represented either live or dead individuals. Sample
processing followed the methods described by Scott et al. (2001).
Samples were washed through a 63 mm sieve and allowed to air dry
in ambient conditions (<25 �C). Foraminifera were concentrated
using sodium polytungstate separation (Strotz, 2012). Following
floatation, samples were split with a microsplitter, into represen-
tative sub-samples for counting. Three hundred individuals were
then picked from each sample, unless that proved impossible due
to insufficient available specimens. It has been previously demon-
strated that counts larger than 300 do not improve accuracy (Scott
et al., 2001). The number of specimens recovered from each sample
is listed in Appendix B. Sample SML6 did not yield any foraminifera
and was not included as part of any analyses.

Foraminifera were considered ‘alive’ even if only the last few
chambers were stained by the rose Bengal stain. Even so, because of
the low yield of stained (‘live’) foraminifera (<10%), all analyses and
discussions herein of foraminifera are based upon total assem-
blages, using the methodology developed by Scott and Medioli
(1980). Comparisons of the total assemblage with the stained
component in previous estuarine studies have demonstrated they
are effectively interchangeable (Hayward, 1982; Hayward et al.,
1999; Southall et al., 2006). Taxa were identified to species level
using a stereo microscope and photomicrographs of representative
specimens were taken using a JEOL-JSM 840 scanning electron
microscope.

2.3. Analysis

All foraminifera counts were first converted to relative abun-
dances (Appendix B). To remove varianceemean relationships and
any potential overemphasis on rare or abundant taxa, unless
otherwise indicated, all analyses of species abundance data was
performed using log transformed (ln xþ1) values, as per the rec-
ommendations of Patterson et al. (2005). Because environmental
data ranged several orders of magnitude across the six measured
parameters, these data were standardized (subtraction of the mean
followed by division by the standard deviation) for all analyses.

Box and whisker plots were produced based upon the Tukey
method (interquartile range (IQR); whiskers ¼ ± 1.5*IQR). Assem-
blageswere initially identified using Q-mode cluster analysis, based
upon BrayeCurtis dissimilarity (BCij ¼ 2Cij

SiþSj ) and unweighted
paired-group average linking. BrayeCurtis dissimilarity (Bray and
Curtis, 1957) has been used successfully to discriminate forami-
nifera assemblages in previous studies (e.g. Debenay and Payri,
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2010; Narayan and Pandolfi, 2010). Analysis of similarities (ANO-
SIM), also using BrayeCurtis dissimilarity, was employed as a post-
hoc test to establish whether proposed assemblages are signifi-
cantly different from each other. Similarity percentage analysis
(SIMPER) was used to identify which taxa contribute most to
between-assemblage differences.

Diversity index calculations used only relative abundance data
(i.e data was not log transformed prior to calculations). The calcu-
lated indices, Fisher-a, Shannon H, and Dominance (sample max pi
e the relative abundance of the most abundant taxon in that
sample), were chosen following the recommendations of Hayek
and Buzas (2013). The only exception is that Fisher-a is preferred
herein to strict diversity, as it accounts for differing sample sizes
(Hayward et al., 1999).

To assess the influence of the measured environmental param-
eters on assemblage/taxon distribution, canonical correspondence
analysis (CCA) was used. Input for the CCA consisted of all species
abundance data and environmental data. As an additional method
to identify the influence of the measured environmental parame-
ters on species distribution and diversity, stepwise multiple linear
regression (SMLR), using a backward elimination model, was used.
A backward elimination model starts with all independent pre-
dictor variables included in the model and variables are then
eliminated using a chosen comparison criterion until combined
explanatory power no longer increases or partial correlation co-
efficients become insignificant. For this study, the comparison cri-
terion was akaike information criterion (AIC) scores. SMLR is
considered a robust multivariate analysis technique as it reduces
the likelihood of over-fitted data (Hair et al., 2009). A ShapiroeWilk
test confirmed that all data were normally distributed prior to
analysis. The six measured environmental parameters were used as
predictor variables and either species abundance data or diversity
measures were the response variables. SMLR was performed for
each taxon individually, but only for those taxa where overall
relative abundance is greater than 5%. Generated models were only
considered statistically significant where p-values indicated sig-
nificance (p < 0.05), AIC Di (the difference between initial and final
AIC scores) was less than 10 (Burnham and Anderson, 2004), and
the adjusted r2 (r’2) value was greater than 0.5 (Patterson et al.,
2005). Non-linear functions were fitted for statistically significant
models and their individual constituent predictors, where a valid
model had more than one predictor, using CurveExpert 2.0.4
(http://curveexpert.webhop.biz). This program solves non-linear
regressions using the LevenbergeMarquardt method and then
automatically selects the best fitting function, based upon the
strength of the correlation between observed values and the fitted
curve.

Diversity index calculations, Q-mode cluster analysis, ANOSIM,
and SIMPER were all performed using PAST 2.17c (Hammer et al.,
2001). R 3.1.1 (R Development Core Team, 2010) was used to
create box and whisker plots, to perform CCA (Oksanen et al., 2011)
and to carry out SMLR (Venables and Ripley, 2002).

3. Results

3.1. Foraminifera diversity and distribution

Seventeen species of foraminiferawere identified in Smiths Lake
(Appendix B). Electron micrographs of representative foraminifera
are displayed in Fig. 3. One new species was identified (Pseudo-
clavulina skeletori sp. nov.). A description of this taxon (and other
selected taxa) is provided in Appendix C. All other species present
throughout the lake are found in other estuaries along the New
South Wales coastline (Albani, 1968a, 1968b, 1979; Yassini and
Jones, 1989; Yassini and Jones, 1995; Cotter, 1996; List, 1996;
Strotz, 2003, 2012; Schr€oder-Adams et al., 2014). Inner shelf taxa
such as Elphidium hispidulum Cushman and Cornuspira sp.
(Hayward et al., 1997, 1999) occur rarely (Appendix B) and no
specimens of planktic species were found. Fisher-a, Shannon-H and
dominance values, along with the mean values and standard de-
viation for these diversity measures are presented in Table 1. Values
vary by an order of magnitude for Fisher-a (amax ¼ 3.56,
amin ¼ 0.35) and by two orders of magnitude for Shannon-H,
(Hmax ¼ 1.85; Hmin ¼ 0.03) throughout the lagoon. Dominance
levels range between 27.51% and 99.56%. Generally, evenness and
species richness are correlated; those sites with the lowest a values
also have the highest levels of dominance.

Agglutinated taxa (those foraminifera with an arenaceous test
composed of particles sourced from the surrounding sediment)
make up just under 87% of the total biota. Four species: Rhum-
blerella australis (Collins) (34.87%); Ammobaculites exiguus Cush-
man and Br€onnimann (19.88%); Miliammina fusca (Brady) (16.76%)
and Ammonia aoteana (Finlay) (10.58%) make up approximately
82% of the biota. Of these four taxa, only A. aoteana has a calcium
carbonate test. Two of these taxa (M. fusca and A. exiguus) possess
test architectures that are subject to preferential destruction
(Goldstein and Watkins, 1999). The high relative abundance of
these two taxa suggests that taphonomic effects in Smiths Lake are
negligible. Both Simobaculites barwonensis (Collins) (max
pi ¼ 51.33%) and Elphidium excavatum clavatum (Cushman) (max
pi ¼ 24.49%) are common at selected sites. All remaining taxa are
rare. The relative abundance of individual species (both common
and rare) is highly variable from site to site, resulting in lowmeans
and broad interquartile ranges for dominant taxa, and numerous
outliers for all taxa (Fig. 4).

Based upon Q-mode cluster analysis, two assemblages are
established, designated Assemblage 1 and Assemblage 2 (Fig. 5).
ANOSIM indicates a statistically significant difference between
these two assemblages (p-value ¼ 0.0001). The spatial distribution
of the two assemblages in the lagoon is presented in Fig. 6. SIMPER
analysis identifies that R. australis (21.91%); A. exiguus (18.29%);
M. fusca (Brady) (17.39%) and A. aoteana (11.66%) are the primary
contributors to the dissimilarity between the two assemblages.

Assemblage 1 (A1) is confined to the deeper parts of the basin
that makes up the western and central parts of the lagoon (Fig. 6).
With the exception of SML11, all sites assigned to A1 are at locations
where water depth is greater than 3 m and where sediments
consist of fine silts and muds. The assemblage is dominated by two
species, R. australis (mean relative abundance A1 ¼ 79.38%) and
A. aoteana (mean relative abundance A1 ¼16.18%). Their combined
relative abundance is never <73%. Rhumblerella australis is consis-
tently the dominant of the two taxa, with a high median and
relatively narrow IQR compared to its IQR for the lagoon overall
(Fig. 4). Whilst 10 of the 17 species present in Smiths Lake occur at
A1 sites, at almost half of A1 sites R. australis and A. aoteana are the
only two species present, and at a number of sites the biota is
virtually monospecific (relative abundance of R. australis > 95%). At
selected A1 sites, other taxa may exceed 5% relative abundance, but
mean relative abundance of all other taxa within A1 is <2%. Mean
values for A1 Fisher-a and Shannon H are both less than the overall
lagoon mean values (aA1mean ¼ 0.75; HA1mean ¼ 0.44) and mean A1
dominance is essentially identical to the mean relative abundance
of R. australis (A1 mean Pi ¼ 78.59%).

Assemblage 2 (A2) is concentrated in shallow areas around the
edges of the western basin and the seaward part of the lagoon, east
of Simons Point (Fig. 6). Sediments at these locations consist mostly
of quartz sands. Like A1, two taxa dominate the assemblage,
A. exiguus (36.86%) andM. fusca (23.95%). Neither of these two taxa
is consistently dominant within A2, nor are they concentrated
spatially. Whilst these two taxa have higher medians within A2

http://curveexpert.webhop.biz


Fig. 3. Foraminifera from Smiths Lake. All scale bars equal 100 mm. A. Scherochorella barwonensis (Collins) B. Pseudoclavulina skeletori sp. nov. C. Pseudoclavulina skeletori sp. nov. D.
Pseudoclavulina skeletori sp. nov. (aperture view) E. Ammobaculites exiguus Cushman and Bronnimann F. Simobaculites barwonensis Collins G. Miliammina fusca (Brady) H. Rhum-
blerella australis (Collins) I. Rhumblerella australis (Collins) J. Textularia agglutinans K. Spiroplectammina earlandi (Parker) L. Quinqueloculina seminula (Linnaeus) M. Trochammina
inflata (Montagu) N. Paratrochammina bartrami (Hedley, Hurdle and Burdett) O. Paratrochammina bartrami (Hedley, Hurdle and Burdett) P. Trochammina sp. indet Q. Ammonia
aoteana (Finlay) R. Elphidium excavatum clavatum (Cushman) S. Elphidium hispidulum (Cushman) T. Haynesina depressula (Walker and Jacob).
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than for the lagoon overall, the IQR and whiskers for both taxa
remains broad (Fig. 4). Other important constituents of the biota
include Scherochorella barwonensis (13.6%) and Simobaculites bar-
wonensis (7.18%). All remaining taxa are rare. Mean values for A2
Fisher-a and Shannon H are both greater than the overall lagoon
mean value (aA2mean ¼ 1.71; HA2mean ¼ 1.2). Mean A2 dominance is
less than the overall lagoon average (A2 mean Pi ¼ 52.93%).

Two sites, SML26 and SML31 remain unassigned to either
assemblage. The two sites bear little resemblance to other sites
(~30% similarity e Fig. 5), and do not resemble each other. SML26 is



Table 1
Diversity indices for Smiths Lake: Fisher-a; Shannon H; Dominance (Max pi).

Site a H Max pi

SML1 1.71 1.19 43.00
SML2 2.05 1.09 57.33
SML3 1.40 1.08 57.67
SML4 1.40 1.22 53.46
SML5 1.40 1.13 49.74
SML7 2.77 1.52 46.33
SML8 1.71 1.22 58.16
SML9 0.35 0.61 69.67
SML10 0.83 0.68 65.34
SML11 2.05 0.92 73.00
SML12 0.83 0.30 93.33
SML13 1.40 0.43 91.26
SML14 0.83 0.74 74.13
SML15 0.58 0.08 98.67
SML16 1.40 1.28 40.69
SML17 0.58 0.08 98.66
SML18 0.35 0.26 92.67
SML19 0.35 0.57 74.00
SML20 0.58 0.71 58.00
SML21 0.58 0.51 82.34
SML22 2.77 1.79 27.51
SML23 0.35 0.16 96.33
SML24 1.11 0.55 86.66
SML25 3.56 1.81 33.56
SML26 0.58 0.42 88.37
SML27 0.83 0.84 53.00
SML28 0.83 0.53 85.33
SML29 2.77 1.85 33.33
SML30 1.11 0.81 72.32
SML31 0.35 0.03 99.56
SML32 1.11 1.25 51.33
SML33 1.40 0.98 62.98
Mean 1.25 0.83 67.74
StDev 0.83 0.51 21.42
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located proximal to the barrier beach. Only 43 specimens were
recovered from SML26 and almost all of these are Paratrochammina
bartrami Hedley, Hurdle and Burdett (relative
abundance ¼ 88.37%). Whilst a site with so few specimens often
would be removed from q-mode cluster analysis, its removal was
found to have no effect on the dendrogram, so it was retained for
completeness. SML31 is located on the northern edge of Symes Bay.
The SML31 biota is virtually monospecific, composed almost
entirely of M. fusca (99.56%).
Fig. 4. Box plots for: A. Total assemblage; B. Assemblage 1; C. Assemblage 2. As-
semblages are based upon q-mode cluster analysis (Fig. 5). Only taxa with a relative
abundace of >5% at 1 or more sites are included in these plots.
3.2. CCA and SMLR

For CCA, the total inertia (sum total of all unconstrained ei-
genvalues) is 1.795, with the sum of all constrained
eigenvalues ¼ 0.634. Thus, the environmental factors included
explain 35.32% of the variation in the dataset. Eigenvalues for axis 1
(0.327) and axis 2 (0.139) explain 18% and 8% of the total variation
respectively, and 74% of the variation explained by the included
environmental factors. The specieseenvironment correlations of
axis 1 and 2 is evidence supporting an association between the
species and environmental matrices (axis 1 ¼ 0.88; axis 2 ¼ 0.71).
Ordination of the CCA constrained by measured environmental
factors is presented for sample sites in Fig. 7A, and for species in
Fig. 7B.

CCA results indicate sites assigned to A1 are strongly and posi-
tively associated with water depth (high axis 1 values e Fig 7A).
Sites assigned to A2 are generally negatively associated with water
depth (negative values on Axis 1) and positively with temperature.
Whilst individual A2 sites may correlate positively with the
remaining environmental factors, no other factors can be correlated
with the assemblage as a whole. Species associated with deeper
water include R. australis, A. aoteana and E. excavatum clavatum
(Fig. 7B). Simobaculites barwonensis is associated with increasing



Fig. 5. Q-mode cluster analysis dendrogram for Smiths Lake based upon
BrayeCurtis similarity index. Assemblage 1 (A1) in dark grey, Assemblage 2 (A2) in
light grey.

L.C. Strotz / Estuarine, Coastal and Shelf Science 164 (2015) 340e352 347
pH. Quinqueloculina seminula is not correlated with any of the
included environmental factors. All other species with a relative
abundance >5% at one or more sites are correlated with shallow
water and increasing temperature.

SMLR confirms that the majority of relationships between spe-
cies and included environmental factors are not statistically sig-
nificant (Table 2). Only two associations meet the requirements to
be considered valid correlations. Rhumblerella australis is correlated
with both depth (increasing) and dissolved oxygen (decreasing).
Miliammina fusca is correlated with decreasing depth. CurveExpert
identified a rational function ( y ¼ aþbx

1þcxþdx2 ) as the best fitted result
for all valid correlations (Fig. 8). The correlation between observed
values and the fitted rational function for R. australis is 0.606 and
forM. fusca is 0.801. If only depth is considered in comparison to the
proportion of R. australis, the goodness-of-fit increases (0.874), and
where only dissolved oxygen is considered, the goodness-of-fit is
0.399.
4. Discussion

The foraminifera assemblage from Smiths Lake is broadly
similar to that found in open estuaries (those permanently or
frequently connected to the open ocean), despite the distinct
physio-chemical conditions present in ICOLLs (Roy et al., 2001). The
dominance of agglutinated taxa and Ammonia in Smiths Lake is
consistent with many previously described foraminifera assem-
blages from open estuarine systems in both Australia (e.g. Albani,
1968a; 1968b, 1979; Yassini and Jones, 1989; Yassini and Jones,
1995; Cotter, 1996; Strotz, 2003, 2012; Nash et al., 2010; Strotz,
2012) and internationally (e.g. Scott et al., 1980; Goldstein, 1988;
Patterson, 1990; Hayward et al., 1999; Murray, 2013). The high
relative abundance of a small number of taxa, irrespective of overall
diversity, is consistent with previous estuarine foraminifera studies
(Murray, 2013). The spatial distribution of the two assemblages
within the lagoon, with a duospecific assemblage in deeper water
and a more diverse shallow water assemblage, is consistent with
previous studies (Strotz, 2012). Depth (and the environmental pa-
rameters associated with depth) as an important control on the
distribution of both foraminifera assemblages and the abundance
of key taxa that dominate the overall assemblage is consistent with
previous studies (e.g. Haynes, 1981; Cann et al., 1988; Hayward
et al., 1999). This all would seem to suggest there is little that is
distinct about ICOLL foraminifera assemblages compared with
typical estuarine assemblages.

Distinct differences do exist between Smiths Lake and open
estuaries of similar size when comparing species richness. Whilst
species richness, for all biota, is generally lower in estuarine set-
tings when compared with coastal and oceanic environments (Day
et al., 1989; Attrill and Rundle, 2002), species richness in Smiths
Lake is considerably less than previous studies of estuarine fora-
minifera from open coastal lagoons (Phelger, 1965; Debenay et al.,
2001; Revets, 2000; Albani et al., 2007) and other estuary types
(e.g. Murray,1968; Alve andMurray,1999; Hayward et al., 1999; Sen
Gupta, 1999; Murray, 2006; Culver et al., 2012), where sometimes
100 þ taxa have been recorded for a single estuary. This is not a
regional issue, as nearby open estuaries have much higher fora-
minifera species richness than Smiths Lake (Albani, 1968b, 1979;
Yassini and Jones, 1989; Strotz, 2012). By contrast, levels of fora-
minifera species richness found in closed coastal lagoons and pre-
viously studied ICOLLs are similar to Smiths Lake (Cearreta et al.,
2002; Strotz, 2003; Frontalini et al., 2010). Comparatively low
levels of species richness have been recorded for ICOLL macro-
faunas as well (Dye and Barros, 2005).

Smiths Lake lacks the diverse, predominantly calcareous fora-
minifera assemblage that commonly occurs in the most seaward
part of estuarine systems, where oceanic influence (and salinity) is
greatest. This assemblage is characteristically a concentration of
much of the foraminifera species richness for an estuary (Yassini
and Jones, 1989; Strotz, 2012). In fact, few foraminifera of any
kind are found on the flood-tide delta immediately adjacent to the
barrier, where the diverse calcareous assemblage would be ex-
pected to occur. The lack of specimens on the delta may be because
this is the only area of Smiths Lake subject to notable sediment
transport (Gale et al., 2011). However, the complete absence of a
diverse calcareous seaward assemblage, as well as the reduced
species richness and lack of calcareous taxa throughout the lagoon
(<13% of total assemblage), is more likely due to limited exchange
with the open ocean and the associated reduction in salinity
(Fig. 2). Increasing isolation from open ocean conditions has been
demonstrated to alter the structure of benthic assemblages, leading
to a decrease in diversity and changes in species dominance (Teske
and Wooldridge, 2001; Dye and Barros, 2005; Nash et al., 2010).
ICOLL Biological communities are euryhaline, due to the fluctua-
tions in salinity associated with alternation between ‘open’ and
‘closed’ phases (Haines et al., 2006). Euryhaline communities are
generally lower in diversity than equivalent open estuary euryha-
line/stenohaline communities or stenohaline marine communities
(Whitfield et al., 2012), and are typically comprised of fewer species
in higher abundance (Haines et al., 2006). Both of these observa-
tions are consistent with the foraminifera assemblage from Smiths
Lake.

Results for CCA indicate that 35.32% of the variation in species



Fig. 6. Distribution of assemblages identified by q-mode cluster analysis in Smiths Lake. In areas where no sample has been collected, extrapolation of assemblage is based upon
the nature of the physical environment and composition of the biota at the nearest sample site. Assemblage 1 in dark grey. Assemblage 2 in light grey. Dashed lines used to indicate
areas not assigned to either assemblage.
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abundance is explained by the measured environmental variables.
This result is consistent with other studies that utilised similar
methods (Cleary and Renema, 2007). This means that only
approximately one third of the variation is explained by environ-
mental parameters that have been previously been identified as
either significant controls on species abundance (e.g. Murray, 1973;
Boltovskoy andWright, 1976; Haynes, 1981; Boltovskoy et al., 1991;
Murray, 2001; Strotz, 2012) or proxies for significant controls (Bell
and Edwards, 1980; Murray, 2006). At least some of the unex-
plained variation can likely be attributed to biotic interactions,
including food availability, predator frequency and parasites (Cleary
and Renema, 2007). Even though the measured environmental
parameters are mean values, the measurements used in the anal-
ysis still represent a limited period of time, and some of the un-
explained variation may be due to taxa responding to longer term
fluctuations in these parameters. The inability to relate rare species
to environmental parameters (due to a lack of statistical power) is
also likely a factor. Previouswork indicates that some component of
local recruitment and survivorship of species, and thus relative
abundance, is inherently stochastic (Newbery et al., 1996; Nekola
and White, 1999). These explanations also likely account for why
only two taxa yield statistically valid models through SMLR.

Despite the moderate level of explanatory power, CCA does
suggest depth as an important control on species and assemblage
distribution in Smiths Lake (Fig. 7). The results of SMLR also
establish depth as an important control on abundance of M. fusca
and of R. australis in Smiths Lake (Table 2). Depth as an ecological
control on assemblage distribution is consistent with previous
studies of estuarine foraminifera (Hayward et al., 1999; Strotz,
2012), but the lack of correlation with all other measured hydro-
logical parameters, particularly salinity, is not. In open estuaries,
the distinct horizontal salinity gradient (with salinity generally
decreasing away from the estuary mouth) results in noticeable
changes in foraminifera assemblage composition across the estuary
(Yassini and Jones, 1995; Murray, 2006; Quilty and Hosie, 2006;
Strotz, 2012). The lack of correlation with parameters other than
depth in Smiths Lake is perhaps expected, given Smiths Lake is well
mixed when closed off from the ocean (Gale et al., 2011), with little
difference in the measured hydrological parameters across the
lagoon (Fig. 2).

It is important to note that depth is a proxy for a collection of
abiotic and biotic parameters and is unlikely to be strictly a control
in and of itself (Hayward et al., 1999). Parameters represented by
depth include water movement, sediment grain size, light pene-
tration, organic matter (Murray, 2006) and vegetation cover (Bell
and Edwards, 1980). Sediment grain size and organic matter are
likely the most important of these in Smiths Lake. This is because
the other parameters controlled by depth are largely inapplicable in
Smiths Lake. Water movement is limited and episodic, only
occurring during open phases (3 months out of every 18 months).
Entrainment of sediment by water movement only occurs around
the flood-tide delta, meaning water movement would have little
impact on Assemblage 1 or 2. High water clarity (Roper et al., 2011)
allows light to penetrate to the deepest parts of the lagoon. Aquatic
macrophytes are broadly distributed throughout all parts of the
lake (Robinson et al., 1983) and are found down to depths of ~4 m.

Sediment grain size has been previously identified as a primary
control on foraminifera species richness and abundance in estua-
rine environments (Armynot du Châtelet et al., 2009). Results for
Smiths Lake further reinforce the importance of grain size, with
Assemblage 1 and 2 both restricted to different sediment types.
Assemblage 1 is found exclusively on fine silts and muds. Assem-
blage 2 is found where sediments consist of quartz sands (with the
exception of SML28, which is discussed below). Previous work has



Fig. 7. Ordination based upon CCA for: A. sample sites; B. species. 1st and 2nd axis
illustrated. Assemblage 1 sites indicated by solid squares. Assemblage 2 sites indicated
by solid circles. Arrows represent measured environmental parameters. Dep e Depth;
ORP e Oxidation Reduction Potential; DO e Dissolved Oxygen; Tem e Temperature;
Sal e Salinity. Abbreviations for species: A-ao e Ammonia aoteana; A-ex e Ammoba-
culites exiguus; C-sp e Cornuspira sp.; E-ec e Elphidium excavatum clavatum; E-hi e
Elphidium hispidulum; H-si e Haynesina simplex; M-fu e Miliammina fusca; P-ba e

Paratrochammina bartrami; P-ea e Palustrella earlandi; Q-se e Quinqueloculina semi-
nula; R-au e Rhumblerella australis; S-ba e Simobaculites barwonensis; Sc-ba e Scher-
ochorella barwonensis; T-ag e Textularia agglutinans; T-in e Trochammina inflata; T-sp.
e Trochammina sp.

Fig. 8. Relationship between abundance and depth for two taxa where SMLR in-
dicates a significant relationship. Lines represent fits to observed data based upon a
rational function.
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identified a link between grain size and diversity, but results are
somewhat contradictory. Some studies demonstrate decreasing
foraminifera diversity (Debenay et al., 2001; Armynot du Châtelet
et al., 2009) with increasing grain size, whilst in others the oppo-
site is true (Diz et al., 2004). Smiths Lake parallels the results of Diz
et al. (2004) with diversity higher for Assemblage 2.

Like grain size, previous studies have noted a link between
foraminifera distribution and nutrient supply (in the form of
Table 2
Results of stepwise multiple linear regression (SMLR) for taxa with overall relative abun
parameters. D e Depth; S e Salinity; DO e Dissolved Oxygen; T e Temperature; ORP e Ox
percentage of sampled sites where that taxon was found. Species in bold represent stati

Taxon FO (%) Predictors

Ammobaculites exiguus 59.4 D þ S þ DO þ pH
Ammonia aoteana 59.4 S
Elphidium excavatum clavatum 31.3 D þ S
Elphidium hispidulum 18.8 pH þ T
Miliammina fusca 68.8 D
Palustrella earlandi 25.0 S þ pH þ ORP þ T
Paratrochammina bartrami 12.5 ORP þ T
Quinqueloculina seminula 12.5 D þ T
Rhumblerella australis 87.5 D þ DO
Scherochorella barwonensis 75.0 D þ S þ DO þ pH
Trochammina inflata 12.5 ORP
Fisher a NA D þ pH
Shannon H NA D þ pH
Dominance NA D þ pH
organic matter), but with conflicting results. Increased species
richness has been associated with both low (Setty, 1976; Schafer
et al., 1991, 1995; Armynot du Châtelet et al., 2004) and high
(Bandy et al., 1964a, 1964b, 1965; Cearreta, 1988; Debenay et al.,
2001) levels of organic matter. More recently Armynot du
Châtelet et al. (2009) attempted to resolve this inconsistency and
identified decreasing species richness with increasing organic
matter. In Smiths Lake, nutrient supply increases marginally with
depth (Everett et al., 2007 unpublished results). Thus, the results for
Smiths Lake align with the findings of Armynot du Châtelet et al.
(2009), as species richness for Assemblage 1, located in the deep-
est parts of the lagoon, is lower than for Assemblage 2. Because
Smiths Lake is considered predominately oligotrophic, (Smith and
Heggie, 2003) overall species richness should be higher than
comparable systems where organic matter is high. As species
richness is much lower than nearby eutrophic, but open, estuaries
(Yassini and Jones, 1989; Strotz, 2012) this further reinforces the
importance of limited exchangewith the open ocean as a control on
species richness in Smiths Lake.

The fitted rational function indicates peak abundance at specific
depths for both M. fusca and R. australis (Fig. 8). The correlation is
not 100% (goodness-of-fit <1.0) meaning environmental factors
associated with depth are an important, but not exclusive control
for either species. For example, at SML31, the high relative abun-
dance ofM. fusca (Appendix B) is likely due to the close proximity of
an unnamed creek and the associated freshwater input from that
dance >5% and diversity indicies. Predictor variables are measured environmental
idation reduction potential. FO (%) is the frequency of occurrence and represents the
stically significant correlations.

p-value AIC Di R-Sq Adj. R-Sq

0.0002 1.91 0.54 0.47
0.007 6.58 0.22 0.19
0.0002 5.85 0.44 0.4
0.003 4.95 0.33 0.28
1E-11 9.18 0.78 0.78
0.02 2.23 0.33 0.23
0.03 7.36 0.21 0.15
0.002 7.29 0.34 0.3
2E¡08 4.29 0.7 0.68
0.001 2.04 0.48 0.4
0.02 6.54 0.16 0.13
0.0002 7.07 0.45 0.41
0.0002 7.01 0.45 0.41
0.001 6.32 0.37 0.32
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creek, as M. fusca has been shown to be tolerant of low salinity
(Hayward et al., 1999). The peak abundance results associated with
depth are significant however, as it means both taxa can be used as
proxies for palaeo-depth in the sedimentary record. For M. fusca,
peak depth is approximately 0.4 m, and below 3 m almost no
M. fusca is found. Miliammina fusca is a common constitutent of
shallow-water/marsh biotas around the globe (e.g. Jennings and
Nelson, 1992; Scott et al., 1996; Hayward et al., 1999; Sen Gupta,
1999) and previous studies have identified peak abundance at a
similar depth to this study (Horton, 1999; Wang and Chappell,
2001; Horton et al., 2003). For R. australis, peak depth is approxi-
mately 3.5 m. Rhumblerella australis has been previously reported
from a range of settings, from estuaries and coastal lagoons to the
continental shelf (Loeblich and Tappan, 1994; Yassini and Jones,
1995; Schr€oder-Adams et al., 2014). This indicates that R. australis
must be able to persist at greater depths than identified in this
study. The peak depth of 3.5 m is therefore best thought of as the
lower bound of R. australis’ peak depth. Results of SMLR indicate
that dissolved oxygen is also an important control on R. australis
abundance. Whilst the goodness-of-fit for the best fitting function
(rational) is poor (0.399), site SML28 (Fig. 1) reveals a potential
dissolved oxygen threshold for R. australis. Located at the deepest
part of the lagoon (5 m depth), SML28 is typical, in terms of envi-
ronment, of sites assigned to Assemblage 1. Rhumblerella australis is
absent from the site however (Appendix B), and the site is assigned
to A2 due to the high relative abundance of A. exiguus (Pi ¼ 85.33%).
Dissolved oxygen levels at SML28 are lower than anywhere else in
the lagoon (Fig. 2). Dissolved oxygen tolerance levels for R. australis
have not been previously published, but the lack of R. australis at
SML28 indicates that this taxon cannot tolerate levels as low as
1.67 mg/L. Although SMLR does not conclusively demonstrate
correlation between any of the measured environmental parame-
ters and abundance of A. exiguus, the high abundance of A. exiguus
at SML28 indicates that it is tolerant of low oxygen conditions.
Previous work has identified A. exiguus is able thrive in a wide
variety of environments, including those where oxygen levels are
low (Hayward and Hollis, 1994; Hayward et al., 1999)

5. Conclusions

The foraminifera assemblage found in Smiths Lake and the
foraminifera assemblage found in open estuaries are broadly
similar. At the same time, differences are identified, highlighting
the importance that reduced salinity levels have in structuring the
biota. These differences include:

a) Lower species richness than comparable open estuarine
systems, even when compared with open systems that are
eutrophic.

b) A lack of calcareous taxa, including the ‘high’ diversity
calcareous assemblage in the seaward part of the estuary
observed in open estuarine systems.

c) Whilst salinity is an important limiting factor on the overall
assemblage composition, parameters associated with depth
(sediment grain size and nutrient supply) are the most sig-
nificant controls on both assemblage distribution within the
lagoon and the distribution of the most common taxa.

d) Whilst abiotic environmental parameters previously identi-
fied as controls on foraminifera species distribution are
important, biotic controls and stochastic processes also play
a significant role.

Given that Smiths Lake is one of the best available representa-
tives of an archetypal ICOLL, these characteristics are proposed as
typical of an ICOLL foraminifera community. Individually none of
these characteristics are exclusive to ICOLLs, but combined they are
distinct from a typical open estuary foraminifera assemblage.

The palaeoecological interpretation of fossil foraminifera biotas,
and using these interpretations to interpret the relative health of
marginal marine systems, is dependent upon our understanding of
the ecological processes that influence extant foraminifera com-
munities. These results for Smiths Lake are an important compo-
nent of that understanding, both expanding our knowledge of
foraminifera ecology from a rarely studied environmental setting
and providing new baseline data that can be used to reconstruct
historical trends in ICOLLs and other marginal marine systems.
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