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Abstract

Estuaries are dynamic transition zones actinglasdiand transformers of nutrients passing
from catchments to the sea. We propose an egtertigian existing southern hemisphere
model on nutrient dynamics in estuaries to incliude relatively constricted, microtidal

estuaries located along wave-dominated coastseanragion, specifically focusing on the

limiting macronutrients nitrogen (N) and phosphof® and on key processes, including
physical (e.g. flushing, mixing and sedimentatiorgjeochemical (e.g. flocculation),

biochemical (e.g. remineralisation) and biologi¢alg. primary production) processes. A
simplified model of the physical states (primagiyntrolled by hydrological characteristics) is

used as the basis for the qualitative model, whegse are defined in terms of characteristic
salinity-induced stratification of the water coluprftushing time and the mouth condition.

Four physical states are identified: a freshwdteminated state, freshwater pulsed/recovery
state, marine-dominated state and the closed meiatie. The states and their physical
characteristics largely resemble that of the eari@del, except that the extended model
reflects the dynamics of restricted inlets andoidirces the closed mouth state. This model
specifically explores the variation within southéfrican estuarine systems to better inform
research and management programmes on the appeojpophic, temporal and spatial scales
at which uncertainties in ecosystem functioningdnessolving. It can also be applied to other
regions in the southern hemisphere, and even thghera hemisphere, with similar

hydrological and estuarine geomorphological charzstics (e.g. the Mediterranean coast, the
west coasts of North and South America, and theéhseest and south-eastern coasts of

Australia).
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1. I ntroduction

Estuaries are important geochemical (e.g. flocmnigt biochemical (e.g. remineralisation)
and biological (e.g. primary production) ‘reactordiltering and transforming nutrients
passing from the catchment (river) to coastal sivaliers (Church, 1986). In their reviews on
the nutrient characteristics of South African ests Allanson and Winter (1999) and
Allanson (2001) concluded that, with the diversifyestuary types and individual responses
to physical and chemical determinants within higbdlyjnamic environments, the need for
techniques with which to integrate these featunés qualitative and numerical models was

becoming essential.

Major distinguishing factors influencing nutrienyoting patterns and storage in estuaries
across climatic regions are the timing and mageitatihydrologic inputs and the ability to
trap nutrient loads Eyre, 2000). In the temperaighern hemisphere (e.g. North America
and Western Europe) annual runoff is much lessabéithan, for example, in subtropical and
temperate regions of the southern hemisphereluasrdted by the coefficient of variation of
annual flow (Cv) for western European (0.29), Noktimerican (0.35), Australian (0.7) and
South African (0.7) systems (Braune, 1985; Ey898). Typically the larger estuaries in the
temperate northern hemisphere vary from well-mixedpartially stratified, two-layered
systems (usually in spring when runoff increasesher et al., 1988). These systems receive
regular nutrient loading from the catchment (e.grirly spring) and have a high nutrient-
retention efficiency (i.e. a significant proportiohthe nutrient load is trapped and recycled to
fuel subsequent production) (Eyre, 2000). In astir smaller systems in the southern
hemisphere (e.g. Australia and South Africa) cary ¥feom completely flushed freshwater-
dominated systems during periods of high runoftempletely marine-dominated systems
during periods of low or no river inflow (Largiend Taljaard, 1991; Eyre, 2000; Taljaard et
al., 2009). In these systems nutrient loading learighly variable, while nutrient-retention

efficiency is low (Eyre, 2000).

Models describing nutrient dynamics in estuariegehlaeen developed for larger systems in
the temperate regions of the northern hemisphege Korth America and Western Europe)
(Fisher et al., 1988; Eyre, 1998). However, theselels are not necessarily applicable to

southern hemisphere systems of South Africa andralies primarily due to variability in



runoff (climatology and hydrology of the southerantisphere force greater variability in
runoff) and geomorphology (catchment and marineinsexat availability and geological
processes lead to a large number of small, shadigstems compared with the temperate
northern hemisphere systems) (Eyre, 1998; Coopé;Peel et al., 2004).

Although conceptual (or qualitative) models of rert dynamics have been proposed for the
smaller temporarily open/closed estuaries of Sdéudtita (Snow and Taljaard, 2007; Snow
and Adams, 2007; Taljaard et al., 2009), such nsoldaVve not been developed for the wider
spectrum of estuarine types in the region (basedhenclassification of Whitfield, 1992).
Nutrient dynamic models for Australian systems ryaifocused on the wet and dry
subtropical/tropical estuaries found in northerrvN&outh Wales, Queensland, the Northern
Territory and northern Western Australia (Eyre dmwigg, 1997; Eyre, 1998; Eyre, 2000;
Eyre and Ferguson, 2006). These systems are laigelglominated and have less restricted
inlets compared with, for example, estuaries alangave-dominated coast (Turner et al.,
2004). Despite the complexity of nutrient processeestuaries, Eyre (1998, 2000) was able
to develop a simplified model, primarily linked tdifferent phases of the southern

hemisphere region’s hydrological regime.

An extension of the above model is presented reradude the relatively sediment-rich,
microtidal estuaries that occur along the wave-aated coast of South Africa. In particular,
the model recognises the occurrence of restrictiatisi and includes a closed state, i.e. when
estuaries are isolated from the sea by the formatia sand bar across the mouth (Whitfield,
1992; Cooper, 2001). The model identifies the d@mnt nutrient cycling and transformation
processes under different physical states, focusiamly on the limiting macronutrients N
and P and key processes, such as physical (eshirity mixing and sedimentation),
geochemical (e.g. flocculation), biochemical (ergmineralisation) and biological (e.g.

primary production) processes.

Like the original model developed by Eyre (19980@)) the extended model can be applied
to other regions of the world with similar hydrologl and geomorphological characteristics,
such as the Mediterranean coast (e.g. Palmoneseddoaind Tagus estuaries), west coast of
north and south America (e.g. Pozuelos—Murillo agesystem and Elkhorn Slough) and

south-west and south-eastern Australia (e.g. SwanHopkins river estuaries) (Sharples et



al., 2003; Hernandez-Romero et al., 2004; Aviléd Beill, 2005; Brearly, 2005; Caffrey et
al., 2007; Libellg, et al., 2007; Simas and Fea,e2007; Robson et al., 2008).

2. Study Area

According to Brown and Jarman (1978) the Southcaini coast spans three biogeographical
regions (or climatic zones), namely the cool terafiewest coast, warm temperate south
coast and subtropical east coast (Figure 1). f&aipatterns in the different regions vary
greatly as a result of South Africa’s highly vat@blimate. In the cool temperate region, the
climate ranges from semi-arid (extended period®wfto no rainfall interspersed with short
flash rain events) along the west coast to Meditexan (dominated by seasonal winter
rainfall) along most of the south-western coastthe warm temperate region along the south
coast, rainfall is largely bi-modal, with peaksdpring and autumn, while the subtropical
region along the east coast is dominated by sebhsomaner rainfall (Davies and Day, 1998).
River inflow to the estuaries is determined by ¢éhelgmatic conditions, as well as the size and
shape of the catchment, the latter controlling riregnitude and flow distribution of runoff
(Reddering and Rust, 1990). Catchment size vaiggsficantly, ranging from very small
(less than 1 kf) to very large (greater than 10 000 nwith those in the cool temperate
region tending to be larger than those in the waemperate and subtropical regions
(Jezewski et al., 1984; Reddering and Rust, 1990).

South Africa’s coast is generally characterisedldw tidal ranges and high wave energy,
making it a wave-dominated coast (Cooper, 2001)e Hpproximately 250 functional
estuaries (Whitfield, 1992) are predominantly miictal systems that are highly dynamic and
shallow (~ 2-3 m). Owing to strong wave action dmgh sediment availability, more than
90% of the estuaries have restricted inlets, withienthan 75% closing for varying periods of
time when a sand bar forms across the mouth (WHtfil992). Using a variety of criteria
such as catchment size, mouth characteristics idatigrism, Whitfield (1992) categorised
South Africa’s estuaries into five types: tempdyanpen/closed, permanently open, river
mouths, estuarine bays and estuarine lakes. Mbsihese types occur in all three
biogeographical regions, apart from estuarine laayklakes, which are absent from the cool
temperate region (Whitfield, 1992).



Numerous definitions for estuaries have been pludtis(Elliot and McLusky, 2002). The
estuary study boundaries in this paper are basedammbination of the definitions proposed
by Fairbridge (1980), setting the extent of an &stas the limit of tidal rise, and Day (1981),
recognising that estuaries may not necessarily ba¥eee connection with the sea’ but are
‘either permanently or periodically open to the’s@he most appropriate definition in this
context is as follows: “An estuary is a partiadlgclosed water body, either permanently or
periodically open to the sea, extending as fahasupper limit of tidal rise and usually being
divisible into three sectors: (a) a marine or lowstuary; (b) a middle estuary subject to
strong salt and freshwater mixing; and (c) an uppefluvial estuary, characterized by
freshwater but subject to strong tidal action. Timts between these sectors are variable and

subject to constant changes in the river dischdrges

3. M ethods

Both existing and new empirical data were used awvetbp the extended model Existing
empirical data (salinity and inorganic nutrientstajainclude that from the Knysna (an
estuarine bay situated in the warm temperate r¢gf@mwitzer, 2003) and Kromme (a
permanently open system in the warm temperate mgg&charler and Baird, 2000) estuaries
(Figure 1). New data were collected from five ews$, namely the Keurbooms (a
permanently open system in the warm temperate mgdioe Great Berg (a permanently open
system in the cool temperate region), the Breeteans(a permanently open system in the
warm temperate region), the Olifants (a permaneafign system in the cool temperate
region) and the Great Brak (a temporarily openggosystem in the warm temperate region)
estuaries (Figure 1). Sampling took place duringt@8viarch 1987 in the Keurbooms estuary
(6 stations, Figure 2a), on 19 September 1989 énGheat Berg estuary (10 stations, see
Figure 1, Slinger and Taljaard, 1990), on 23 Aud@@0 in the Breede estuary (12 stations,
Figure 2b), on 2 March 2004 in the Olifants estudry stations, Figure 2c) and on 28 July
2007 in the Great Brak estuary (18 stations, sger€il, Slinger et al., 1990). Details on key
physical characteristics of the above-mentionedagts are provided in Table 1, while Table
2 summarises the type of data (salinity and inagyanutrients) used from the different

systems to develop the model.

Salinity and temperature measurements were takesitunat 0.25 to 0.5 m depth intervals

along the estuaries using a Valeport MKIl CTDS mégéecuracy: salinity 0.2; temperature



0.2°C; depth 0.1 m). Salinity was measured on ttextRal Salinity Scale. South African
estuaries receive relatively limited freshwaterlanf with the result that salinity within
systems varies over the entire range from O ton8&greas temperature seldom varies through
a range of more than 4D at any one time. Consequently, salinity is galfethe dominant
factor in determining stratification (density vdrims), and is frequently used to describe
water circulation patterns (Schumann et al., 1998amples for macronutrient analyses, in
this case total inorganic nitrogen [dissolved méranitrite, total ammonia] (DIN) and
dissolved reactive phosphate (DRP), were collebtesh surface and bottom waters in the
five systems at the selected stations. Samples fileered in the field through 0.45-um
Millipore filters, stored in polyethylene samplibgttles and frozen until further analyses. A
Technicon Auto-analyser Il (Seal Analytical, WesisSex, England) (detection limits for
dissolved nitrate, nitrite, total ammonium and tea@cphosphate: 10 pg) was used for the

analyses according to the methods described in CRI62).

Longitudinal salinity contour plots are used to dastrate salinity distribution patterns, while
mixing diagrams (or property-salinity plots) - wigleused to assess water column nutrient
dynamics in estuaries (Church, 1986; Eyre, 2000e Bnd Balls, 1999; Ferguson et al., 2004)
- are used to describe inorganic nutrient distrdsutpatterns. Nutrient concentrations are
plotted against salinity along the estuarine gnatgligproviding a convenient method for
displaying the net effect of nutrient processeshivitestuaries. For example, a linear
relationship in the mixing diagram typically reftecstraight mixing of the two water sources
(i.e. the river and the sea), while downward curkatimplies in situ nutrient uptake and
upward curvature in situ nutrient release (EyreQ@0~erguson et al., 20p4Conservative
behaviour tends to occur during high river inflomhen estuaries are rapidly flushed. High
nutrient input from the catchment (relative to ihfkom the sea) reveals a negative linear
correlation, whereas high input from the sea shawsositive linear correlation. Deviation
from the conservative mixing line tends to occurimy periods of low or no river inflow,
when long flushing times allow in situ processesh&wve a more significant influence on
nutrient dynamics (e.g. remineralisation releasiogients into the water column or primary

production taking up nutrients from the water cotr(Eyre, 2000).

Published literature on salinity and inorganic rautt distribution patterns on several other
systems was also sourced to validate the modegmesid include the East Kleinemonde
(Taljaard et al., 2009), Gamtoos (Snow et al., 200Great Fish (Allanson and Winter, 1991;



Jennings, 2005), Groen (Bickerton, 1981a), Kariégdanson and Winter, 1991; Taylor,
1992; Allanson and Read, 1995), Kromme (Baird amgritans, 1996; Snow et al., 2000b;
van Ballegooyen et al., 2004; Snow and Adams, 20D&hgebaan (Mazure and Branch,
1979; Tibbles et al., 1994), Mdloti (Perissinottoaé, 2004), Palmiet (Largier and Taljaard,
1991), Spoeg (Bickerton, 1981hb), Swartkops (Baind ®Vinter, 1992), Swartvlei (Howard-
Williams and Allanson, 1981) and Van Stadens (Gatrad., 2005) estuaries (Figure 1). Key

physical characteristics of these estuaries araged in Table 1.

4.  Assessment of Empirical Data

The array of salinity and nutrient distribution geahs that occur under different river inflow
regimes in microtidal estuaries along a wave-doteimaoast (Table 2) is illustrated using
results from the Keurbooms, Great Berg, Breeddafi, Great Brak, Knysna and Kromme

estuaries.

Strong marine influence was evident in the Keurbe®astuary during 16-19 March 1987,
when river inflow was low (Figure 3a). Similarlgalinity profiles measured in the Great
Berg and Olifants estuaries during dry seasonsamuary 1990 (Figure 3b, after Slinger and
Taljaard, 1994) and March 2004 (Figure 3c), respelgt showed strong marine influence
with a gradual horizontal salinity gradient extarglialong the entire length of the systems.
Salinity profiles measured in the Great Berg estwar 19 September 1989, towards the end
of the rainy season, showed strong freshwaterenfie (Figure 3d). The system was fresh
throughout, except in the lower reaches near thetimavhere limited intrusion of seawater
occurred during high tides, creating a small brdrgi horizontal salinity gradient in this area.
Salinity profiles collected in the Breede estuary 28 August 2000 (Figure 3e) reflected a
significant pulse of freshwater present in the exystwell beyond the head of the estuary.
Pronounced stratification occurred towards the teid@aches, with significant seawater
influence in the lower reaches. This phenomenaos also evident in the Knysna estuary on
13/14 November 2000 during a small flood (SwitZ003). Similarly, a strong freshwater
front was created in the Kromme estuary during teweelease from a dam (simulating a
freshwater pulse) situated just upstream of theaegtin November 1998 (Scharler and Baird,
2000). Salinities in the Great Brak estuary measgumn 28 July 2008 (Figure 3f), during a
low-flow period and after the system had been ddse 80 days, revealed relatively well-

mixed conditions with only a weak salinity gradi@hdng the estuary (salinity 30 — 25).



During a low-flow period and strong marine influenm the Keurbooms estuary (16-19
March 1987), N@N (nitrate + nitrite, a component of DIN) concextibns in the water
column did not show any clear relationship withrsat (Figure 4a). However, mean MOl
concentrations measured in a shallow ‘blind armarn¢ghe mouth (Figures 2a) were
significantly higher (241 pg" than those measured in the rest of the estugrp¢si’) (t = -
3.5; P < 0.001; d.f. = 35), suggesting that the “blindima(with extensive intertidal and
subtidal cover of the macrophyZestera sp.) was a significant in situ source of NN. This
trend, however, was not apparent in the DRP dat&gharemained low throughout the estuary
(mean = 13 pgl range: 5-32 pgt n = 66) (Figure 5a). Under low flows and strong
marine influence, mixing diagrams for DIN in bothetGreat Berg (31 January 1990) and
Olifants (4 March 2004) estuaries indicated dowmvaurvature, suggesting removal of
inorganic nitrogen from the water column (Figurds ahd 4c, respectively) (Great Berg:
exponential; 7= 0.6; n = 51; Olifants: " order polynomial;¥= 0.7; n = 25). The mixing
diagram for DRP in the Great Berg estuary also sltb@ownward curvature, suggesting
removal of this nutrient from the water column (g 5b) (exponential?r= 0.7; n = 51).
Mixing diagrams for DRP in the Olifants estuary,wewver, showed upward curvature,
suggesting in situ release of DRP into the watéuron (Figure 5¢) (2 order polynomial; &

= 0.8; n = 25). At the time, dense submerged npy/@ beds (e.d?otomageton sp.) were
observed in the fresher upper reaches of the @ifastuary. Towards the end of the rainy
season, under freshwater-dominated conditions €fiegnber 1989), the mixing diagram for
DIN in the Great Berg estuary followed the constveamixing line (f = 0.8; n = 38) (Figure
5d), with river inflow introducing the highest camntrations. DRP also displayed strong
linear correlation with salinity fr= 0.8; n = 38), except that highest concentratimese
introduced from the sea (Figure 5d). In the Beeedtuary, when elevated river inflow
created a significant freshwater front well beyahe head of the estuary (23 August 2000),
DIN concentrations showed a strong linear correfetith salinity (f = 0.95; n = 23) (Figure
4e). DRP concentrations were low, revealing nai@aar relationship with salinity (mean =
20 pg 1% range: 15 — 28 pgt n = 23) (Figure 5e). Likewise, DIN concentratoim the
Knysna estuary showed strong linear correlatioh wétlinity (F = 0.8; n = 44) during a small
flood on 13/14 November 2000 (Figure 4f, after Qeif 2003). DRP concentrations were
generally low with no clear relationship to salnftmedian = 25 pg range: 9 — 186 ugH

n = 44) (Figure 5f, after Switzer, 2003). Immedigp after a water release (simulating a
freshwater pulse) in the Kromme estuary (18 Novanil®®8), the mixing diagram for DIN

tended to followed a conservative mixing line<r0.6; n = 43) (Figure 4g, after Scharler and



Baird, 2000). Again, DRP concentrations were low did not display any clear relationship
with salinity (< 10 ug?) (Figure 5g, after Scharler and Baird, 2000). et fdays after the
release (23 November 1998), the mixing diagramCfth showed downward curvature"f2
order polynomial; 7= 0.9; n = 22) (Figure 5h, constructed from datspnted in Scharler
and Baird, 2000), suggesting some removal of Didinfrthe water column of the estuary.
DRP concentrations in the estuary remained low withparticular relationship to salinity
(< 10 ng ™ (Figure 5h, constructed from data presented lmaBer and Baird, 2000). DIN
and DRP concentrations measured in the Great Bstalagy on 28 July 2007, during a low-
flow period when the system had been closed fouaB6 days, were near depleted, with
concentrations of both nutrients mostly below teeedtion limit (< 10 pg¥) (Figures 4i and
5i).

5.  Development of Extended Qualitative M odel

The assessment of empirical data, as well as gievious assessments of South African
systems (e.g. Schumann et al.,, 1999; Adams eR@0D2; Van Ballegooyen et al., 2004),
revealed four characteristic physical states fdatinely sediment-rich, wave-dominated,
microtidal systems, namely a freshwater-dominatede s freshwater pulsed/recovery state,
marine-dominated state and the closed mouth dtegaré 6). These states and their physical
characteristics largely resemble those presentégyiie’'s model (1998, 2000), except that the
extended model now reflects the dynamics of rastlitnlets and introduces the closed mouth
state. Focusing on specific climatic regions (evgt and dry subtropical/tropical), Eyre
(1998, 2000) was able to provide ‘unique’ hydrotagidescriptors for the different states,
namely ‘flood phase’ (freshwater-dominated stat&gcovery or small flood phase’
(freshwater pulsed/recovery state) and ‘dry seagoarine-dominated state). With the large
variability in climatic conditions (influencing nafiall) and catchment sizes (controlling the
magnitude and flow distribution of runoff), suchdnglogical descriptors are no longer
considered appropriate within the South African tegh For example, a freshwater-
dominated state can occur as a result of a fload (@ estuaries receiving runoff from smaller
catchments), as in Eyre’s model, but also as dtrebextended periods of elevated seasonal
high flows (e.g. in estuaries receiving runoff fréanger catchments in the seasonal winter
rainfall region). Furthermore, in microtidal sysi® with restricted inlets, a ‘dry season’ can
result in a marine-dominated state as in Eyre’sehdulit also in a closed mouth state. It was

considered more appropriate to use the descriptidghe physical condition in the estuary as



state descriptors in the extended model. Thereforépalgh a different naming convention is
used, Eyre’s (1998, 2000) general approach isagtiplied. Using a simplified model of the
physical states (primarily controlled by hydrological characteiis) as the basis for the
nutrient cycling and transformation model, states defined in terms of the characteristic
salinity distribution (e.g. position of the freshem front), water column stratification (e.g.
stratified or well-mixed), flushing time and, inighcase, the mouth condition (e.g. open or

closed).

51 Freshwater -dominated state

The freshwater-dominated state (Figure 6a) occursg periods of high river inflow when
an estuary is either completely flushed by fresbwde.g. during floods) or becomes
freshwater-dominated on the weaker tides (e.g.osehdigh flows), as observed in the Great
Berg estuary during September 1989. This statelsasbeen observed in the Palmiet estuary
(a small temporarily open/closed system situatetthéncool temperate region) during periods
of high (winter) rainfall (Largier and Taljaard, 9B). During this state a pronounced
freshwater front is present outside the estuaryha nearshore coastal shelf, occasionally
moving into the lower estuary (e.g. during sprifapé tides). The location of the front is a
function of the size of the estuary, since smalktuaries are completely flushed more readily
than large systems, as well as the volume of iivisw. Flushing times are short, typically

ranging from hours to days.

During the freshwater-dominated state, mixing daags for water column nutrients (DIN and
DRP) typically followed a conservative mixing lines was observed in the Great Berg
estuary (September 1989). This indicates that exunations are largely determined by the
extent of mixing between river (fresh) water (s&ir9) and seawater (salinity ~ 35), and are
hence primarily influenced by physical processestrifints entering the estuary from the
catchment are flushed out onto the nearshore doasilf without any significant
transformation happening in the estuary (Figure 7&s a result of this rapid flushing,
biochemical and biological (e.g. phytoplankton proiibn) processes usually have little
influence on nutrient transformation in the watelumn, as was illustrated by the low water
column chlorophylla concentrations measured in the Great Berg esatahe time (below 3
ug ) (Slinger and Taljaard, 1990). In addition, tleevllight availability associated with
high turbidity inhibits primary production by bogihytoplankton and benthic microalgae and

10



submerged macrophytes. Nutrient fluxes acrossegtidal-open water boundary are usually
insignificant compared with those being introduéexan the catchment. During floods, it can

also be expected that sediments and benthic platécwrganic matter (and associated
nutrients) will be re-suspended in the estuaryuphoscouring, and subsequently transported

onto the nearshore coastal shelf (Figure 7a).

5.2  Freshwater pulsed/Recovery

This state, as observed in the Breede (23 Augu®)2&Knysna (13/14 November 2000) and
Kromme (November 1998) estuaries, is typical ofiguss when river inflow is sufficiently
elevated to create a pronounced freshwater frotitdeg/nstream from the estuary head, but
with tidal intrusion preventing it from moving oide the system onto the nearshore coastal
shelf (Figure 6b). In their study on the Gamtestuary (a permanently open system in the
warm temperate region), Schumann and Pierce (1886) observed the formation of this
pronounced freshwater front after a freshwater guldensity differences at the freshwater
front result in marked stratification (longitudireahd/or vertical) and most likely a decrease in
turbulence (Eyre, 2000).

Flushing times in the freshwater pulsed/recovemtestcan range from days to weeks
depending on the size and shape of the estuaryterV€achange across the intertidal-open
water boundary can be significant depending on d@kient of tidal exchange, although
exchange may restricted for short periods as thehfwater pulse enters the estuary. This
state typically occurs for relatively short peridtaulse’ effect), either as a transition period
between the marine-dominated and freshwater-doetdnatates or when a small flood or
freshette introduces a pulse of freshwater intestoary. However, in the Great Fish estuary
(a permanently open system situated in the warnpéeate region) the freshwater pulsed
state is artificially maintained through an intesin transfer supplying additional water to its
catchment, perpetuating a pronounced freshwatet &ind strong stratification for extended
periods (Jennings, 2005). This state also occumeithe Thukela estuary (a river mouth
situated in the subtropical region) during periofiselatively low river inflow (RSA DWAF,
2004), illustrating that this state can occur dgiliow flows in estuaries with volumes that are

small compared to the volume of runoff receivedrfritie catchments.
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Conservative mixing lines for DIN measured in theedle (23 August 2000) and Knysna
(13/14 November 2000) estuaries during the onsdheffreshwater pulsed/recovery state
indicate that water column nutrient concentratiorese largely determined by the extent of
mixing between river (fresh) water (salinity 0) aselawater (salinity ~ 35). Conservative
behaviour was also evident in the mixing diagramsestructed for nitrate-N for both the
Kariega and Fish estuaries (see Allanson and Wirit899) at the onset of freshwater
pulsed/recovery states. Therefore, as the freghwaulse is introduced, water column
nutrient distribution patterns typically displaynservative behaviour, largely influenced by
physical processes (e.g. flushing and mixing). wehler, as this state prevails and the
flushing time increases, processes other thanifigsand mixing become more significant,
for example biological processes (e.g. phytoplamigmduction), with the result that nutrient
distribution patterns become non-conservative (feigib). Many of South African estuaries
rely on catchment-derived nutrients to stimulateéew@olumn primary production (Snow et
al., 2000a; Gama et al., 2005), so when a pronalfreshwater front is introduced to these
systems it creates a plug of lingering higher euatriwaters that promote water column
primary production. For example, in the Krommeuasg DIN concentrations initially had a
strong linear relationship with salinity at the ehsf a freshwater pulsed/recovery state (18
November 1998) (i.e. strong conservative behaviottpwever, the downward curvature in
the DIN mixing diagram from a few days later (23vdmber 1998) suggests in situ removal
of this limiting nutrient by phytoplankton produsti (Snow et al., 2000b). The increase in
water column primary production was short-livedaasesult of the rapid depletion of the
‘new’ nutrient introduced by the freshwater pulaad low in situ estuarine nutrient supplies
(Scharler and Baird, 2000). Interestingly, subtibanthic primary production did not
increase significantly, attributed to pronouncemtgiication that prevented the nutrient-rich
surface waters introduced by river inflow from reiag the sediments (Snow et al., 2000b;
Snow and Adams, 2006).

During this state, strong salinity, pH and otheygto-chemical gradients near the freshwater
front increase the potential effects of geochemprakesses such as adsorption/desorption
and flocculation, contributing to the removal ofdseent, organic matter and associated
inorganic nutrients (Eyre and Twigg, 1997; Nielsgral, 2001). The lower turbulence in the
vicinity of the freshwater front allows catchmemrded sediment and organic matter to
settle from the water column, the extent of depmsitlepending on factors such as land-use

and catchment geology, the timing and size of line Event, particle size, current velocities,
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and the position of the freshwater front, whiclpignarily influenced by river inflow and the
tidal phase. This state is therefore importargupplying potential nutrients, or ‘food stores’,
to the estuary to be utilised in subsequent st&es,a marine-dominated state (Eyre and
Twigg, 1997). Allanson and Read (1995) proposed the salinity gradient at freshwater
fronts, coupled with the phenomenon of hydrodynartrapping, the flocculation of
suspended matter and the availability of nutriepteyides the stimulus for water column
production and, ultimately, defines the richnesshef phytoplankton and zooplankton stocks
in microtidal estuaries. For example, during alirgater pulsed state in the Thukela estuary
phytoplankton concentrations peaked in the middbcines, coinciding with the position of
the freshwater front, with highest concentratioriswater depths between 0.5 and 2 m
(chlorophyll a ~120 pg ") (RSA DWAF, 2004). Although benthic biogeochenhiead
biological processes may well be significant imterof nutrient cycling and transformation in
sediments, these processes are not consideredvéo ehanarked affect on water column
nutrients during the freshwater pulsed/recoveriedb@cause flushing times remain relatively
short. During this state the role of intertidakas in nutrient dynamics may become
significant where extended tidal inundation of sackas occurs. However, it is expected that
the effect of fluxes across the intertidal-openexdioundary may still be masked by the
(stronger) catchment fluxes, particularly towards fresher middle and upper reaches of the
estuaryThis cannot be confirmed for microtidal estuarie$hie region due to the lack of data,

and needs further investigation

53 M arine-dominated state

The marine-dominated state typically occurs dupegods of low or no freshwater inflow

and where the estuary mouth remains open (duenitel sediment input and sufficient tidal

exchange), allowing seawater to penetrate upst@smbserved in the Keurbooms (March
1989), Great Berg (31 January 1990) and Olifantsigdch 2004) estuaries. Large estuarine
bays such as the Knysna estuary predominantlyibmess marine-dominated systems, with a
small freshwater front present only in the extrempper reaches (Largier et al., 2000). A
horizontal salinity gradient is usually presenttie estuary with a weak freshwater front
situated towards the upper reaches, depending erextent of river inflow (Figure 6c).

Limited vertical stratification may exist in thecunity of the front. In the larger systems
flushing times in the middle and upper reaches tm@yong (weeks to months), whereas

stronger tidal exchange results in much shorteshfhg times in the lower reaches (hours to
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days). In the smaller systems tidal exchange mvay de able to maintain short flushing

times for the entire estuary depending, on the sththe mouth and tide.

In extreme cases of the marine-dominated stataagss can become completely saline or
even hypersaline (salinity greater than 35). Thitypical of estuaries where sediment input
is limited and the tidal exchange is strong endiegmaintain an open mouth even when there
is no river inflow, as in the Kromme estuary (vaallBgooyen et al., 2004). Here hypersaline
conditions developed as a result of extended periddcho freshwater inflow combined with

high evaporation rates. The extreme marine-dot@éhatate has also been observed in the
Kariega estuary (a permanently open system in #w@wemperate region), where Jennings
(2005) showed that the system became hypersahrei upper reaches during a dry period
(June). Tidal exchange, which is largely a functoihthe state of the tide and mouth

dimensions (width and depth), plays a major rol¢him extent of water exchange across the

intertidal-open water boundary within an estuarsirdyuthe marine-dominated state.

Mixing diagrams for DIN measured in the both théfadits (4 March 2004) and Great Berg
(31 January 1990) estuaries showed downward cuevaturing marine-dominated states,
suggesting in situ removal of water column nutsewith only limited renewal from the
catchment in the upper reaches (salinity less thamand tidal intrusion near the mouth
(salinity greater than 30). In the Kromme estuawater column DIN and DRP
concentrations also became near depleted (less 8Bapg I* and less than 10 pg'|
respectively) during this state (Scharler and B&@D0). Here the standing stock of bacteria
and microzooplankton, and possibly also organictenatvas considered too low to provide
sufficient quantities of recycled nutrients to thvater column in the absence of nutrient
supplied through river inflow. This was supportey the low phytoplankton productivity
measured in the estuary during marine-dominatetesstan other occasions (Baird and
Heymans, 1996; Snow et al., 2000b). In the Kariegtuary, Allanson and Winter (1999)
also observed that the sea became the only pdteotiace of new nitrate-N to the system
during periods of low or no river inflow. Thereforeshen river inflow decreases and the
external nutrient supplies are limited, these shalnicrotidal systems are unable to support
significant water column primary production oncdri@nt stocks in the water column have
been depleted. Primary productivity by benthic noédgae and rooted macrophytes then
becomes dominant, as was observed in the Karietiangdn and Read, 1995) and Knysna

(Switzer, 2003) estuaries. Switzer (2003) argued sluch benthic processing zones play an
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important role as nutrient sinks in enriched systeamd the destruction of such zones (e.g. as
a result of coastal development) will result iniacreased nutrient load to the water column,
and hence eutrophication. However, excessive lemeat of systems can also deviate from
this expected regime of dominant benthic primagdpctivity with low river inflow, as in the
case of the Gamtoos estuary, where agriculturalrmeflow introduces persistently high
nutrient loads, maintaining high water column pipyamkton production even during periods

of low river inflow (Snow et al., 2000a).

In larger systems, long flushing times and low entrvelocities characteristic of the fresher
upper reaches during the marine-dominated statéacair the development of large beds of
submerged macrophytes (e.Botomageton sp) that influence nutrient cycling, as was
observed in the Olifants estuary (January 1990)wdsd curvature in the DRP mixing
diagram suggested an in situ source of this nufriatiributed to foliar release by the
Potomageton sp. known to supply DRP to estuarine waters (McBiogl., 1972; Adams et al.,
1999). This is contrary to Howard-Williams and aison’s (1981) findings in the Swartvlei
(a coastal lake in the warm temperate region), whie exchange of DRP between
Potamogeton sp. beds located in the littoral zone and the operermsadf the estuary was low,
which they attributed to rapid nutrient recyclingtin the littoral zone. However, the
Potomageton sp. beds in the Olifants estuary were exceptionallysgeas a result of artificial
nutrient enrichment (N) from fertiliser introduced the catchment. These dense beds
probably generated DRP through foliar release stefarates than could be assimilated by

new growth, as was the case in a more naturaltsituée.g. Swartvlei).

Where tidal exchange is significant, the sea besoameimportant source of new nutrients to
estuaries (especially DIN) during the marine-dort@dastate, particularly in systems adjacent
to coastal upwelling cells. However, rapid watechenge (short flushing times) in the lower
reaches probably prevents this nutrient source fseing utilised effectively by water column
primary producers (e.g. phytoplankton), and it @&gély submerged macrophytes and
intertidal communities (e.g. salt marsh) that ber{@hylor, 1992; Scharler and Baird, 2000).
In the Kariega estuary tidal nutrient inputs ass@d with upwelling were significant, having
a marked impact on the flux of DIN to intertidalts@arsh areasSarcocornia perennis and

Chenolea diffusa), even increasing biological uptake rates in tlaesin (Taylor, 1992).
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During this state, tidal exchange can influenceient exchange across the intertidal-open
water boundary within the estuary, depending otofacsuch as the size of the intertidal area
and the extent and energy of tidal intrusion (Fégtic), as observed in the Keurbooms estuary
(16-19 March 1987).Here, remineralisation/nitrification associatedhatacrophyte litter in
the extensiveZostera beds within a shallow blind arm provided a sigrafit source of NN

for the open waters of the lower reaches. Henae,lahge variety of vegetation types in
southern African estuaries, including macroalgabnserged macrophytes, reeds and sedges,
saltmarsh and mangroves (Adams et al., 1999, Steit®@9; Adams et al., 2004), also play
an important role in nutrient cycling and transfation (Valiela et al., 1978; Lee, 1995).
Studies in the Langebaan Lagoon (a estuarine bdijiencool temperate region receiving
mostly groundwater input) showed that colonisatdbrmacrophyte fostera capensis) litter

by N-fixing bacteria increased the N content o thiter, which was an important source of
new N to the system (Tibbles et al., 1994; Mazund 8ranch, 1979). However, in the
Swartkops estuary (a permanently open system iwéren temperate region), nutrient fluxes
between an intertidal marsipartina maritima) and the open waters of the estuary were
small, since the marsh retained and utilised mbgs@wn production, virtually functioning
as an independent ecosystem (Baird and Winter,)1992refore, depending on the dominant

vegetation, intertidal areas can act either asssamlsources of nutrients.

Although river inflow and the sea can still inflenthe nutrient characteristics within an
estuary during the marine-dominated state, lonlgesshing times and more stable sediments
generally create conditions favourable for biochexhand biological processes to contribute
significantly to nutrient cycling and transformatjoparticularly in the middle and upper
reaches (although wind-mixing may reduce sedimeaitilgy in shallower areas) (Figure 7c).
However, during this state the importance of déférnutrient cycling and transformation
processes is strongly linked to site-specific cbads that should be considered when
assessing the extent of the different processes jparticular estuary. For example, in smaller
systems effective tidal exchange is able to mainthort flushing times throughout the

estuary, and processes requiring longer flushinggimay not be as relevant.

54 Closed mouth state

During periods of little or no river inflow, relaely sediment-rich and wave-dominated

microtidal estuaries can become isolated from #d&ls/ the formation of a sand bar across
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the mouth, as observed in the Great Brak estua@yJ(®y 2007). Flushing times (or lack
thereof) depend on the duration of closure, whiah cange from days to years. In small,
shallow systems the closed mouth state eventuallgrts to a well-mixed (due to wind
turbulence) brackish system, with no distinct sgligradient or stratification (Figure 6d). If
the low-flow periods coincide with periods of higlaporation, estuaries can become more
saline, or even hypersaline, a condition obsermesystems receiving runoff from catchments
in the semi-arid areas in the cool temperate regeog. the Groen and Spoeg estuaries
(Bickerton, 1981a & 1981b). Alternately, systentseve river inflow is balanced by seepage
to the sea through the sand bar can become inoghagresh, which is typical of estuaries
along the east coast of South Africa with lowerpmration rates during the low-flow periods
(Perissinotto et al., 2004; Snow and Taljaard, 2007For example, the Mdloti estuary (a
small temporarily open-closed estuary in the syfitad region and typical of many small
systems in this region) is generally closed dutowg-flow periods (winter) (Perissinotto et
al., 2004), but seldom becomes marine-dominate@usec the mouth is perched (limiting
tidal exchange) and the wave action and sedimegpplgwalong the adjacent coast is high
(requiring significant river inflow to maintain aspen mouth) (Perissinotto et al., 2004). For
the same reason, such estuaries can close whilengtie freshwater pulsed/recovery state,
i.e. with a pronounced freshwater front still presie the estuary (Perissinotto et al., 2004).
In estuaries that do not have perched mouths, @ravthe mouth areas are not subject to
continuous high wave action (e.g. in the cool ardnwvtemperate regions), the closed mouth
state is normally preceded by the marine-dominatate (e.g. Great Brak estuary) (CSIR,
1998). A number of small perched estuaries aldreg South African coast also display
variations of the closed mouth state, namely themisclosed state’ and ‘over-wash of
seawater’ (Van Niekerk et al., 2002). These vemet on the closed mouth state are
discussed in greater detail in Snow and Taljaa@® 72 With no tidal exchange during the
closed mouth state, water exchange across thdidaeopen water boundary within the

estuary is limited.

Nutrient cycling and transformation processes duren closed mouth state can vary
considerably depending on the period of closuremited water exchange, together with
stable sediments, creates favourable conditionditmchemical and biological processes to
have a potentially significant influence on nuttiegcling and transformation throughout the
estuary (Figure 5d). For example, in the GreakBestuary DIN and DRP concentrations

were near-depleted after 80 days of closure (28 2007), indicating significant removal of
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water column nutrients. Although benthic-pelagmugling (e.g. sediment remineralisation
providing nutrients for water column primary protlan) cannot be excluded, it is argued that
most South African systems lack sufficient sedimangianic matter stocks to support large-
scale water column primary productivity through thésrpelagic coupling, except perhaps in
anthropogenically enriched estuaries (Taljaardlet2809). The rationale here is that the
smaller, shallow systems (e.g. the East Kleinem@stigary, a small temporarily open/closed
system in the warm temperate region) can be effedtushed (or re-set) of accumulated
organic matter during seasonal high flows, in casttwith larger, deeper and wider estuaries
that will require much higher river inflows for efftive flushing, resulting in a build-up of
benthic organic matter (benthic total organic mateorded in the East Kleinemonde estuary
was 0.7 mg.?j [Taljaard et al., 2008]). During the closed nioatate, benthic biochemical
processes (e.g. remineralisation and N-fixatior®, drowever, still important in terms of
supporting benthic biological processes (e.g. henthicroalgal production and macrophyte
growth). Where closure occurs soon after a fregémaulse, dominant nutrient cycling and
transformation processes may show stronger reseg®la those occurring in the freshwater
pulsed/recovery state at the onset. For examipée Mdloti estuary often closes while the
influence of a strong freshwater pulse is stilldevit in the system, so the nutrients introduced
from the catchment are retained for a sufficiemtigg time to stimulate significant water
column primary production (Perissinotto et al., 200 However, low DIN and DRP
concentrations measured in the water column onstmes when the mouth had been closed
for some time also suggest that these small antioghanicrotidal systems are unable to
support significant water column primary productance nutrient stocks in the water column
have been depleted, although benthic production lmeasignificant. The latter is reflected in
higher DIN and DRP concentrations measured innterstitial water of the sediments of the
Mdloti estuary at the time (compared with a frestema@lominated state), which was
attributed to benthic remineralisation becoming endominant after closure (Perissinotto et
al., 2004). Benthic microalgal production was atgeater during the closed mouth state,

owing to stable sediments and greater benthicanitavailability.

In the semi-closed state (i.e. when there is afflayut but no tidal exchange), estuaries
receive a continuous, low supply of (river-derived}rients that may be retained sufficiently
long to stimulate water column production (Snow dradjaard, 2007). Therefore, in the
semi-closed state, water column productivity castan a marked influence on nutrient

cycling and transformation, as long as the sys&mains in the semi-closed state. During the
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closed state, ‘overwash’ can also introduce nutiie coastal waters (e.g. the result of
upwelling), albeit limited to the lower reaches mneéhe mouth. Here higher nutrient
availability, together with sufficient residencen@, can stimulate water column primary
production in the form of phytoplankton or macra@dldplooms in the lower reaches, as
observed in the Van Stadens estuary (a small teanipoopen/closed system in the warm
temperate region), where a peak in phytoplanktadyxction occurred after an overwash
event (Gama et al., 2005).

Although nutrient exchange across the intertidarowater boundary is expected to be low,
extended periods of inundation (caused by raisemiavels during the closed state as a
result of limited freshwater inflow or seawater owash) can result in die-back of the

intertidal vegetation. This may subsequently bez@nsignificant source of organic matter to
the estuary and adjacent coastal ecosystems wih@netichange is re-established, or when
the system is flushed (Adams and Bate, 1994; Adatrat, 1999).

6. Concluding Remarks

An extension to an existing southern hemisphereainod nutrient dynamics in estuarine
systems (Eyre, 1998 and 2000) was presented heas wpinclude the relatively constricted,
microtidal estuaries located along wave-dominateakts in the region, largely based on the
knowledge and understanding of the temperate abttopical systems in South Africa.
Similar to Eyre’s (1998, 2000) general approaclsjmaplified model of thephysical states
(primarily controlled by hydrological charactercst) was used as the basis for the qualitative
model on nutrient cycling and transformation, whéte states were defined in terms of
characteristic salinity distribution (e.g. positiaf the freshwater front), water column
stratification (e.g. stratified or well-mixed), #hing time and the mouth condition (e.g. open
or closed). The model specifically focused on thating macronutrients nitrogen (N) and
phosphorus (P) and on key processes, including igdlyge.g. flushing, mixing and
sedimentation), geochemical (e.g. flocculation)pchiemical (e.g. remineralisation) and

biological (e.g. primary production) processes.
Although the different states can potentially odcuall wave-dominated, microtidal estuaries
(depending on the river inflow regime), current ersfanding suggests that some states tend

to occur more frequently in specific estuarine g/gbased on Whitfield's classification,
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1992). The estimated frequency of occurrence asttilwition of the various states for

specific estuarine types are shown in Table 3. Taege of river inflow volumes

corresponding to each of the states is site-sgeaifd will depend on characteristics such as
the size and shape (bathymetry) of the estuarg] gechange, and other physical factors
controlling the dimensions (depth and width) of theuth. Therefore, to establish the typical
seasonal frequency distributions of states withpagicular system it is necessary to define
the relationship between the river inflow and indial states, taking into account the site-
specific physical characteristics of the estuarguestion. Further refinements to the model
include the possibility of differentiating betwesrodels for estuaries dominated by different
vegetation types, e.g. the salt marsh-dominatetdisys of the temperate regions versus the

mangrove-dominated systems of the subtropical nsgio

The model explores the variation within southermid®n systems to better inform research
and management programmes on the appropriate ¢tdphporal and spatial scales at which
uncertainties in ecosystem functioning need resglvi As with the original model (Eyre,
1998 and 2000), this extended model can be appbedther regions in the southern
hemisphere - and even the northern hemisphere h wimilar hydrological and
geomorphological characteristics, such as the Madihean coast (e.g. Palmones, Modego
and Tagus estuaries), west coast of north and souiérica (e.g. Pozuelos—Murillo lagoon
system and Elkhorn Slough) and south-west and seagtern Australia (e.g. Swan and
Hopkins river estuaries) (Sharples et al., 200&tndndez-Romero et al., 2004; Avilés and
Neill, 2005; Brearly, 2005; Caffrey et al., 2007bellg et al., 2007; Simas and Ferreira, 2007;
Robson et al., 2008).
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Figure Captions

Figure 1: Distribution of biogeographical regicaeng the South African coast as well as

locations of estuaries discussed

Figure 2: Sampling stations in the a) Keurboom®reede and c) Olifants estuaries

Figure 3: Salinity distribution patterns measuredthe a) Berg Estuary (19 September
1989), b) Breede Estuary (23 August 2000), c) HEesmary (31 January 1990), d)
Olifants Estuary (2 March 2004), e) Keurbooms BEstu®-19 March 1987) and
f) Great Brak Estuary (28 July 2008)

Figure 4: Mixing diagrams for DIN (unless otherwigélicated) for a) Great Berg Estuary
(19 September 1989), b) Breede Estuary (23 Aug080Y c) Knysna Estuary
(13/14 November 2000, d) Kromme Estuary (18 Novani$98), e) Kromme
Estuary (23 November 1998), f) Great Berg Estua@¥% (anuary 1990), g)
Olifants Estuary (4 March 2004), h) Keurbooms Est{&6-19 March 1987) and
i) Great Brak Estuary (28 July 2008)

Figure 5: Mixing diagrams for DRP (unless otherwiisdicated) for a) Great Berg Estuary
(19 September 1989), b) Breede Estuary (23 Aug060R c) Knysna Estuary
(13/14 November 2000, d) Kromme Estuary (18 Novani$98), e) Kromme
Estuary (23 November 1998), f) Great Berg Estu@¥% (anuary 1990), Q)
Olifants Estuary (4 March 2004), h) Keurbooms Esty&6-19 March 1987) and
i) Great Brak Estuary (28 July 2008)
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Figure 6: Qualitative model of the different phydicstates common to South African
estuaries a) freshwater-dominated, b) freshwatdsedirecovery, c) marine-
dominate and d) closed mouth (modified from Ey@j8and 2000)

Figure 7: Qualitative model of dominant nutrientcloyg and transformation processes
during a) a freshwater-dominated state, b) fresbwptlsed/recovery state, c)
marine-dominated state and d) closed mouth stateified from Eyre, 1998 and
2000)

Table Captions
TABLE 1: Specific details on estuaries used asecstudies (Bickerton, 1981; Heinecken,
1981; Jezewski et al., 1984; Allanson and Read5:1@9wan, 1995; Whitfield

and Wood, 2003; Turpie, 2004; Whitfield et al.08)

TABLE 2: Summary of empirical data and informatiosed in the development of the

model from the different estuaries
TABLE 3:  Apparent distribution of the occurrenaievarious physical state in each of the

five estuarine types within the cool temperate,rwégmperate and subtropical
regions (as classified by Whitfield, 1992)
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