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Abstract
Ponds and wetlands around the world face anthropogenic pressures that threaten key ecosystem processes such as nutrient 
and organic matter cycling. Wetlands in arid and semi-arid regions are particularly at risk from uncertainty of water avail-
ability and competing pressures for use. Such threats are most acute for non-perennial systems that rely on occasional surface 
water flows to maintain important ecological functions.
This study investigates the decomposition of an endemic macrophyte Cycnogeton procerum (R.Br.) Buchenau as a key eco-
system process in a chain-of-ponds wetland system, located in the intermittently flowing Mulwaree River, New South Wales, 
Australia. The aims of this study were to identify spatial and temporal patterns and the relative importance of microbial 
activity in macrophyte decomposition to improve our understanding of ecological processes in these intermittent systems.
Exponential decomposition rates (proportional mass loss (g)) were highest during spring and summer (0.07-0.10  kd-1) and 
slower during autumn and winter (0.03-0.04  kd-1), reflecting seasonal drivers. Decomposition was significantly different 
in 9 mm and 150 μm mesh bags only during spring, suggesting decomposition was mostly performed by microbes, with 
invertebrate herbivores possibly only a factor during spring lotic conditions.
Mesotrophic conditions, regulated by flow and internal macrophyte and algal dynamics appear to maintain a highly produc-
tive, macrophyte-dominated aquatic wetland system. Temperature was a major factor in decomposition rates and expected 
increases due to climate change will accentuate pressure on the resilience of the macrophyte community. Alterations caused 
by changing climate and anthropogenic land use place the ponds at high risk.
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Introduction

Globally, aquatic plants are under increasing pressure due to 
habitat loss, particularly those in arid and semi-arid regions 
where climate change is expected to modify water availability 
and increase pressure for the resource (Dunlop and Brown 
2008; Turral et al. 2008). The global distribution of wetlands, 
a major habitat for aquatic plants (macrophytes), has declined 

by up to 87% following centuries of draining, infilling and 
conversion for human use (Vorosmarty et al. 2000; Davidson 
2014). Increasing global aquatic eutrophication means that 
macrophytes are under increasing stress as aquatic systems 
shift from macrophyte- to algal-dominated systems (Grasset 
et al. 2017). As a consequence of these cumulative stresses, 
the biodiversity of wetlands is declining at an unparalleled 
rate (Zedler and Kercher 2005; Kingsford et al. 2016).

Wetlands in southern Australia are particularly at risk due 
to relative aridity and competition for water (Specht 1990; 
Larkin et al. 2020) and knowledge of their condition is lim-
ited (Australian Government_Environment 2016). While 
macrophyte communities are common in some Australian 
rivers (Watson and Barmuta 2011; Paice et al. 2017), high 
turbidity, altered hydrology, grazing pressure and irrigation 
development have led to widespread reduction of macro-
phyte communities in others (Walker 1992). Eutrophication 
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and changes to flow variability have both been influential in 
stimulating or impeding growth and resilience (Carr et al. 
1997; Mackay et al. 2003) and climate change is expected 
to compound these effects for both riverine and wetland 
aquatic macrophytes (Balcombe et al. 2011). It is therefore 
important to document wetland and river ecosystem status 
and functions to protect and manage them into the future 
(Finlayson et al. 2017). This is particularly important for rare 
or iconic river and wetland systems such as chains-of-ponds 
(Williams and Fryirs 2020).

Macrophytes are intrinsically important in the aquatic 
food web (Lodge 1991; Bakker et al. 2016). A recent meta-
analysis of macrophyte biomass removal by herbivores 
reported losses of between 44-48%, significantly greater 
than that reported for terrestrial systems (Wood et al. 2017). 
Functionally, macrophytes provide protection against ero-
sion (Zierholz et al. 2001), refuge habitat for invertebrates 
and fish and a substrate for periphyton (Bouchard et al. 2007; 
Mitsch et al. 2013). They are integral to ecosystem health, 
because they increase invertebrate abundance and diversity 
by orders of magnitude compared to unvegetated habitats 
(Warfe and Barmuta 2004; Reid et al. 2008). Macrophytes 
have a central role in the carbon cycling of wetlands, through 
sequestration of carbon in plant tissue, and subsequent 
release of that carbon as plant material senesces and decays 
(Bouchard et al. 2007; Mitsch et al. 2013).

Plant litter decomposition follows a complex process 
of initial leaching of water soluble materials, followed by 
microbial colonization and conditioning (Bergfur et  al. 
2007), predominantly by fungal hyphomycetes (Kerr et al. 
2013) and then invertebrate shredding and herbivory (Suren 
and Lake 1989; Graça 2001). Of these steps, microbial 
decomposition can be dominant, with fungi comprising 
more than 90% of the active microbial biomass contribut-
ing to the process (Komínková et al. 2000). Decomposition 
rates are variable and depend on individual plant morphol-
ogy, nutrient concentration and the presence of secondary 
metabolites (Graça 2001), seasonality, stream flow variabil-
ity (Dieter et al. 2011), natural and human induced eutrophi-
cation (Ferreira et al. 2015) and acidity (Dangles et al. 2004; 
Holland et al. 2012). There are also differences in decom-
position rates related to spatial heterogeneity within lakes 
(Costantini et al. 2004), and mesocosm studies elsewhere 
have shown that higher temperatures accelerate macrophyte 
decomposition and alter heterotrophic microbial structure 
(Pan et al. 2021). However, many macrophyte decomposition 
processes have been poorly studied.

Australia has amongst the most highly variable hydrol-
ogy in the world (Puckridge et al. 1998; Poff et al. 2006) 
and hosts a highly endemic macrophyte community (Cham-
bers et al. 2008). Climate change is predicted to further 
increase variability in rainfall and thus river discharges, and 
under these conditions (Whetton et al. 2015), widespread 

rhizomatous species such as bulrushes (Typha domingen-
sis PERS.APNI) and the common reed (Phragmites aus-
tralis (CAV.) Trin ex, Steud) that disperse seed mainly 
by wind (anemochory), are expected to be more resilient 
than those such as Water Ribbons (Cycnogeton procerum 
(R.Br.) Buchenau) and Ribbon Weed (Vallisneria australis 
S.W.L.Jacobs & Les), that are mostly dispersed by water 
(hydrochory). Because of their limited dispersal capacity 
and water requirements, hydrochorous submerged macro-
phytes are at heightened risk of local extinction.

Mulwaree chain-of-ponds on the southern slopes of NSW, 
Australia, is an increasingly rare aquatic system (Williams 
et al. 2020). This system is comprised of deep perennial 
ponds, with high water clarity, set within the floodplain of 
the intermittent and relictual Mulwaree River (Abell 1995). 
The large, deep and steep sided ponds are infrequently con-
nected by surface flows along vegetated preferential flow 
lines (Mould and Fryirs 2017; Williams et al. 2020). Current 
hydro-geomorphologic processes are not sufficient to create 
the ponds but maintain them (Williams et al. 2020) . Con-
temporary anthropogenic disturbance continues to threaten 
the structural (geomorphic) integrity of the ponds (Wil-
liams et al. 2020). A distinctive aquatic plant community, 
dominated by C. procerum, is well developed at the margins 
of the ponds and is particularly important in maintaining 
the geomorphic integrity of the chain-of-ponds (Williams 
et al. 2020). Loss of such a dominant macrophyte in this 
system could destabilize the unique geomorphic structure 
and impact the ecological value of these riverscapes.

The aims of this study were to document the aquatic 
macrophyte assemblages in the Mulwaree chains-of-ponds 
and to explore the spatial and temporal variation in organic 
matter decomposition as a key ecosystem process. It was 
hypothesized that macrophyte litter decomposition (sam-
pled through four seasons), would significantly increase and 
decrease seasonally and vary spatially (within vegetated and 
mid pond non-vegetated sites). Further, it was hypothesized 
that, in conditions of high nutrients and comparatively small 
flow rates, both microbial and herbivore mediated decay 
would be involved in decomposition. It was expected that 
microbial plus herbivore mediated decomposition would be 
significantly higher than microbial decomposition alone.

Methods

Study Sites

Flow along the Mulwaree system is intermittent and the 
ponds are only connected (along preferential flow lines) dur-
ing high flow (Mould and Fryirs 2017; Williams et al. 2020) 
when the river becomes an active channel. Individual ponds 
are up to 7.5 m deep, with width and length dimensions 
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of up to 30 to 100 m respectively (Williams et al. 2020). 
The chain-of-ponds are disconnected by surface flow for the 
majority of the time, but local aquifers maintain water vol-
ume and levels and during drought (Williams et al. 2020). 
Even during the severest of droughts, the ponds have not 
been known to dry out. The four adjacent ponds examined 
in this study were located at Kelburn  (35° 52´ 23.41´´S,  149° 
39´ 02.31´´E), near Goulburn, New South Wales, Australia 
(Fig. 1).

Riparian zones in the Mulwaree catchment are highly 
altered (EnvironmentACT. 2004). The once open Eucalyptus 
woodlands on the low slopes and plains have been replaced 
by pasture species and exotic weeds that support cattle and 
sheep grazing (Dodson 1986). The Mulwaree River at the 
study site generally reflects its agricultural catchment, with 
locally high electrical conductivity, total nitrogen, and total 
phosphorus concentrations (EnvironmentACT. 2004; GHD 
2013a). There are populations of the pest fish species Gam-
busia holbrooki Girard 1859, which have been associated 
with declines in native fauna (Department of Primary Indus-
try NSW. 2020). However, the ponds support a population of 
mussels (Hyridae) and a range of waterbirds including swans 
(Cygnus atratus), black ducks (Anas superciliosa) and dusky 
moorhens (Gallinula tenebrosa) (Hardwick, pers. obs.).

Study Species

Cycnogeton procerum (R.Br.) Buchenau (von Mering and 
Kadereit 2015) (previously Triglochin procerum R.Br), is 
a fleshy leaved, rhizomatous and endemic semi-emergent 
perennial (Rea 1992) which is morphologically variable 
and widespread across Australia and Malesia (Harden 1993; 
Brummitt et al. 2001). It is a dominant macrophyte in the 
Mulwaree chain-of-ponds, occupying the greatest width 

and depth in the pond margins. Cycnogeton procerum is 
described functionally as a perennial emergent with water-
dispersed seeds (Casanova 2011), while being mostly sub-
merged. It exhibits morphological plasticity to adjust to 
fluctuating water levels (Rea 1992), producing more, wider 
and longer leaves following flooding and reverting to smaller 
leaves with drawdown (Cooling 1996). Flowering mostly 
between September and March (Aston 1995), dispersal 
by water (hydrochory) is facilitated by buoyant seeds that 
can float for up to 5 weeks (James et al. 2013). Cycnogeton 
procerum has a rapid leaf turnover rate of between 10 and 
30 days and hence has a smaller investment in secondary 
growth during spring and early summer (Rea 1992; Muller 
et al. 1994; Petherick et al. 2011). It may exhibit plasticity in 
growth rates under differing nutrient conditions and is adept 
at sequestering nutrients, in particular, phosphorus (Adcock 
and Ganf 1994). Functionally, C. procerum may exhibit 
life history attributes similar to those of other submerged, 
hydrochorous macrophytes such as V. australis. Submerged 
macrophytes are important components of lentic systems, 
importing energy via photosynthesis, increasing availabil-
ity of nutrients and cycling phosphorus (Wang et al. 2018). 
They also contribute to dissolved oxygen fluxes, and are 
influential in altering pH and oxidation-reduction processes 
in water and sediments (Moss 2006).

Experimental Overview

Ponds were visited on 12 occasions between autumn (March) 
2016 and spring (September) 2017 (Fig. 2). Surface water 
chemistry and nutrient data were collected on 6 occasions 
between spring (October) 2016 and spring (September) 
2017. Flowing water levels in the ponds were measured 
between June 2016 and September 2017, following previous 

Fig. 1  Location of Mulwaree chain-of-ponds, Mulwaree River, NSW (a) with images of ponds (b,c), vegetated preferential flow lines, (d) and 
close up of flow line vegetation (e). Source maps LPI, NSW 2015)
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deployment of a depth logger installed in a shallow piezom-
eter at the edge of pond 1.

Vegetation mapping was performed on six occasions 
when leaf litter bags were deployed. Two in-situ litter 
decomposition experiments were performed of differing 
sampling frequency. A seasonal ‘simplified time series’ 
(Gulis et al. 2006) experiment was used to identify time 
required for 75-95% mass loss, adjusted to 30 days. Coarse 
and fine mesh litter bags were deployed on 4 occasions 
between spring 2016 and spring 2017. In addition, during 
summer, between January 9 and February 11, 2017, a ‘com-
plete time-series’ (Gulis et al. 2006) litter decomposition 
rate experiment was conducted across four time points, also 
using coarse and fine mesh litter bags at the same locations.

Hydrology

Water levels in the ponds were measured to determine flow 
status within the ponds (Fig. 2) using a Solinst Levelogger 
depth logger installed in a shallow piezometer constructed 
of slotted 50 mm diameter PVC pipe that was installed 0.1 m 
in from the edge of pond 1. The level logger was installed at 
0.2 m below cease to flow height (Williams et al. 2020) and 
recorded water depth hourly from 16 April 2015 to 28 Sep-
tember 2017 (Fig. 2). A Barologger Edge (Solinst Canada 
Ltd., ON, Canada) was installed in the piezometer to provide 
data for barometric correction (Fig. 2).

Water Chemistry

Temperature, pH, electrical conductivity (EC), dissolved 
oxygen and Secchi depth were measured in each pond during 
each sampling event between November 2016 and Septem-
ber 2017 (Fig. 2), using a pre-calibrated Hydrolab minisonde 

(Aqual ab. com. au). Samples for nutrient and chemical 
analysis (total phosphorus (TP), dissolved organic carbon 
(DOC), total nitrogen (TN), ammonium  (NH4+), alkalinity 
as bicarbonate and total alkalinity were collected between 
11 November 2016 and 9 September 2017 (Fig. 2) at the 
centre of each pond at 0.25 m depth into triple rinsed 250 
mL PET sample jars. Water samples were filtered (0.2 μm), 
chilled and frozen as appropriate before analysis (APHA 
et al. 2005). Analytes and methods for analysis are sum-
marized in Table S1.

Historical nutrient data (1995-2013) from the nearby 
monitoring station Mulwaree River @ The Towers (2122725 
–  149o 41´53.2´´E,  34o 46´54.7´´S) were acquired from Syd-
ney Catchment Authority (GHD 2013b). These data were 
used to calculate the molar water ratios of total nitrogen 
and total phosphorus as a measure of nutrient limitation 
to primary production (Jarvie et al. 2018). Ratios of the 
macronutrients carbon, nitrogen and phosphorus can affect 
phytoplankton growth and the ratio of CNP of 106:16:1 
– the Redfield ratio (Boulton et al. 2014) is a coarse indica-
tion of nutrient limitation and suitability for algal growth. 
Molar concentrations for TN, TP (converted) and DOC 
were used to derive ratios. In all analyses it was assumed 
that organic matter was synonymous to DOC, as is usually 
the case (Leenheer and Croue 2003; Boulton et al. 2014). 
Total phosphorus measurements taken during this study 
were consistently below detection limits of 0.05  mgL-1, so 
for contemporary analysis purposes were converted to limit 
of detection/√2 (LOD/√2) (Croghan and Egeghy 2003; 
Verbovšek 2011).

Vegetation Mapping

Macrophyte species distribution was mapped on six occa-
sions using a rapid assessment technique derived from Gunn 
et al. (2010) and Wetzel and Likens (1991). Six random tran-
sects per pond were surveyed, running perpendicular to the 
shoreline from the uppermost extent of amphibious vegeta-
tion (above the base flow elevation) to the lower depth limit 
of submersed vegetation. Depth measurements were taken 
to measure horizontal and vertical species distribution at 
multiple points. Photographs were taken to verify plant dis-
tribution and identification. Identified plant taxa were allo-
cated functional groups, based on growth form and dispersal 
traits (Brock and Casanova 1997; Casanova 2011; Catford 
and Jansson 2014).

Leaf Litter Decay

Decay of C. procerum leaves was measured by deploying 
leaf litter filled mesh bags in the four ponds and determin-
ing mass loss on retrieval following Boyero et al. (2016). 
To prepare the bags, live fresh C. procerum leaves were 

Fig. 2  Piezometer level at pond 1, 2016-2017 with line denoting zero 
commence to flow (CTF). Dots denote sampling events and bars, lit-
ter decomposition dates used for this paper. For the summer decom-
position experiment, water chemistry collection is represented by one 
dot. Water level data were obtained from the permanently installed 
water level dataloggers
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collected manually from each of the ponds before each 
deployment and washed in situ to remove periphyton, sedi-
ment and invertebrates. Leaf material was air dried for 7 
days and then for three days in a drying oven at  30°C to con-
stant mass. Five grams (+/- 0.1 g) of the dried leaves were 
weighed individually before being placed in numbered litter 
bags of 100 x 150 mm in size and made of either coarse 9 
mm PVC mesh (www. white sgroup. com. au) or fine 150 μm 
nylon mesh (Nytex 150 μm SEFAR 03-150/38) (www. sefar. 
com. au). Coarse (9 mm) mesh bags were used to quantify 
total organic matter loss, whereas the fine (150 μm) mesh 
was small enough to exclude invertebrates (Woodward et al. 
2012; Mora-Gomez et al. 2015) and thus indicated microbial 
mediated decomposition.

To measure decay rate dynamics, a field experiment (a 
complete time series experiment) was performed begin-
ning on 9 January 2017. A series of litter bags containing 
C. procerum of each mesh size were placed in the centre of 
the ponds, suspended from a buoy, at distance from macro-
phyte associated microbes and fauna and at a random loca-
tion within the vegetated margins of each pond, all at 0.5 
m depth. Bags within the vegetated margins were attached 
to wooden stakes that were secured in the sediment and 
amongst the thickly vegetated macrophyte beds to enable 
maximum availability of macrophyte decomposers, herbi-
vores and detritivores. At each sampling 2 litter bags of each 
mesh size (in total, 2 bags X 2 mesh sizes in each pond of 4 
ponds on 4 occasions) were collected in each pond at 3, 8, 
15 and 32 days after deployment. Very little detritus was left 
beyond 32 days inundation.

To study seasonal variation in decomposition, mesh 
bags containing seasonally collected C. procerum leaves 
were deployed on four occasions over the study period from 
spring 2016 to spring 2017: on 1 November 2016, 7 Feb-
ruary 2017, 26 May 2017 and 25 August 2017. Duplicate 
litter bags of each mesh size were deployed from buoys and 
wooden stakes at 3 random locations in each pond, with 8 
samples of each mesh size per sampling event per pond. To 
ensure remnants of initial litter were available to measure 
a decomposition endpoint (a simplified time series experi-
ment), bags were harvested at 23-30 days after deployment, 
and longer in winter than in summer.

After collection, all litter bags were placed on ice and 
kept at  4°C overnight. Numbered samples were rinsed and 
filtered through Whatman Filter, Grade 1, 100 mm diameter, 
ll μm pore size with absolute ethanol (AR grade) to prevent 
further decomposition and then rinsed with water to remove 
residual ethanol. Samples were then dried to constant weight 
at  30°C for three days and reweighed to determine mass loss 
over the deployment period. Carbon:Nitrogen:Hydrogen 
ratios of C. procerum collected in summer were determined 
by incineration using a LECO CHN900 analyser (LECO, 
USA).

Data Analysis

Starting and final masses for each vegetation sample were 
individually weighed for each numbered litter bag. For the 
simplified time series experiment we assumed exponential 
loss as experienced elsewhere (Graça et al. 2015). We deter-
mined the exponential decay rate (k) of leaf litter in each bag 
by fitting the exponential decay model,  Mfinal=Minitial  e-kt, 
where  Mfinal is mass (g) remaining at the time of collection, 
 Minitial is initial mass (g), k is the first order rate constant 
(day-1) and t is time in days. An individual value of k was 
determined of each litter bag. Decay constants (k) for rep-
licate samples were averaged within each pond to provide a 
single value per time. The decay constants were compared 
between season and mesh sizes using two factor ANOVA 
with mesh size and season as fixed factors. Data fulfilled 
the assumptions of homogeneity of variance and normality, 
which were examined using plots of residuals and Q-Q plots, 
respectively. Analyses were undertaken in R (RCoreTeam 
2020).

Decay rates were correlated with normalized environmen-
tal data using RELATE analysis based on Spearman’s Rho 
Correlation (Clarke and Gorley 2015). Analysis was per-
formed using Primer Ver. 7.0.17. Incomplete data at some 
events were excluded from the analysis.

For the complete time series experiment, mass loss in 
individual bags was expressed as a percentage of initial 
mass. Decay curves were estimated by fitting a three-param-
eter exponential decay function using nonlinear regression 
with a binomial error structure. The upper limit parameter 
of the decay function was set at 1. Data for 9-mm and 150 
μm mesh bags were analyzed separately. Decay models 
were compared using mixed model non-linear regression. 
Analyses were undertaken using the DRC package (Ritz and 
Streibig 2005) in R version 3.5.3 (RCoreTeam 2020).

Results

Hydrology and Water Chemistry

The Mulwaree River f lowed for around 50% of the 
study period between winter 2016 and spring 2017 
(Fig. 2). Mean (± S.E.) dissolved organic carbon (DOC) 
was 12.81± 0.16  mgL-1, ranging between 12.0-14.0 
 mgL-1 over the course of the study. Mean total nitrogen 
increased from 0.55±0.60  mgL-1 to 1.95±1.95  mgL-1 
over the course of the study, while Ammonia, nitrate and 
nitrite levels were variable over time (Fig. 3, Table S2). 
Initial Carbon:Nitrogen (C:N) ratios for leaf material col-
lected in summer were 20.24 +/- 5.99 S.E. with nitrogen 
concentration of 4.1%. Levels of pH increased over time, 
but were circumneutral, so alkalinity (average 116.3 ± 6.1 
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 mgL-1) was likely present almost entirely as bicarbonate 
ions (Fig. 3). Electrical conductivity was highly related to 
flow events with high flows and low EC in Spring 2016 
followed by increasing EC over time after the flow ceased 
(Fig. 3). Dissolved oxygen increased over events to almost 
saturation during winter (Fig. 3, Table S2). Phosphorus 
levels were mostly below measured detection limits in 
this study. Principal Components Analysis revealed that 
73.2% of differences in water chemistry were explained 
by seasonal sampling (Fig. S1).

Long term water quality monitoring at nearby Mul-
waree River @ the Towers (State of Catchment (GHD 
2013b)) indicates high concentrations for both TN and TP. 
These include a median TN of 0.91  mgL-1 (n=35), with 
ranges for previous reporting 1.36 to 1.71  mgL-1. Median 
TP is reported as 0.03  mgL-1 (n=35) with ranges for pre-
vious reporting 0.09 to 1.11  mgL-1. Molar TN:TP ratios 
varied between 61:1 (2013), with previous calculated 
ratios of 33:1 and 34:1. More recent monitoring reports a 
ratio just upstream of the site as 46:1 (EcoLogical. 2020).

Vegetation Mapping

Aquatic macrophytes formed a seasonally dense margin 
of aquatic vegetation around the ponds, with C. procerum 
covering the largest surface area. Vegetation communities 
between the ponds were remarkably consistent, although 
there was some variation in species in the preferential flow 
lines. Stands of T. domingensis and P. australis were evi-
dent between ponds 2 and 3. Aquatic plant cover extended 
from above water’s edge to around 3.5 m depth and up to 10 
m horizontally at the shallower ends of the ponds (Fig. 3). 
Gradation from terrestrial to submerged species was evident 
with Carex spp., Cyperus spp., Eleocharis acuta R.Br. and 
P. australis (above water level (0 m)) grading to Myriophyl-
lum verrucosum Lindl., Nymphoides geminata R.Br. Kuntze, 
Nitella sp. (0 to 0.6 m), C. procerum, (0.6 to 1.5 m) to V. aus-
tralis (to 3 m depth). Vallisneria australis leaves extended 
on the surface to around 3.5 m depth into the ponds. Other 
species were scattered along the littoral zone contributing 
to high biodiversity (Fig. 4).

Fig. 3  Mean water chemistry for four ponds in Mulwaree River(n=4), four sampling events, 29 November - Spring 2016, 9 February - Summer, 
2017, 29 May - Autumn 2017, 5 September - Winter, 2017
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The preferential flow lines between the ponds were 
populated variously by Phragmites australis, Crassula 
helmsii, T. domingensis, Isoetes spp., E. acuta and M. 
verrucosum. While plant cover appeared greater during 
summer, most species were perennial and mainly rhi-
zomatous or stoloniferous. Other than localized vegetative 
reproduction, most species disperse primarily by water 
(hydrochory) and less often by waterbirds (zoochory) 
(Table S1).

Cycnogeton procerum exhibited fast and strongly 
seasonal growth, with leaf development in late winter, 
covering significant areas of 1 to 2 metres width on the 
margins of all ponds during summer, less in autumn and 
winter (Hardwick, pers obs). These results concur with 
Rea (1992) that C. procerum responds to fluctuating 
water levels, exhibiting morphological plasticity related 
to depth. Generally, aquatic plants integrate water column 
nutrients during the growth phase, particularly nitrogen, 
but also source sediment detrital carbon and nutrients in 
complex processes related to oxygen availability (Bor-
nette and Puijalon 2011). The dominance of C. procerum 
should enable it to play a pivotal role in both maintaining 
pond physical and functional structure.

Litter Decay Rates of Cycnogeton Procerum

Mass loss for the complete time series experiment followed 
exponential decay rates (Fig. 5). There was no significant 
difference in decay curves between locations within ponds 
for either mesh size  (P150 μm = 0.998,  P9 mm = 0.979), so data 
from all locations were pooled. Once pooled by location, 

Fig. 4  Aquatic macrophyte zonation related to water depth in the ponds (at right) and preferential flow lines during connected flow, late spring, 
2016

Fig. 5  Decay curves for Cycnogeton procerum litter in mesh bags of 
9 mm ( f(x9 mm) = 0.029+ (1-0.029)*e(x/-3.72)) and 150 μm (f(x150 μm) 
= 0.077+ (1-0.077)*e(x/-3.06) in Mulwaree River, complete time series, 
January 2017. X axis = time in days. Symbols show mean (± std dev) 
proportion remaining and are offset slightly for clarity (n=8).
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there was no significant difference in decay curves between 
mesh sizes (Fig. 5, P = 0.999).

Following the complete time series experiment results, 
data from simple time series experiments were ana-
lysed using an exponential decay model, with samples 
pooled within ponds. There was a significant difference 
in decay rates with mesh size  (F(1,24)=19.28, P<0.001), 
time  (F(3,24)=286.84, P<0.001), and their interaction 
 (F(3,24)=20.34, P<0.001)(Fig. 6). Decomposition rates were 
overall greater in the 9 mm than the 150 μm mesh (P<0.05), 
and rates in spring (November 2016) and summer (Febru-
ary 2017) (Fig. 6A) were significantly greater than those in 
autumn and winter (June and September 2017) (P<0.05) 
(Fig. 6B). The significant interaction term indicates that the 
difference between mesh sizes was not consistent across 
sampling periods, which was due to a difference between 
mesh sizes in November 2016 (P<0.05), but not on other 
sampling occasions.

Decay Rate Correlations with Water Chemistry

Mass loss from 9 mm mesh bags over 30 days was signifi-
cantly and positively correlated with temperature (r=0.65, 
P<0.001), and negatively correlated with electrical con-
ductivity (r = -0.65, P<0.001) and bicarbonate alkalinity 
(r=-0.63, P<0.001) (Table 1). All other significant cor-
relations were greater than P>0.001 and lower R values 
(Table 1). Mass loss from the 150 μm mesh bags over 
30 days was significantly and positively correlated with 
temperature (r = 0.69, P<0.001) and negatively correlated 
with ammonia (r =-0.62, P<0.001) (Table 1).

Discussion

The Mulwaree chain-of-ponds system supports substantial 
aquatic macrophyte diversity in a highly agricultural land-
scape. The dominant macrophyte species, C. procerum, is 
an important source of productivity within the ponds. In 
addition to its structural role as habitat for periphyton and 
aquatic fauna, invertebrate grazing and microbial decom-
position of C. procerum leaves make it an important part 
of carbon cycling within the ponds. In this study, decom-
position of C. procerum was highly seasonal and depend-
ent particularly on water temperature and quality. Decom-
position was driven mostly by microbial decay, which was 
evidenced by the similarities in mass loss and decay rates 
of the 9 mm and 150 μm mesh bags. In this highly pro-
ductive environment with dynamic flow and temperature 
regimes, the system appears dynamically nutrient limited, 
and at risk from further agricultural impacts and climate 
change.Fig. 6  Mean (±SE) exponential decay rate (k) (proportional mass loss 

(g) per day) of Cycnogeton procerum litter in mesh bags with 150 μm 
(blue bars) and 9 mm (red bars) mesh in the ponds over four sampling 
periods. (n=4)

Table 1  Relationship between 
mass loss of Cycnogeton 
procerum in 9 mm and 150 
μm mesh bags and abiotic 
drivers in the four ponds using 
Spearman’s Rho correlation. 
Values <0.001 ***, <0.005 **, 
<0.05* (n=16).

Spearmans Rho Correlation 9 mm 150 μm

Logit Mass Loss Proportion 30 day

Variable Statistic P Value Statistic P Value

Temperature °C 0.647 <0.001*** 0.693 <0.001***
pH -0.325 0.069 -0.191 0.294
Dissolved Oxygen % -0.197 0.28 -0.268 0.138
Electrical Conductivity μS/cm -0.649 <0.0001*** -0.443 0.011*
Total Nitrogen mg/L -0.537 0.002** -0.287 0.111
Alkalinity as Bicarbonate mg/L -0.625 <0.002*** -0.427 0.015*
Ammonia mg/L -0.397 0.025* -0.623 <0.001***
Nitrate mg/L -0.36 0.043* -0.005 0.98
Phosphate mg/L -0.495 0.004** -0.154 0.4
Dissolved Organic Carbon mg/L 0.321 0.073* 0.433 0.013*
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Rates of Litter Decay, Temporal, Spatial 
and Dynamic Processes

The rates of decay of Cycnogeton procerum were similar 
to those observed for this species elsewhere (Rea 1992). 
Exponential decay constants (k) of between 0.027 (range 
0.023-0.032) in winter and 0.10 (range 0.068-0.101) in 
spring, were within global ranges for freshwater plants in 
lotic systems (median 0.041, 95%, CI 0.015-0.1) (Enriquez 
et al. 1993) but higher than for lentic systems including 
temperate (18-20°C) lakes (Belova 1993) (mean 0.021, 
range 0.001-0.053) and neotropical semi-arid lakes 
(Rezende et al. 2018) (mean 0.0037, range 0.0031-0.0055). 
Carbon:Nitrogen ratios for leaf material fall between 
known levels for emergent (median 28-32:1) and sub-
merged macrophytes (median 8-12:1) (Bakker et al. 2016) 
and C. procerum elsewhere (25:1) (Roache et al. 2006). 
The Mulwaree chain-of-ponds are therefore an alternating 
lotic/lentic aquatic pond system with high relative lentic 
summer decay rates. Our results suggest that decomposi-
tion during summer releases carbon and nutrient stores, 
which may be recycled in the mixing zone or sink to the 
bottom of the ponds, into the stratified hypolimnion. This 
would make them unavailable until the ponds destratify 
following rainfall or in autumn as the ponds move back to 
diurnal stratification.

The comparatively high rate of C. procerum mass loss 
during spring lotic and summer lentic conditions can be 
explained by several extrinsic and intrinsic factors. Firstly, 
higher decay rates occurred during periods of increasing 
temperature and passing flow. Surface temperatures in the 
persistently stratified ponds were higher during warmer 
months. Combined with lentic conditions, the warmer tem-
peratures likely accelerated decay processes as reported 
elsewhere (Graça et al. 2015; Grasset et al. 2017). Concur-
rently, higher water clarity, combined with higher temper-
atures is likely to have increased primary productivity by 
macrophytes, periphyton and phytoplankton to a point of 
phosphorus limitation, and thereby increasing competition 
for resources into autumn (Sand-Jensen and Borum 1991).

Secondly, the ponds in this study were mesotrophic, with 
total nitrogen (0.55-1.95  mgL-1) and historic total phos-
phorus (4  mgL-1), which were above ANZECC (ANZECC 
2000) guidelines for slightly disturbed upland rivers (0.25 
 mgL-1 TN, 0.020  mgL-1 TP) and recently reported values 
for the Mulwaree River of 1.03 mg  L-1 TN and 0.05 mg 
 L-1 TP (EcoLogical. 2020). Generally, increasing aquatic 
nutrient levels from oligotrophic to eutrophic status facili-
tates microbial productivity, decomposition and enhances 
trophic interactions (Sigee 2005). With disconnection of 
flows between the ponds, and associated evapotranspiration 
and evaporation, as well as nearby cattle grazing, conditions 
also moved towards eutrophication.

Thirdly, nitrogen dynamics in the pond water appear 
complicated, with total nitrogen increasing over time, but 
ammonia, nitrates and nitrites being variable. This implies 
that it is organic nitrogen that is increasing, which may be 
from that incorporated into phytoplankton or derived from 
decomposing macrophytes (Shilla et al. 2006). When the 
ponds are stratified, nitrogen dynamics are further compli-
cated because nutrient cycling occurring above and below 
the thermocline are separated.

However, electrical conductivity, which was higher dur-
ing no-flow periods, can negatively influence decomposition 
(Roache et al. 2006; Fernández-Aláez et al. 2018), impacting 
microbial facilitated decomposition by inhibiting enzymatic 
activity. This is complicated by inter pond elevated EC con-
centrations from upstream ponds filtering downstream over 
time, suggesting saline groundwater input as observed by 
Williams et al. (2020). Roache et al. (2006) also suggested 
synergy between high salinity and dissolved oxygen con-
centrations affects decomposition of C. procerum. This may 
further explain some observed seasonality in decomposition 
rates.

Finally, as leaves were collected seasonally, we were able 
to match decay with the condition of plants at that time. Gen-
erally, the growth of new, more palatable (Elger et al. 2006) 
leaves in late winter and spring may facilitate greater rates of 
herbivory (Watson and Barmuta 2011). This was supported 
by the relatively greater mass loss in the 9 mm compared to 
the 150 μm mesh bags in the November 2016 (late spring) 
sampling period. However, the lack of difference between 
mass loss in 9 mm and 150 μm mesh at other sampling times 
suggest herbivores such as invertebrate shredders were not 
influential in litter decay during other seasons of the year. 
At these times, detritivores dominated litter decomposition. 
Periphyton growth on the leaves during summer may have 
led herbivores to have preferentially selected periphyton over 
C. procerum. Overall, our hypothesis that invertebrate her-
bivory would have a significant effect on litter decay rates 
was unproven for most seasons.

Larger herbivores, including waterbirds and cattle, were 
present in and around the ponds and were observed eating 
C. procerum (Hardwick, pers. obs.). While these animals 
would not directly affect the loss of leaf litter in the mesh 
bags, both waterbirds (Wood et al. 2012) and cattle (Pettit 
et al. 2012) impact substantially on food chain processes 
in wetlands elsewhere. Thus, the mass loss estimates using 
the small bags does not consider all mechanisms for plant 
matter processing in the ponds. Generally, herbivores of all 
sizes are influential in processing plant material by ingesting 
fresh or senescent plant material previously decomposed by 
heterotrophs, or on the periphyton that commonly colonizes 
C. procerum (Suren and Lake 1989).

The lack of difference in mass loss rates between mid-
pond and vegetated edges was unexpected. Usually, 
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resources within macrophyte beds are functionally disparate 
to open water habitats (Wang Li 2013; Bodker et al. 2015), 
with differences in clarity, shade and flow related nutrient 
availability, species attributes and richness as examples 
(Engelhardt and Ritchie 2001; Takamura et al. 2003). This 
implies that the shallower pond edge waters and those mid-
pond are relatively well mixed laterally. During summer, 
temperature stratification may play a part in homogenization 
of surface waters laterally.

Microbial-mediated decomposition was the primary 
source of decomposition in this study, evidenced by the 
similar mass loss rates in the 9 mm and 150 μm mesh bags 
for summer, autumn and winter. Microbes require environ-
mental C:N ratios that are close to that of their biomass to 
start mineralization. The ratio required for microbial use of 
litter is C:N of 15:1, with summer C:N ratios of our leaf 
material in the ponds of 20.2:1, indicating a mismatch in 
carbon and nitrogen. Historic median water TN:TP ratios of 
between 33:1 to 61:1, indicates the ponds were depauperate 
in TP, considerably greater than the Redfield ratio of TN:TP 
of 16:1 (Boulton et al. 2014). There are several reasons for 
comparatively low phosphorus.

Australian dryland soils are typically poor in phosphorus 
(Eldridge et al. 2018) and around 50% of sediment bound 
phosphorus in similar streams nearby (Croke 2002) derives 
from gully and stream bank erosion. In the Mulwaree catch-
ment, these sediment sources are disconnected from the 
main ponds. The highly vegetated ponds and preferential 
flow lines, presumably contribute to phosphorus adsorption, 
making it unavailable in the water column. During times 
when flow is not occurring between the ponds, organic 
matter, including plant derived phosphorus remain in the 
ponds, either being integrated into more plant material or 
trapped beneath the thermocline and oxycline during peri-
ods of stratification (Boulton et al. 2014). All these factors 
contribute to lower TP concentrations in the surface water. 
Nitrogen, on the other hand is much more labile and present 
in multiple gaseous and aqueous forms. However, relation-
ships between TN:TP ratios and aquatic plant decomposition 
are complex and variable. For example, correlations between 
nitrogen and aquatic decomposition rates may be positive 
during early phases but negative later in decay processes 
(Bridgham and Lamberti 2009), so there is much more to 
learn.

Threats to the Macrophyte Dominated Mulwaree 
System

The Mulwaree chain-of-ponds are important landscape fea-
tures but are at risk in a region that is increasingly devoid of 
natural wetlands and wetland vegetation (Kingsford 2000; 
Wassens et al. 2017). The system is already mesotrophic 
with nutrients (Table S2) and dissolved organic carbon 

concentrations greater than those typically reported in Aus-
tralian natural waters (Dobson and Frid 1998; Boulton et al. 
2014). The Mulwaree chain-of-ponds are macrophyte-dom-
inated, but their depth, nutrient status and high comparative 
water clarity, enable substantial phytoplankton productivity 
(Hardwick et al. 2019). Under eutrophic conditions, periphy-
ton and phytoplankton biomass and turbidity would increase, 
reducing light availability and macrophyte success generally 
(Phillips et al. 2016), pushing the current macrophyte domi-
nated system to a plankton dominated system.

The relationships that maintain macrophyte dominance as 
a stable state are complex, dynamic and subject to regime 
shifts (Scheffer and Carpenter 2003; Williams et al. 2009). 
Macrophytes remove carbon and nutrients, which are stored 
in plant material and rhizosphere sediments, and released 
into the atmosphere (Khan and Ansari 2005). When the Mul-
waree ponds are disconnected, the majority of carbon and 
nutrients are retained within the ponds (Dise 2009), creating 
a sink for both materials and nutrients. Increasing periods 
of no-flow in intermittent aquatic systems tends to promote 
heterotrophy (Acuña et al. 2015) so when connected, the 
Mulwaree ponds may lose organic material downstream. 
Passing flows are likely to be important for maintaining the 
functionality of the current system (Williams et al. 2020).

One of the major changes predicted to occur in aquatic 
ecosystems under climate change is an increase of aquatic 
carbon, including DOC (Reitsema et al. 2018). Aquatic 
DOC concentrations are already rising and it is likely that 
the reason for these increases are a result of climate change. 
The quality and composition of DOC is also changing and 
represents a possible threat to macrophytes. While DOC can 
be potentially beneficial for macrophyte growth, high con-
centrations of humic substances limits growth and diversity 
(Reitsema et al. 2018).

Current modelling predictions for eastern Australia 
include higher average temperatures in all seasons, more 
hot days and warm spells, generally less rainfall during cool 
seasons, and increased intensity of extreme rainfall events 
(Whetton et al. 2015). The expected effects on Mulwaree 
chain-of-ponds are longer periods of no-flow and fewer, less 
frequent flow connection between ponds. These conditions 
are a threat to macrophytes, particularly during periods of 
flow disconnection. At these times, carbon is being seques-
tered during photosynthesis and stored as sedimentary detri-
tus or released as atmospheric  CO2. Changes in rainfall vari-
ability (Dise 2009) are also likely to threaten the macrophyte 
dominated status of the Mulwaree chain-of-ponds, resulting 
in changes to their nutrient and carbon cycling functions.

There were up to 12 macrophyte species in each pond, 
which is far more than local farm dams that support, on 
average, only two species (Casanova et al. 1997). The den-
sity of this vegetation community plays an important role in 
protecting the Mulwaree chain-of-ponds from erosion and 
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arguably helps maintain the long term integrity of the ponds 
(Williams et al. 2020). Elsewhere, macrophytes are known 
to interact actively by creating hydrogeomorphic feedbacks 
within river systems (Gurnell et al. 2016). Maintaining the 
cover and composition of riparian vegetation is critical to 
minimising erosion and maintaining the physical structure of 
the system. Fine grained sediment erosion and channel inci-
sion is occurring in upstream areas, destroying many of the 
ponds and transforming them into a fully connected channel 
system (Williams et al. 2020). The transport of this sedi-
ment as suspended load into downstream reaches could fur-
ther threaten the aquatic vegetation and fauna of the ponds. 
Marginal and riparian vegetation play an important role in 
sediment trapping and stabilising stream banks (Eamus et al. 
2005). Maintaining and restoring these communities within 
the Mulwaree catchment will be critical to the preservation 
of the chain-of-ponds system. The loss of marginal vegeta-
tion, particularly macrophyte community structure will be 
difficult to recover (Capon et al. 2015).

Putting these complex responses into a predictive man-
agement system under climate change is difficult. Current 
flow management policy is unable to restrict agricultural 
water use, putting long term flows and below flow pond 
levels at risk (DPIW 2016, 2021). The combined effects of 
predicted climate change (increased variability and reduced 
flows) and anthropogenic alteration to flow (reduced replen-
ishment flows, increased relative take and reduction in pond 
levels during no flow periods), combined with grazing, will 
likely increase periods of storage of carbon within the ponds 
and ultimately push macrophyte dominance towards peri-
phyton dominance. Understanding this system and building 
predictive models of current and future stressors is impera-
tive to protect what is a rare, endangered ecosystem.

Conclusion

The aquatic macrophyte community of the Mulwaree chain-
of-ponds is an example of a biodiverse plant community in a 
rare geomorphic aquatic system. The community is largely 
rhizomatous and permanent, but at great risk. The reliance 
of many species in the community on lotic conditions for 
dissemination of propagules underscores the importance of 
flow regime in this intermittent system. Decomposition of 
C. procerum, a dominant aquatic macrophyte in Mulwaree 
ponds was highly seasonal and mostly by microbial means. 
Spring and Summer decay rates were higher than in Autumn 
and Winter, potentially explained by temperature. There 
were no significant differences in decay rates between the 
ponds or between the vegetated margins and the mid points 
of the ponds. The ponds themselves are mesotrophic and are 
at threat of transforming to algal dominated systems under 
anthropogenic pressures. Continued agricultural impacts, 

competing water uses and hydrological changes associated 
with climate change demand greater monitoring and man-
agement of this unique system.
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