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Anaerobic methanogenesis is dependent on key macronutrients (carbon, nitrogen and
phosphorus) and trace metals (including iron, nickel and cobalt) to drive methane
production. Reservoir derived methane emissions have correlated to eutrophication
status, with elevated emissions associated with more eutrophic systems. Additionally,
sediment organic matter can enhance methane emissions, particularly through the
ebullition pathway. As such, it is critical to understand how organic carbon and
nutrient inputs into reservoir water columns and sediments drive methanogenesis to
improve flooded land greenhouse gas emission estimates. In this study we examine the
methane potential of sediments in mesotrophic (Little Nerang Dam) and eutrophic (Lake
Wivenhoe) sub-tropical reservoirs under different nutrient and organic carbon availabilities
using biological methane potential (BMP) tests. BMP tests were conducted with sediments
incubated under anaerobic conditions using replicate controls (reservoir bottom waters) or
treatments (excess nutrient and/or organic carbon availability). The results indicated that
these systems are carbon limited. The addition of organic carbon significantly increases
anaerobic methanogenesis by 20-fold over controls. Analysis of sediment samples from
the reservoirs showed that both reservoirs were replete in key macronutrient and trace
metal content for methanogenesis. Finally, a comprehensive catchment monitoring
program of Little Nerang Dam measuring catchment inflow events, lateral transport of
forest litter, and bulk atmospheric deposition showed that catchment inflows and lateral
transport of forest litter were strongly linked to rainfall and accounted for more than 99% of
the total annual load. This suggests the frequency of rainfall events is a critical driver of
organic matter inputs that drive reservoir methane emissions in the humid, sub-tropical
region.

Keywords: catchment loading, lateral litter inputs, atmospheric deposition, methanogenesis drivers, reservoir
sediments

1 INTRODUCTION

Methane is the second most potent greenhouse gas and contributes up to 25% of global warming
(Etminan et al., 2016). Aquatic systems account for up to 50% of global methane emissions
(Rosentreter et al., 2021) with artificial reservoirs recognised as major contributors to this
emissions source (Bastviken et al., 2011; Deemer et al., 2016; Harrison et al., 2021). Reservoir
derived methane emissions have repeatedly been shown to be correlated with eutrophication status,
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with elevated emissions associated with more eutrophic systems
(Deemer et al., 2016; DelSontro et al., 2018; Beaulieu et al., 2019).
Additionally, sediment organic matter can enhance methane
emissions, particularly through the ebullition pathway
(Grinham et al., 2018; Berberich et al., 2019). As such, it is
crucial to understand how eutrophication status and sediment
organic matter in freshwater reservoirs drives methanogenesis to
improve flooded land greenhouse gas emission estimates.

Methane production from anaerobic methanogenesis is
dependent on key macronutrients including carbon for energy
production, nitrogen for protein biosynthesis and phosphorus for
nucleic acid synthesis and co-enzyme production (Takashima
et al., 1990; Hullebusch et al., 2019). In addition, the enzymatic
pathway in methanogenesis is highly metal rich (Zerkle et al.,
2005) and all methanogens require iron, nickel and cobalt (Jarrell
and Kalmokoff, 1988; Wang et al., 2019) with iron involved in
virtually all metalloenzymes (Glass and Orphan, 2012).
Eutrophication will increase nitrogen and phosphorus inputs
to reservoir sediments whereas organic matter loading will
increase carbon availability to reservoir sediments. However, a
key area of uncertainty lies in how these sediment methanogenic
communities respond to these competing drivers and which of
these nutrients is limiting methane production. Reservoir
sediments are highly reducing environments (Brannon et al.,
1985) generally dominated by metal-rich silt or clay particles
(Morris and Fan, 1998; van Rijn, 2012) and there is an extensive
body of literature examining metal cycling in freshwater
sediments (Boudreau, 1999; Ehrlich et al., 2015; Bianchi,
2021). However, there is a second area of uncertainty as there
are few studies that examine the availability of these key trace
metals for microbial uptake in sub-tropical reservoir sediments.

A third area of uncertainty in sub-tropical reservoirs lies in the
loading of key macronutrients (including carbon, nitrogen and
phosphorus) to the sediment zone. These depositional
environments can receive macronutrient loading through
multiple pathways including: catchment inflow events (Burford
et al., 2012; Michalak, 2016); lateral transport of forest litter to
stream networks or reservoir shoreline (Tonin et al., 2017); and
atmospheric deposition directly into the reservoir surface waters
(Tipping et al., 2014; Kanakidou et al., 2016). However, there are
limited studies that have examined the relative contribution of all
three pathways to reservoir macronutrient loading.

To address these three areas of uncertainty the objectives of
this study are as follows: 1) examine the methane potential of
sediments in sub-tropical reservoirs under different nutrient and
organic carbon availabilities; 2) characterise reservoir sediments
in terms of key macronutrient and trace metal availability for
anaerobic methanogenesis; and 3) quantify key macronutrient
loading to reservoirs from multiple pathways across the
annual cycle.

2 MATERIALS AND METHODS

2.1 Description of Study Sites
Lake Wivenhoe and Little Nerang Dam are located in South East
Queensland, Australia and the primary use for both reservoirs is

urban water supply (Figures 1A,B). Lake Wivenhoe is located on
the Brisbane River system and is the largest reservoir in the region
with construction completed in 1985 (Figure 1C). Reservoir
surface area at full supply level (FSL) is 10,750 ha with a
storage capacity of 1.17 × 109 m3. The catchment area is
7,020 km2 and is a relatively degraded catchment with more
than 50% modified from natural condition (Gale, 2016).
Construction of Little Nerang Dam was completed in 1961
and is located on the Nerang River system (Figure 1D).
Reservoir surface area at full supply level (FSL) is 49 ha with a
storage capacity of 6.71 × 106 m3. The catchment area is 35 km2

and is a relatively unmodified catchment with only 17% modified
from natural condition (Gale, 2016). The natural condition of
both catchments was dominated by dry and wet sclerophyll forest
consisting typically of mixed eucalypt, casuarina, and wattle forest
(Hubble et al., 2010; Kemp et al., 2019). Catchment modification
of both reservoirs is primarily for agriculture and is dominated by
grazing land use (QLUMP, 2018) and reservoir water quality in
this region is strongly correlated with their catchment land use
(Burford et al., 2007). The highly modified catchment of Lake
Wivenhoe has resulted in it being characterised as eutrophic
whilst the relatively unmodified catchment of Little Nerang Dam
has resulted in this reservoir being characterised as mesotrophic
(Rigosi et al., 2015).

2.2 Biological Methane Potential of
Reservoir Sediments
To address study objective 1, a series of biological methane
potential (BMP) tests on sediments from the eutrophic
reservoir, Lake Wivenhoe, and the mesotrophic reservoir,
Little Nerang Dam, were conducted:

1) to investigate whether reservoir sediments can act as an
inoculum to initiate methane production;

2) to assess the impact of adding nutrients and organic carbon, in
the form of cellulose, on the sediment methane
generation rate.

Sediments were sampled from four sites in Lake Wivenhoe
(Figure 1C) and three sites in Little Nerang Dam (Figure 1D)
covering riverine (inflow), transition and lacustrine zones in
January and February 2009 (Supplementary Figure S3).
Sediment samples for BMP tests were collected from each
reservoir sampling site using a 250 cm2 Van Veen sediment
grab (K.C Denmark A/S, Silkeborg, Denmark) and transferred
to ziplock bags. As much as possible, air was excluded from the
bags and they were stored on ice for transport back to the
laboratory. Sediments were divided into two subsamples; one
for analysis and another for use as inoculum for biological
methane tests described below. Samples were stored at 4°C for
a maximum of 24 h prior to processing. Sediment samples from
all sites were subjected tomoisture content, volatile solids analysis
and particle size analysis. Total solids and moisture content were
determined gravimetrically after drying to constant weight at
110°C.While volatile solids (VS.) were determined by combusting
the dried samples at 550°C for 2 h (APHA, 2005). Particle size
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distribution was analysed using the laser diffraction method
(Malvern Mastersizer 2000E, Malvern Instruments Ltd., UK)
where samples were sonicated for 1 min prior to analysis to
ensure true particle size was measured (Sperazza et al., 2004).
Percent sand (2 mm–63 μm fraction), silt (63–2 μm fraction) and
clay (<2 μm fraction) were then derived for each sample and
classified following Folk (1974). Sediment characterisation data
from BMP sampling sites is presented in Supplementary
Table S1.

The methane producing potential of the sediments was
measured under ideal conditions according to the method of
Owen et al. (1979). Three treatments were conducted on
sediments from each sample site with a minimum of five
replicates per site. In each replicate treatment 10 g of sediment
was place in a 160 ml Wheaton serum bottle. This served as both
substrate and inoculum for the BMP tests. For the baseline
treatment (Sediments), 100 ml of reservoir bottom water and
0.1 ml of the redox indicator, Rezasurin, were added to the serum

bottle. In the second treatment (Sediments + Nutrients), the
impact of the addition of excess nutrients (including ammonia,
phosphate, cobalt, iron and nickel) was tested by replacing the
lake water with 100 ml of BMP media (Owen et al., 1979). In the
third treatment (Sediments + Nutrients + Cellulose), the impact
of the addition of labile carbon and nutrients was tested by adding
1 g of 50 µm microcrystalline cellulose (Sigma-Aldrich Pty Ltd.,
North Ryde, NSW, Australia) along with 100 ml of BMP media.

Preparation of the BMP nutrient solution is a complex,
multistep process designed to ensure the final solution and
headspace are free from dissolved and gaseous oxygen. Full
details of how to prepare the solution can be found in Owen
et al. (1979). The final solution concentrations used in the
sediment + nutrient and sediment + nutrient + cellulose
treatments are described in Table 1.

All bottles were sealed with butyl rubber stoppers and aluminium
crimp seals after purging with nitrogen gas to create an anaerobic
head space. The bottles were incubated at 38°C. It is acknowledged

FIGURE 1 | Study area relative to (A)Queensland, Australia and (B) South East Queensland showing location of sampling sites on (C) LakeWivenhoe and (D) Little
Nerang Dam.
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that this temperature is significantly higher than ambient
temperatures experienced reservoir bottom waters, however, this
was chosen to assess the maximal rates of methane generation from
the sediments. The vast majority of research using BMP tests comes
from experiments assessing the degradability of organicmaterials for
anaerobic digestion. These tests are generally conducted at
mesophilic temperatures (30–38°C) because this temperature
range is sufficient to support significant microbial activity
(Raposo et al., 2012). Psychrophilic temperatures (<20°C)
generally result in a decrease in microbial activity. While
thermophilic temperatures (45–60°C) may further increase
methane generation rates the improvements are not large enough
to justify their use. The rates of methane generation recorded in the
BMP tests are unlikely to occur at the temperatures observed in the
reservoir bottom waters (14–21°C, Supplementary Figure S3), but
the impact of the addition of carbon and nutrients on the volume of
methane produced is likely to be similar regardless of temperature.

The bottles were sampled weekly for gas volume by connection to
a water filled manometer for a minimum of 7 weeks. At each
sampling event, a 10 ml sample of the head space gas was
collected for analysis of methane content by gas chromatography
(GC). Themethane content of the gas samples (v/v%) was measured
using a Perkin Elmer Autosystem GC as described previously
(APHA, 2005; O’Sullivan et al., 2005).

2.3 Reservoir Sediment Macronutrient and
Trace Metal Content
To address study objective 2, undisturbed sediment cores for
macronutrient and metal content analysis were collected from

each BMP sampling site using a gravity corer (Envco
Environmental Equipment Suppliers, Australia) and acrylic
liners (69 mm inner diameter, 500 mm long). Sediment
porewaters were extracted in the field directly from the cores
using 0.2 μm sippers (Rhizon CSS samplers, Rhizosphere
Research Products B.V., Netherlands) positioned laterally
through pre-drilled holes into the acrylic liner. Porewaters
were passively drawn out of the sediments using evacuated
12 ml exetainers (Lab Co., Ceredigion, UK) with samples then
stored on ice for transport to the laboratory. Porewater samples
were analysed for macronutrient and trace metal content and
were assumed to represent the dissolved fraction. Sediment
samples for the total fraction were manually collected directly
into sterile 250 ml glass jars from the upper 10 cm of each
sediment core. Samples were placed on ice in the dark for
transport to the laboratory. Analysis of key macronutrient
(TOC, TN and TP) and metal content was undertaken at the
National Association of Testing Authorities (NATA) accredited
laboratory, Environmental Analysis Laboratory (EAL), Southern
Cross University, Lismore, Australia and followed the
methodology of Rayment and Lyons (2010). Sediment TOC
and TN analysis was undertaken using a CNS-2000
Combustion Analyzer (LECO Corporation, United States) and
TP and metal content (Method APHA 3125; APHA, 2005) was
analysed by inductively coupled plasma mass spectrometry (ICP-
MS). Porewater dissolved organic carbon (DOC) was analysed
using a LECO CNS-2000 Combustion Analyzer (Method APHA
5310-B; APHA, 2005), ammonia and phosphate were analysed
using flow-injection analysis (FIA) colorimetry (Lachat
QuikChem 8,000) (Method APHA 4500; APHA, 2005) and
trace metals were analysed using ICP-MS (Method APHA
3125; APHA, 2005).

2.4 Macronutrient Loading to Little
Nerang Dam
To address study objective 3, a series of field campaigns were
undertaken to monitor each of the reservoir loading pathways as
previously described in the Introduction section. Macronutrient
loading due to lateral transport of forest litter and from bulk
atmospheric deposition were both monitored over the 2010
annual cycle. Loading due catchment inflows was monitored
over a 5 year period from 2009 to 2013 (Supplementary
Figure S6). It should be noted that sampling events for the
lateral transport, catchment inflow and atmospheric deposition
were somewhat infrequent and therefore these data are subject to
considerable uncertainty, both spatially and temporally. They do,
however, provide an estimate of the magnitude of the different
input pathways relative to each other. Detailed methodology for
each pathway is provided in the sections below.

2.4.1 Macronutrient Loading due to Lateral Transport
of Forest Litter
Lateral transport of forest litter (expressed as g m−1 shoreline d−1

rather than lateral transport velocity) was monitored at a single
site located on the western shoreline of Little Nerang Dam
approximately 2 m above reservoir full supply level

TABLE 1 | Nutrient concentration in biological methane potential (BMP) test
solution prepared according to Owen et al. (1979).

Assay Reagent Final Solution Concentration
(g/L)

Resazurin 0.001
(NH4)2HPO4 0.08
CaCl2.2H2O 0.25
NH4CI 0.40
MgCI2.6H2O 1.80
KCI 1.30
MnCI2.4H2O 0.02
CoCl2.6H2O 0.03
H3BO3 0.006
CuCI2.2H2O 0.003
Na2MoO4.2H2O 0.003
ZnCI2 0.002
FeCI2.4H2O 0.37
Na2S.9H2O 0.5
Biotin 0.00002
Folic acid 0.00002
Pyridoxine hydrochloride 0.0001
Riboflavin 0.00005
Thiamin 0.00005
Nicotinic acid 0.00005
Pantothenic acid 0.00005
B12 0.000001
p-aminobenzoic acid 0.00005
Thioctic acid 0.00005
NaHCO3 4.67
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(Figure 1D). Lateral traps were constructed from stainless wire
frames (250 by 250 mm) with a nylon mesh (10 mm pore size)
bag on the downhill side. Traps were deployed parallel to the
shoreline and spaced approximately 5 m apart. Each trap sampled
a ground length of 0.25 m and samples were collected at
approximately monthly intervals. Trap contents were
transferred to sealed bags, transported to the laboratory and
then dried to a constant weight at 60°C. Dry weights (g) were
normalised to the ground sampling length (m) and deployment
time (d) with rates expressed as (g m−1 d−1). In addition, litter
samples from February, March and October were analysed for
key macronutrient (TOC, TN and TP) and metal content using at
the NATA accredited EAL, Southern Cross University, Lismore,
Australia. TOC and TN analysis was undertaken using a CNS-
2000 Combustion Analyzer (LECO Corporation, United States)
following In-house method S4a (NATA, 2021). TP and metal
content was analysed by inductively coupled plasma optical
emission spectrometry (ICP-OES) following Method APHA
3125 (APHA, 2005).

Additional details of the catchment are provided in
Supplementary Material. To further understand forest litter
transport, a permanent transect was established in western
catchment area of Little Nerang Dam starting immediately
upslope of the lateral transport monitoring site. Three
additional monitoring sites were located along an altitudinal
gradient (400 m—high; 300 m—mid; and 200 m—low) as
shown in Supplementary Figure S2. At each site vegetation
surveys, vertical forest litter fall rates monitoring and soil
characterisation were undertaken with detailed methodology
described in Supplementary Material Sections S1.2 to S1.4
and findings presented in Supplementary Material Sections
S2.2 to S2.4 and S2.6.

2.4.2Macronutrient Loading due to Catchment Inflows
The study region is in the humid sub-tropics where the majority
of rainfall occurs during summer months (December to

February) and more than 50% of the total annual rainfall
occurs through heavy rainfall days (Supplementary Figure S1)
due to localised storm activity or major rainfall events such as east
coast lows (Dowdy et al., 2013). In addition, daily rainfall totals in
excess of 100 mm are observed several times across the annual
cycle in the Little Nerang Dam catchment (Supplementary
Figure S1). These major rainfall events, in combination with
the steep catchment (Supplementary Figure S2), results in high
energy inflows to the reservoir capable of transporting large
quantities of dissolved and particulate matter. Access to
reservoir inflow points during high flows is limited by health
and safety risks and, therefore, only a single inflow was sampled
during the 2010 monitoring period. However, five additional
event sampling campaigns were undertaken over a 5 year period
from 2009 to 2013 (Supplementary Figure S6). For each
campaign, sampling was undertaken on the reservoir as close
as possible to catchment inflow points. Samples were collected
approximately 30 cm below the water surface using MilliQ water
washed high density polyethylene (HDPE) sample containers
following state sampling guidelines (DES, 2018). Sub-surface
sampling minimised the likelihood of sampling large
(<10 mm) particulate organic matter from lateral litter
transport in the upper catchment regions. Samples were
placed on ice for transport to the laboratory and
macronutrient analyses were conducted by the NATA
accredited EAL, Southern Cross University, Lismore, Australia.
TOC was analysed using a CNS-2000 Combustion Analyzer
(Method APHA 5310-B; APHA, 2005) and TN and TP were
analysed using flow-injection analysis (FIA) colorimetry (In-
house method W4; NATA, 2021).

2.4.3 Bulk Atmospheric Deposition Rates of
Macronutrients
Bulk deposition of the macronutrients TOC, TN and TP was
monitored at a single site located in a forest clearing near the wall
of Little Nerang Dam following the methodology detailed in
Huston et al. (2009). Samplers were constructed of polyvinyl
chloride (PVC) funnels (110 mm diameter, surface area =
0.0095 m2) inserted into a 2 L HDPE plastic bottle wrapped in
aluminium foil to exclude light. Funnels and bottles were washed
using Milli-Q water prior to deployment. Samplers were housed
in PVC pipes (90 mm diameter, 300 mm length), mounted 2 m
above the ground level and a minimum of 50 m from surround
forest. Three replicate samples were collected on a weekly to
monthly frequency over a 10 month period (Feb–December
2010). Field and rinsate blanks were used for quality control
(DES, 2018). Sealed sample bottles with 100 ml Milli-Q water
were deployed alongside field samplers for each deployment. In
addition, a new sampler was processed alongside the deployed
samplers during field collection. All samples were placed on ice
for transport directly to the laboratory with all macronutrient
analyses conducted by the NATA accredited Queensland Health,
Forensic and Scientific Services (QHFSS), Brisbane, Australia.
TOC was analysed using a Shimadzu TOC-L carbon analyser and
TN and TP were analysed using flow-injection analysis (FIA)
colorimetry (APHA, 2005). Bulk atmospheric deposition rates of
individual macronutrients (mg m−2 d−1) were calculated using

FIGURE 2 | Biological methane potential of sediments from Little
Nerang Dam and Lake Wivenhoe when incubated in reservoir bottom waters
(Sediment), BMP media (Sediment + Nutrients) or BMP media supplemented
with the organic carbon, cellulose (Sediment + Nutrients + Cellulose).
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the mass of TOC, TN or TP (mg) deposited over the deployment
time (d) and normalised to the funnel surface area (m2).

2.4.4 Annual Scaling of Macronutrient Loading Rates
Annual loading rates of total organic carbon, total nitrogen and
total phosphorus were estimated for three loading pathways:
catchment inflow, later litterfall transport and atmospheric
deposition using the following approaches:

Annual catchment inflow loading was calculated using the
2010 inflows (Figure 4A) and the median concentration of TOC,
TN and TP from event monitoring campaigns (Figure 5).
Loading was expressed as tonnes per year (t y−1) and the
uncertainty range was generated using the interquartile range
in inflow macronutrient concentrations (Figure 5).

Annual loading due to lateral transport of leaf litter was
calculated from the median transport rates (Figure 4B) and
the forest litter macronutrient content (Table 3) to generate
annual transport rates of TOC, TN and TP per metre. These
per metre rates were then scaled to the catchment by the
combined lengths of the reservoir shoreline and the higher
order stream network (34.2 km total). Loading was expressed
as tonnes per year (t y−1) and the uncertainty range was generated
using the interquartile range in lateral transport rate (Figure 4B)
and the upper and lower litter macronutrient content (Table 3).

Annual loading due to atmospheric deposition was calculated
using the annual median bulk deposition rates of TOC, TN and
TP (Figure 6) and the annual average reservoir surface area for
2010. Loading was expressed as tonnes per year (t y−1) and the
uncertainty range was generated using the interquartile range in
macronutrient bulk deposition rate (Figure 6).

As noted above, these estimates are based on data collected at
discrete sampling points spread out in both time and space. They are
not intended to provide a precise nutrient budget of the reservoirs.
Rather, they have been conducted to provide an estimate of the
difference in magnitude between the three different input pathways.

2.5 Statistical Analysis
Statistical analyses of sediment BMP tests and forest litter lateral
transport rates using factorial or one-way analysis of variances
(ANOVAs) were performed using the software program Statistica
13 (Dell Inc., 2016). Raw sediment BMP normalised methane
production rate data was first classified into individual reservoirs
(Little Nerang Dam; Lake Wivenhoe) and treatment (sediment;
sediment and nutrients; sediment, sediment, nutrients and
cellulose) and these categories were used as the categorical
predictors with sediment BMP normalised gas production
rates as the continuous variable. A factorial ANOVA was used
to examine differences between reservoirs and/or treatment,
however, no significant interaction was found between
sediment BMP tests at the reservoir level (F(1, 128) = 1.27, p =
0.261) and differences were examined at the treatment level. In
addition, no significant interaction was observed between sites
within each reservoir for individual treatments with the exception
of the nutrient treatments in Little Nerang Dam and a one-way
ANOVA was used to examine site differences. To examine the
effect of precipitation on forest litter lateral transport rates, raw
data was first pooled into two categories (runoff or no runoff)
depending if catchment runoff occurred in the deployment
period. A one-way ANOVA was used to examine differences
in forest litter lateral transport rates and these categories were
used as the categorical predictors. Post hoc tests were performed
using Fisher’s least significant difference (LSD) test (Zar, 1984).
The non-parametric Kruskal–Wallis (KW) test was used as the
continuous data failed to satisfy the assumptions of normality or
homogeneity of variance even after transformation.

3 RESULTS

3.1 Biological Methane Potential of
Reservoir Sediments
Reservoir sediments incubated with both organic carbon and
nutrient rich media had significant higher methane generation
rates (F(2, 128) = 100.50, p < 0.001) compared with sediment
incubated in bottom water and only nutrient rich media
(Figure 2). The median methane generation rate from sediments
incubated with organic carbon was 6.2 (IQR: 3.5–9.5) ml g VS−1 d−1

(mL of methane produced per Gram of volatile solids added to the
incubation per day, where volatile solids represents the degradable
organic material and is measured by combustion at 550°C) with a
maximum rate of 25.8 ml g VS−1 d−1. Median methane generation
rates from sediments incubated without organic carbon were an
order of magnitude lower (Figure 2). The median methane
generation rate from sediments incubated in bottom waters was
0.29 (IQR: 0.02–0.71) ml g VS−1 d−1 with a maximum rate of
1.7 ml g VS−1 d−1. The median methane generation rate from
sediments incubated in nutrient media only was 0.52 (IQR:

FIGURE 3 | Biological methane potential (mL g VS-1 d-1, mL of methane
produced per gram of volatile solids added to the incubation per day, where
volatile solids represents the degradable organic material and is measured by
combustion at 550°C) of sediments from three sampling sites in Little
Nerang Dam when incubated with nutrient media. Site locations are shown in
Figure 1D.
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0.28–1.01) ml g VS−1 d−1 with a maximum rate of 5.1 ml g VS−1 d−1.
Whilst the addition of nutrient rich media led to a small increase in
themethane generation compared to sediments incubated in bottom
waters, however, this increase is not statistically significant
(Figure 2).

The high level of variability in methane generation rates observed
in sediments from Little Nerang Dam under the nutrients treatment
(Figure 3) is primarily due to different responses from the sediments
from the headwaters of the dam (Site 3 Figure 1D). The addition of
nutrients to sediments from the two sites closer to the dam wall (Site
1 and 2 Figure 1D) had little impact on methane generation whilst
the addition of nutrients to the sediments from the headwaters led to
a significant, order of magnitude, increase (F(2, 15) = 10.90, p < 0.005)
in the methane generation rate (Figure 3).

3.2 Reservoir Sediment Macronutrient and
Trace Metal Content
Total and dissolved fractions of key macronutrients and trace
metals were detected in all reservoir sediments sampled
(Table 2). Macronutrients and trace metals in the total
sediment fraction were similar for all parameters between
Lake Wivenhoe and Little Nerang Dam with the exception of
organic carbon and carbon to nitrogen ratio (C:N). Average
organic carbon content and C:N were one order of magnitude
lower in Lake Wivenhoe compared to Little Nerang Dam
(Table 2). Dissolved fractions of sediment macronutrients
and trace metals were similar across all parameters between
the reservoirs and average ammonia and iron concentrations
exceeded 39 and 20 mg L−1, respectively (Table 2).

3.3 Macronutrient Loading to Little
Nerang Dam
Monitoring of forest litter lateral transport rates over the annual
cycle included five separate inflows events closely associated
with major catchment rainfall (Figure 4A). Elevated rates of
lateral transport were observed following each catchment runoff
event with the exception of the May event (Figure 4B).
Significantly higher rates (KW H(1,32) = 14.7, p < 0.001) of
forest litter lateral transport were observed following runoff
events as opposed to no runoff events (Supplementary Figure
S10) where median lateral transport rates (4.7 g m−1 d−1)
following catchment runoff were over one order of
magnitude higher than rates where no runoff occurred
(0.4 g m−1 d−1). It is assumed the lateral transport rates
observed at the shoreline site are representative of the
catchment given the relatively constant hillslope
(Supplementary Figure S7) and similar rates of vertical
forest litterfall across the altitudinal gradient (Supplementary
Figure S8).

Analysis of forest litter macronutrient content indicated this
to be a major source of organic carbon to reservoir sediments.
Total organic carbon content were two to three orders of
magnitude higher than total nitrogen and total phosphorus,
respectively (Table 3). Average nitrogen content was 0.8%,
phosphorus was 0.04% and organic carbon was over 50%.
The elevated carbon contents and high carbon to nitrogen
ratios suggest that this material is relatively degradable. In
addition, forest litter was found to contain detectable
quantities of the key trace metals, with iron content two

TABLE 2 | Total and dissolved fractions of selected key sediment macronutrient and trace metals from Lake Wivenhoe and Little Nerang Dam.

Reservoir Fraction Parameter Unit Average Upper Lower

Lake Wivenhoe Total Organic carbon % 3.4 3.9 3.0
Nitrogen % 0.341 0.405 0.308
C:N 9.97 9.63 9.74
Phosphorus mg kg−1 1,044.0 1,132.5 983.9
Cobalt mg kg−1 21.0 21.8 20.7
Iron mg kg−1 47,736 50,056 44,414
Nickel mg kg−1 24.6 26.5 23.5

Dissolved Organic carbon mg L−1 72.9 85.8 62.2
Ammonia mg L−1 39.2 44.3 36.7
Phosphate mg L−1 0.078 0.097 0.068
Cobalt mg L−1 0.013 0.020 0.010
Iron mg L−1 20.7 23.0 18.2
Nickel mg L−1 0.010 0.013 0.006

Little Nerang Total Organic carbon % 12.67 25.5 3.38
Nitrogen % 0.257 0.306 0.195
C:N 49.30 83.33 17.33
Phosphorus mg kg−1 711.1 909.1 602.9
Cobalt mg kg−1 18.1 19.1 16.6
Iron mg kg−1 35,565 36,721 34,895
Nickel mg kg−1 18.8 19.0 18.5

Dissolved Organic carbon mg L−1 63.6 71.3 52.3
Ammonia mg L−1 51.6 54.1 48.5
Phosphate mg L−1 0.068 0.082 0.061
Cobalt mg L−1 0.009 0.014 0.006
Iron mg L−1 22.1 35.2 13.9
Nickel mg L−1 0.010 0.014 0.008
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orders of magnitude higher than and cobalt (Table 3). Forest
litter collected in lateral traps consisted almost exclusively of
eucalypt leaves and eucalypts were the dominant canopy trees at
all sites surveyed (Supplementary Table S4).

Monitoring of catchment inflow events over six separate
inflows events across a 5 year monitoring period revealed a
consistent pattern with total phosphorus concentrations and
order of magnitude lower than total nitrogen and two orders of
magnitude below total organic carbon concentrations
(Figure 5). Median TP, TN and TOC concentrations of
inflows were 0.180 (IQR: 0.110–0.200), 0.995 (IQR:
0.787–1.135) and 10.5 (IQR: 9.0–11.3) mg L−1, respectively
(Figure 5).

Bulk atmospheric deposition rates of macronutrients across
the annual cycle revealed a consistent pattern with TP rates an
order of magnitude lower than TN and TOC rates (Figure 6).
Median daily rates of TP, TN and TOC bulk deposition were
0.152 (IQR: 0.073–0.240), 1.658 (IQR: 1.082–2.093) and 4.296
(IQR: 3.183–5.650) mg m−2 d−1, respectively (Figure 6).

Annual scaling of macronutrient loading to Little Nerang Dam
across all three pathways was dominated by catchment inflows
followingmajor rainfall events. These inflows accounted for 57% of
TOC annual loading, 88% of TN annual loading and 96% of TP
annual loading (Table 4). Lateral litter transport accounted for 42%
of TOC annual loading, 11% of TN annual loading and 3% of TP
annual loading (Table 4). Atmospheric deposition was a relatively
minor pathway and accounted for less than 1% of TOC, TN, and
TP annual loading (Table 4). Estimated annual loading for TOC
was highly variable with the interquartile range almost three times
the median rate whereas the interquartile range was less than the
median rate for both TN and TP (Table 4).

4 DISCUSSION

Understanding how sediment methanogenic communities
respond to nutrient and organic carbon loading is essential to
refine global methane budgets and manage emissions from

FIGURE 4 | (A) Cumulative rainfall (black line) and catchment inflow (grey line); and (B) forest litter lateral transport rate per unit shoreline (g m-1 shoreline d-1) from
Little Nerang Dam across the 2010 annual cycle.

TABLE 3 | Forest litter macronutrient and mineral content from thee sampling
events during lateral transport monitoring at Little Nerang Dam.

Parameter Units Average Upper Lower

Carbon % 52.5 52.9 52.1
Nitrogen % 0.83 0.96 0.67
C:N 63.25 55.10 77.76
Phosphorus % 0.04 0.05 0.03
Cobalt mg kg−1 0.6 1 0.2
Iron mg kg−1 201 343 130
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flooded lands. This study demonstrated that all reservoir
sediments tested contain native, hydrolytic, acidogenic and
methanogenic microbial communities capable of degrading
the organic carbon present in the sediments and generating
methane. In addition, the laboratory tests demonstrated
organic carbon is a key limiting macronutrient to
methanogenic communities in the sediments of both the
eutrophic and mesotrophic reservoirs. In all cases, adding a
readily degradable form of organic carbon led to a significant
increase in methane generation, directly supporting the
findings of Grasset et al. (2018) who demonstrated the
addition of fresh organic carbon greatly stimulated methane
production in freshwater anoxic sediments. Given all reservoir
sediments sampled in this study were replete in key
macronutrient and trace metal content for methanogenesis
(Table 2), organic carbon loading to the sediment zone will,
therefore, likely stimulate in situ methanogenic communities.
This is supported by Boon and Mitchell (1995) who
demonstrated a 400%–500% increase in methanogenesis
rates when freshwater sediments from southeast Australia were
incubated with eucalypt leaves under ambient temperatures.
Together, these findings suggest organic carbon loading is an
important driver of anaerobic methanogenesis in mesotrophic
and eutrophic sub-tropical reservoirs. This has been
demonstrated in temperate freshwater lakes, impoundments,
reservoirs and coastal sediments (Kelly and Chynoweth, 1981;
Maeck et al., 2013; Tittel et al., 2019; Jilbert et al., 2021).

The significant response in BMP tests between sites observed
in the nutrient treatment from Little Nerang Dam is a key finding.
Sediments from sites further from the dam wall had elevated
volatile solids contents (Supplementary Table S1) and displayed

increased methane generation rate upon addition of nutrient
solution without cellulose addition (Figures 2, 3). Similar spatial
heterogeneity in methane ebullition has been reported by
DelSontro et al. (2011) in tropical reservoir, Lake Kariba.

This is likely due to the proximity of these sediments to
catchment inflow points which are rich in organic carbon in
the form of forest litter (Supplementary Table S1). These
sediments are, therefore, more nutrient limited (and less
carbon limited) than the sediments closer to the dam wall
which contain lower organic matter content and are,
potentially, carbon limited (Supplementary Table S1). This
nutrient limitation in sediments adjacent catchment inflows has
important implications for reservoir emissions as these are major
ebullition zones (Grinham et al., 2018) accounting for over 90% of
total reservoir emissions (Grinham et al., 2011). Any increase in
reservoir nutrient loading, in areas where organic carbon is not
limiting, would likely stimulate in situ sediment methanogenesis as
well as total reservoir emissions. This provides one potential
mechanism as to how eutrophication will exacerbate inland water
methane emissions and supports the findings of regional and global
correlation studies (Bastviken et al., 2004; Deemer et al., 2016;
DelSontro et al., 2016; West et al., 2016; Beaulieu et al., 2019).
An additional observation in terms of macronutrient limitation lies
in the ratio of available nitrogen (ammonia) to phosphorus
(phosphate) observed in the reservoir sediment porewaters. The
N:P ratio ranged from 503 in LakeWivenhoe to 759 in Little Nerang
Dam (Table 2) and is one to two orders ofmagnitude higher thanN:
P ratio from cellular elemental stoichiometry for methanogens
which ranges between 5 and 19 (Takashima et al., 1990). This
suggests relative phosphorus limitation occurs in sediment
porewaters and is a potential contributing factor to the strong
relationship found between TP and methane emissions globally
(Deemer et al., 2016; DelSontro et al., 2016; Beaulieu et al., 2019).

Scaling of annual macronutrient loading to Little Nerang Dam
highlighted the importance of lateral transport of forest litter as
an organic carbon loading pathway contributing almost 50% of

FIGURE 5 | Macronutrient (TP, TN and TOC) concentration of
catchment inflow waters to Little Nerang Dam over a 5 year monitoring period
from 2009 to 2013.

FIGURE 6 | Average daily bulk atmospheric deposition of
macronutrients (TP, TN and TOC) to Little Nerang Dam over a 10 month
monitoring period from Febuary to December 2010.
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the total annual load (Table 4). The high carbon content and C:N
ratio of the organic material entering Little Nerang Dam via
lateral transport suggests that this material is relatively fresh and
highly degradable. Therefore, this loading pathway of organic
carbon to reservoirs is an important consideration to improve
understanding of reservoir methane generation and emissions
(Tittel et al., 2019). The significantly higher forest litter lateral
transport rates observed following runoff events supports the
finding that precipitation is the major control of plant litter
dynamics in tropical biomes (Tonin et al., 2017). From the
data collected in this study it is not possible to comment on
whether methane emission event corresponded with rainfall
events because there was no coordinated schedule of methane
sampling following rainfall events. It is highly likely that there will
be a delay between organic matter deposition due to rainfall
events and methane emission events. Organic matter inflows can
be expected to be highly sporadic and coincide with high rainfall
events, but the microbial processing of organic matter that is
deposited in bottom waters and sediments involves several steps
(solubilisation, acidification and methanogenesis) which are
influenced by factors other than rainfall inflows. The
degradation of highly lignified material is likely to be slow,
particularly under anaerobic conditions, and therefore
methane emissions are likely to occur over longer timescales
and may not be correlated with inflow events (Xu et al., 2019).

Bulk atmospheric deposition was a minor macronutrient
loading pathway to Little Nerang Dam reservoir (Table 4).
This is supported by Adams et al. (2014) who found
atmospheric deposition to be an insignificant loading pathway
in a southeast Australian agricultural catchment. However, the
ubiquitous nature of atmospheric deposition across the
catchment will likely increase productivity of the forest and
contribute to reservoir loading via litterfall. The contribution
of atmospheric deposition to productivity has been observed in
the tropical forests of French Guinea (van Langenhove et al.,
2020). Catchment inflow was the major loading pathway to Little
Nerang Dam for all macronutrients monitored (Table 4). The
importance of this pathway for loading of organic carbon,
nitrogen and phosphorus to stream networks and reservoirs is
well established (Burford et al., 2007; O’Brien et al., 2016; Johnson
et al., 2018). Catchment inflows and later transport of forest littler

accounted for more than 99% of the total TOC, TN and TP
annual load to Little Nerang Dam (Table 4). It is, therefore,
important that future evaluations of macronutrient loading to
reservoirs, particularly in the sub-tropics and tropical regions,
consider both loading pathways in their assessments. This is of
critical importance given the projected increase in global
reservoirs (Günther et al., 2015), with over 3,700 future
hydropower dams either planned or under construction (Zarfl
et al., 2015), and the increase in rainfall driven eutrophication
over the 21st century (Sinha et al., 2017).

In conclusion, this study demonstrated the importance of
understanding the complex interplay between eutrophication
and organic carbon loading in driving methane emissions from
reservoir sediments. All sediments tested from these sub-tropical
reservoirs were capable of methanogenesis and this was primarily
limited by organic carbon. In sediments with elevated organic
carbon content, nutrient limitation was observed, and this provides
a potential mechanism for past studies that have demonstrated
strong, positive relationships between eutrophication and methane
emissions. Sediments from mesotrophic and eutrophic reservoirs
were replete in key macronutrients (TOC, TN and TP) and trace
metals (Fe, Ni and Co.) required for anaerobic methanogenesis.
Finally, annual loading of macronutrients to the Little Nerang Dam
reservoir was dominated by catchment inflows and lateral
transport of forest litter. Based on these findings we suggest
methane emission modelling and importantly mitigation from
flooded lands takes into account the role of organic carbon as a
driver of emissions alongside eutrophication.
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