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Abstract
1. There is still considerable debate as to whether the allochthonous (terrestrial) dis-

solved organic matter (DOM) mobilised during large flow events plays an impor-
tant role in supporting secondary production in riverine food webs. Understanding 
how food webs respond to large pulses of terrestrial DOM (tDOM) is important for 
conceptualising the relative importance of energy sources supporting food webs.

2. A mesocosm experiment (1,000 L) using three concentrations of leachate (1, 4, 
8 mg C/L and a control) made from floodplain DOM was run for 34 days in a dam 
filled with water from Gunbower Creek in Northern Victoria, Australia. Nutrients, 
phytoplankton, zooplankton and stable isotope (δ13C signatures) data were col-
lected to examine how floodplain nutrients affected growth and community 
structure within the lower food web typical of an Australian lowland river.

3. All leachate additions led to very high concentrations of zooplankton and mixo-
trophic algae compared to the control. Mixotrophs dominated the algal biovolume 
of all leachate additions until Day (D)20 and appeared to drive changes in δ13C 
signatures of particulate organic matter (POM) which were significantly related to 
changes in zooplankton δ13C signatures. tDOM additions did not significantly sup-
press obligate autotroph growth which also appeared important as a food source, 
as reflected in the δ13C signatures of zooplankton and POM after D10.

4. These results show the ability of phytoplankton and zooplankton communities in 
lowland rivers to respond quickly to changes in resource availability and quality. 
Mixotrophs appeared to provide an important trophic link between allochthonous 
carbon and primary consumers, and increased complimentarily to autotrophic 
production. This resulted in large net increases to phytoplankton biovolume and 
potentially played a significant role in driving changes in zooplankton growth.

5. We suggest that allochthonous DOM may be highly bioavailable and support 
production through several different trophic pathways, offering a large boost to 
production via both autotrophy and heterotrophy. Furthermore, we contend that 
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1  |  INTRODUC TION

Energy in lowland riverine food webs can be conceptualised as 
originating from two primary sources: within system photosynthe-
sis, primarily from phytoplankton (autochthonous production), and 
external terrestrial organic matter (allochthonous production). The 
majority of allochthonous organic matter is delivered to lowland riv-
ers during flood events as increased hydrological connectivity with 
floodplain environments mobilises large amounts of terrestrial dis-
solved organic matter (tDOM; Westhorpe & Mitrovic, 2012). These 
allochthonous energy pulses have been hypothesised as important 
resource subsidies which sustain riverine food webs and the produc-
tivity of aquatic ecosystems (Burford et al., 2008; Junk et al., 1989). 
However, there is considerable debate as to whether allochthonous 
DOM supports secondary production, especially at higher trophic 
levels in freshwater food webs (Brett et al., 2012; Cole et al., 2011; 
Thorp & Delong, 2002). Much of the debate to date has focused on 
resource quality, whereby allochthonous organic matter is consid-
ered to be of a lower quality than autochthonous organic matter, as 
a result of its higher recalcitrance and lower fatty acid content (Brett 
et al., 2009). Furthermore, for tDOM to support higher trophic lev-
els several extra links in the food chain are required to reach higher 
trophic levels (owing to uptake via the microbial loop), reducing its 
carbon transfer efficiency compared to the autochthonous energy 
pathway (Brett et al., 2009; Sommer et al., 2002).

Despite the prevailing view that tDOM is a poor- quality carbon 
source, the quality of allochthonous DOM is variable (Berggren, 
Laudon, et al., 2010; Berggren, Ström, et al., 2010) with environ-
mental conditions such as rainfall events and periods since terres-
trial wetting greatly affecting the bioavailability of allochthonous 
organic matter (Baldwin et al., 2016). Local conditions such as ripar-
ian vegetation cover, stream width, location within catchment and 
state of the flow regime also affect tDOM quality and subsidy po-
tential (Bunn et al., 2003). This heterogeneous composition of tDOM 
leads to a portion that is immediately bioavailable (Baldwin, 1999; 
Hitchcock & Mitrovic, 2013), and other more recalcitrant portions 
that may be more slowly degraded and assimilated over a period of 
months (Gawne et al., 2007). The two portions may both play im-
portant roles in supporting food webs because an initial pulse of 
microbial production during flood events followed by a slow release 
has been hypothesised to maintain food- web stability during varia-
tions in primary productivity (Wetzel, 1995). Furthermore, the high 
volume of tDOM mobilised during flood events may mean that de-
spite low transfer efficiencies, there may still be significant subsidies 
to higher trophic levels (Pace et al., 2004; Tanentzap et al., 2017). 

Ultimately, the impact of allochthonous subsidies on riverine food 
webs is likely to be highly dependent on the quality and quantity 
of tDOM, coupled with the local environmental conditions during 
flow events, making the potential for tDOM subsidies to be highly 
variable between ecosystems (Marcarelli et al., 2011).

Thorp and Delong (1994) suggested in their Riverine Productivity 
model, that energy mobilised by phytoplankton through photosyn-
thesis and direct input of riparian carbon forms the base of lotic food 
webs. However, during flood events in floodplain rivers, when tDOM 
concentrations are high, bacterial production may become dominant 
as it is decoupled from autochthonous production whereas phyto-
plankton growth is simultaneously suppressed by low light availabil-
ity (Carney et al., 2016; Drakare et al., 2002; Jansson et al., 2007). 
This potential dominance by bacterioplankton (Jansson et al., 2000) 
also can lead to a consequent reduction in the stoichiometric quality 
of autotrophs as a result of nutrient limitation, leading to reductions 
in food quality for metazoan consumers (Danger et al., 2007).

Emerging evidence suggests that mixotrophic microalgae may 
be able to obtain energy through both photosynthesis and phago-
trophic consumption of bacteria, and efficiently link allochthonous 
DOM to higher consumers (Flynn et al., 2013; Hansson et al., 2019). 
Mixotrophy may be advantageous during or following flood events 
when bacterial abundance may be high and light levels are reduced 
owing to coloured DOM and suspended sediments (Kamjunke 
et al., 2007). Further, mixotrophs are considered an ideal food 
source for zooplankton as a result of their nutrient stoichiometry 
being closer to that required by zooplankton (Hansson et al., 2019; 
Katechakis et al., 2005). Thus, mixotrophic microalgae may provide 
an alternate pathway through which allochthonous carbon can sup-
port higher trophic levels (Flynn et al., 2013).

Zooplankton are the main consumers of planktonic organisms 
in freshwater food webs, making them a crucial link between the 
lower food web and higher consumers (Kobayashi et al., 1998). The 
level of allochthonous support of zooplankton may vary signifi-
cantly with different feeding behaviours (Berggren et al., 2014). 
Experimental evidence has found that Daphnia sp. were unable 
to survive on bacteria- fed tDOM alone and required phyto-
plankton for basic survival and reproduction (Brett et al., 2009). 
However, subsequent studies have shown that bacteria can sup-
plement up to 50% of the phytoplankton diet with no adverse ef-
fects (McMeans et al., 2015; Wenzel et al., 2012). Furthermore, 
Degerman et al. (2018) found that additions of glucose lowered 
food- web efficiency but still resulted in a net increase in zooplank-
ton production. Mesocosm studies using tDOM additions, in the 
form of leachates, have reported increased rotifer and copepod 

mixotrophy may be an important pathway for allochthonous organic matter to 
enter riverine food webs and support secondary production.
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production in the Namoi and Bega Rivers, Australia (Hitchcock 
et al., 2016; Mitrovic et al., 2014). Hitchcock et al. (2016) fur-
ther found calanoid δ13C signatures were more similar to those 
of the leachate treatments as leachate concentration increased, 
indicating that these zooplankton were assimilating the added 
allochthonous carbon. Field data using δ13C stable isotopes also 
has indicated potentially high allochthonous carbon use in higher 
trophic levels, with some zooplankton using up to 50% (Pace 
et al., 2004) of carbon from allochthonous sources and fish up to 
20% (Jones et al., 2018). These studies highlight the variable and 
potentially significant role of allochthonous carbon processing by 
bacteria in supporting metazoan freshwater food webs.

This study aimed to better understand how inputs of allochtho-
nous DOM influence the structure and production of planktonic 
aquatic food webs. We used mesocosms, similar to those of previ-
ous studies (Faithfull et al., 2012; Hitchcock et al., 2016; Karlsson 
et al., 2007; Mitrovic et al., 2014), to experimentally manipulate a 
riverine food web with tDOM leachate additions. To understand the 
role of tDOM on riverine food webs we tested three hypotheses:

1. Pulses of allochthonous DOM would increase zooplankton 
production relative to the concentration of the DOM added, 
with higher concentrations supporting more production.

2. That the δ13C values of zooplankton would be closer to the lea-
chate δ13C values than the control, reflecting tDOM assimilation 
by the end of the experiment.

3. Autochthonous production would be reduced by pulses of tDOM, 
such that mixotrophs would dominate the algal community.

2  |  METHODS

2.1  |  Study site

Gunbower Creek (35°47′45.4″S, 144°13′16.0″ E) is a major tributary 
of the Murray River in South- Eastern Australia. Floodplain inunda-
tion, resulting in large pulses of allochthonous organic matter, is 
relatively common on Gunbower Creek during and after large flow 
events (Nielsen et al., 2016). River redgums (Eucalyptus camaldulen-
sis) are the most common species in the riparian vegetation in the 
area which is typical of floodplains on Australian lowland rivers 
(Westhorpe & Mitrovic, 2012).

2.2  |  Mesocosms and leachate addition

The mesocosm experiment was performed in a specialised PVC- 
lined dam (2.5 m deep, 10 m wide, 50 m long) located next to the 
Gunbower Creek. The dam was filled with the creek water using ir-
rigation pumps 5 days before the experiment and topped up again 
the day before filling the mesocosms. Pumps installed at either end 
of the dam circulated water and prevented stratification throughout 
the waterbody during the experiment.

The mesocosms were built using bulk bags (90 cm ×90 cm wide, 
160 cm deep) with a waterproof PVC liner. Mesocosms were secured 
into three groups of four, representing the three treatments and 
control in triplicate. Each group of mesocosm bags was held together 
using a reinforced PVC pipe framework 200 cm × 200 cm × 200 cm 
with the mesocosm bags held firmly inside this framework using 
rope, similar to system of Hitchcock et al. (2016). Each frame was 
submerged until only the top 30 cm of each mesocosm bag was 
above water and held in the water column using floats, resulting in a 
total volume of 1,000 L for each mesocosm. The frame of each group 
was anchored at four points to both sides of the dam to stop any 
potential drifting from wind. The grouped mesocosms also were tied 
to each other to make a continuous line to minimise any variation in 
light environment. To stop birds and organic detritus entering the 
mesocosms they were covered with wire (1 cm2 aperture).

In order to prepare the leachate, floodplain materials were col-
lected from eight randomly distributed 1 m2 quadrats on the flood-
plain of the Murrumbidgee River 20 km west of Gundagai, NSW. All 
loose materials within the quadrat were collected, which included 
a mixture of soil and organic matter; most of the organic material 
collected was dry, comprising decaying leaves and sticks, and some 
fresh grasses. The most common vegetation was river redgum 
(Eucalyptus camaldulensis) followed by casuarina (Casuarina cunning-
hamiana), weeping willow (Salix babylonica) and various grasses. All 
anthropogenic litter such as plastics and glass bottles was removed 
before bagging. The leachate was made using a similar technique to 
that of Mitrovic et al. (2014). Floodplain materials were placed in two 
70- L bins and soaked in 100 L of reverse osmosis water for 2 weeks 
at 4°C in the dark. Floodplain materials were swapped in/out of the 
bins every 3 days to maximise leachate concentration. The resulting 
leachates were then filtered through a series of filter sizes (10 and 
1.3 μm) to 0.5 μm using a vacuum pump and glass fibre filter pa-
pers. Once filtration was complete the leachate was homogenised 
and frozen at −20°C. The final δ13C signature of the homogenised 
leachate was −27.50‰.

2.3  |  Study design

The experiment ran for 34 days from 31 October until 4 December 
2019 with water temperatures ranging from 18 to 24°C during the 
day. There was no significant difference in water temperatures across 
treatments throughout the entire study. Mesocosm bags were filled 
one day before commencing the experiment using an electric pump 
and hose with a 4- cm aperture. A flow rate was calculated for the 
pump and the filling of each bag was timed to ensure an equal vol-
ume of water in each mesocosm. Day (D0) samples were taken after 
all bags were filled and before the leachate was added. The leachate 
was then added on 31 October (referred to as D0). Leachates were 
added in three concentrations determined via the dissolved organic 
carbon (DOC) content of the leachate: low (1 mg C/L), medium (4 mg 
C/L) and High (8 mg C/L) all performed in triplicate including a con-
trol (no leachate addition). The carbon:nitrogen:phosphorus (C:N:P) 
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ratio of leachate based on nitrogen oxides (NOx) and soluble reac-
tive phosphorus (SRP) was 279:17:01. These additions were chosen 
to represent three different sized flow events and the consequent 
levels of allochthonous inputs from a small “fresh” up until an over-
bank flood, based off data taken from previous studies in Australian 
rivers (Nielsen et al., 2016; Westhorpe & Mitrovic, 2012). The biotic 
and chemical parameters within the mesocosms closely resembled 
those of lowland rivers. However, a key limitation in this study is the 
inability to reproduce the turbulence and flow velocity of a flowing 
river, which may affect zooplankton feeding behaviours and phyto-
plankton competition. Thus, these mesocosms do not fully represent 
the food- web dynamics of a lotic system.

2.4  |  Field sampling and analysis

In order to measure changes in the balance between photosynthe-
sis and respiration, dissolved oxygen and temperature were meas-
ured using a HACH HQ20 LDO probe. Measurements were taken 
between 10:00 and 11:00 hrs on D0, D1, D3, D5, D6, D12, D20, 
D27 and D34. Samples of nutrients and chlorophyll- a (Chl- a) were 
collected on D0, D1, D4, D8, D20 and D34. DOC, SRP and NOx 
samples were collected in pre- washed and sample rinsed 250- ml 
PET bottles, filtered to 0.45 μm using cellulose acetate syringe fil-
ters and then frozen. Samples were analysed using a segmented 
flow analyser (OI Analytical Model FS3100) according to standard 
methods (APHA, 2005). Samples for Chl- a were determined by fil-
tering 250 ml of water onto GF/C filters. Filters were frozen until 
subsequent determination by boiling ethanol extraction according to 
Standard Methods (APHA, 2005). Half of each Chl- a filter paper was 
removed before analysis and stored for δ13C isotope analysis of par-
ticulate organic matter (POM). Filter papers for δ13C isotope analysis 
were dried at 60°C for 48 hr, sealed in sterile bottles and analysed 
at Griffith University where a standard hole punch was taken from 
each paper for analysis to guarantee consistent weights. Samples 
were analysed using a continuous flow isotope mass spectrometer 
(GV Isoprime Eurovector EA 3000). Results were determined using 
IAEA- CH- 6 as standard reference material.

Composite water column samples for phytoplankton (autotrophic 
and mixotrophic algae) and microzooplankton (amoebae and ciliates) 
were taken using a bendable 1- m- long (4- cm aperture) plastic pipe, 
with samples (250 ml) preserved using 3 ml of Lugol's iodine solution. 
Samples were taken on D0, D1, D2, D4, D6, D8, D12, D20, D27 and 
D34 and counted at ×200 magnification on a compound microscope 
using Sedgwick rafter counting cells. Measurements for biovolume 
of algae were taken using an Olympus DP72 camera and cellSens 
Standard software (version 1.3). Twenty individual cells of each spe-
cies were measured to achieve a reliable average. Algae were iden-
tified using the keys of Prescott (1978) and Entwisle et al. (1997). 
Amoebae and ciliates were counted with phytoplankton samples 
and identified using the key of Patterson (1996). Phytoplankton were 
separated into broad functional groups (Chlorophytes, Cyanophytes, 
Diatoms and Mixotrophs) similar to those of Karlsson et al. (2007). 

Mixotrophs were defined as anything previously shown to exhibit 
mixotrophic behaviour as well as any ciliates or amoeba which were 
considered potentially mixotrophic. For detailed information on phy-
toplankton classification see Table S1.

Samples of zooplankton (Copepods and Cladocera) were col-
lected for enumeration and stable isotope analysis on D0, D1, D4, 
D8, D12, D20, D27 and D34. For each sample, 10 L of mesocosm 
water was passed through a 53- μm mesh and decanted into a pre- 
rinsed PET bottle. Zooplankton were purged for 4 hr, using 0.5- μm 
filtered mesocosm water, then preserved with >70% ethanol v/v. 
For enumeration, zooplankton were concentrated to ×250 and a 
subsample (25% of total sample) counted on a Sedgwick rafter cell 
at ×100 magnification using a compound microscope. Zooplankton 
were identified using the key of Shiel (1995). Samples were returned 
to bottles and preserved using the original ethanol from each bottle. 
Zooplankton samples for δ13C analysis were rinsed thoroughly three 
times with reverse osmosis water to ensure that all ethanol was re-
moved. Samples then were picked using a dissecting microscope at 
×8 magnification. Zooplankton were sorted into appropriate taxa, 
then further cleaned for impurities such as organic matter, incorrect 
zooplankton group or filamentous algae, before being placed into 
5- mm silver capsules. Samples were acidified using 1 mol/L hydro-
chloric acid (HCl) to remove any inorganic carbon from samples and 
dried at 60°C for 24 hr. Zooplankton samples were pooled between 
replicates to ensure that there was sufficient biomass for analysis. 
Samples were analysed at Griffith University using a continuous 
flow isotope mass spectrometer (GV Isoprime Eurovector EA 3000). 
Results were determined using IAEA- CH- 6 as standard reference 
material.

2.5  |  Data analysis

Permutational multivariate analysis of variance using PRIMER 
6.0 + PERMANOVA (Anderson et al., 2008) was used to analyse 
data for significant differences between treatments. Pairwise com-
parisons within PERMANOVA were used to test for significant dif-
ferences between treatments within sampling days, similar to the 
method of Hitchcock et al. (2016). All data were checked for nor-
mal distribution and homogeneity of variance using PERMDISP and 
draftman's plots. Euclidean distances were used for environmental 
variables and transformed using log10 to account for skewed distri-
bution and then normalised. Bray– Curtis distances were used for 
phytoplankton (autotrophs and mixotrophs) and zooplankton, anal-
yses were run separately for individual taxa or functional groups. 
Species data were transformed using a square- root transformation. 
As zooplankton δ13C data was pooled, no multivariate analysis was 
conducted on the results. Instead, linear regressions were used to 
compare POM δ13C signatures to zooplankton δ13C and the ratio 
of mixotroph to autotroph biovolume using SIGMAPLOT software. 
All regressions were checked for normal distribution using Shapiro– 
Wilk's test. The ratio of mixotrophs to autotrophs was calculated 
using the total biovolume of potential mixotrophs versus the total 
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    |  825BALZER et al.

biovolume of all obligate autotrophic algae. These ratio data were 
then log10- transformed to account for skewness.

3  |  RESULTS

Dissolved organic carbon and nutrient concentrations (Figure 1a– c) 
increased relative to leachate additions and returned to starting con-
centrations by D27; however, on D20 NOx concentrations increased 
sharply in all leachate additions with the low and medium treat-
ments both reaching >100 μg/L whereas the high treatment reached 
>60 μg/L and the control remained unchanged. SRP concentrations 
in the high tDOM treatment remained higher than all other treat-
ments for the duration of the experiment. Dissolved oxygen (DO; 
Figure 1d) appeared inversely related to leachate additions, showing 
the largest decrease immediately after leachate addition on D1 in 
the high DOM treatment (20%). DO did not return to levels similar to 
the control until D20. Chl- a concentrations in the leachate additions 
were significantly different from the control until D34 (Figure 1e). 
During the first nine days Chl- a increased in the control and the low 
and medium tDOM treatments with Chl- a significantly higher in the 
control. By contrast, Chl- a decreased in the high tDOM treatment 

during the first nine days. Chl- a concentrations in the medium and 
low treatments were not significantly different throughout the 
study. By D20, Chl- a had decreased sharply in the control treatment, 
falling to a level below that of all other treatments. Measures of Chl- 
a on D34 revealed similar levels across all treatments at the end of 
the experiment.

Chlorophytes and mixotrophs were the most abundant algal 
groups throughout the experiment and at times were one to two 
orders of magnitude higher in biovolume than diatoms and cyano-
phytes (Figure 2). The biovolume of all algal groups differed signifi-
cantly across time and the time × treatment interaction (p = 0.001, 
all groups; Table 1), yet only mixotroph and cyanophyte biovolume 
was significantly different between treatments (p = 0.001; Table 1). 
Chlorophyte and diatom biovolume were not significantly differ-
ent between treatments (p > 0.05) with chlorophyte biovolume 
(Figure 2a) generally increasing in all treatments from D0 to D34. 
Mixotroph biovolume (Figure 2d) increased in all leachate treat-
ments immediately after carbon additions, peaking in the high 
treatment at 7.4 mm3/L on D12, which was 6.0 mm3/L higher than 
the control (1.3 mm3/L) and 2.2 mm3/L higher than the medium and 
low treatments, which were not significantly different from each 
other (p > 0.05). Mixotroph biovolume was higher than all other algal 

F I G U R E  1  Nitrogen oxides (μg/L), soluble reactive phosphorus (SRP, μg/L), dissolved organic carbon (DOC, mg/L) dissolved oxygen (DO, 
%) and chlorophyll- a (Chl- a, μg/L), in all treatments across the sampling period. Treatments are identified by black circles (high), white circles 
(medium), black triangles (low) and white triangles (control). Error bars represent SEM
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groups within the medium and low treatments until D12 and in the 
high treatment until D20. Mixotroph biovolume in the high treat-
ment was significantly different from the control by D4 (p = 0.014) 
and from medium (p = 0.018) and low (p = 0.010) treatments by 
D12. The low and medium treatments were significantly different 
from control by D4 (low; p = 0.033) and D6 (medium; p = 0.009) 
and returned to control levels on D20 (p > 0.05). The medium and 
low treatments were not significantly different from each other at 
any time point (p > 0.05). Chlorophytes dominated the biovolume 
throughout the entire study in the control and following reductions 
in mixotrophs in the tDOM treatments after D20.

Cyanophyte biovolume (Figure 2b) was highest in the control 
group, peaking at 0.305 mm3/L on D27. Leachate addition treat-
ments led to lower cyanobacterial biovolume, declining from D0 lev-
els until not being detected in the high treatment at D8 and at D27 
and D34 in the low and medium treatments, respectively. Diatom 
biovolume (Figure 2c) was not significantly different between treat-
ments and remained low throughout the duration of the experiment. 
For a full list of algal taxa identified in this study, see Table S1.

The cell concentration of all mixotrophic genera and ciliates var-
ied significantly through time (p = 0.001, all groups). Trachelomonas, 
Cryptomonas, Chroomonas and amoebae also were all significantly 
different between treatments (p = 0.001; Table 1) with leachate ad-
ditions resulting in higher concentrations of mixotrophs compared to 
the control (Figure 3a– d). Trachelomonas concentrations (Figure 3a) 
immediately increased following leachate addition. Low and medium 

treatments were significantly different from the control from D1 to 
D12, peaking at 900 cells/ml (low) and 1,100 cells/ml (medium) on 
D6 and D12, before declining to levels similar to that of the control 
by D20. Trachelomonas in the high treatment peaked at 1,200 cells/
ml from D8 to D20, over five- fold higher than concentration of the 
control. The high DOM treatment was significantly different from 
the control from D4 to D27 and from medium and low on D8 and 
D20– 34. Trachelomonas concentrations in the control did not change 
from D0 levels until D12 when they decreased to 200 cells/ml from 
approximately 600 cells/ml.

Cryptomonas and Chroomonas (Figure 3b,c) followed a similar 
pattern to Trachelomonas, with very large peaks in concentration on 
D12 to D20 in the high treatment (p < 0.01, compared to that of the 
control) and D8 to D12 in the medium and low treatments (p < 0.01, 
compared to that of the control). The high treatment was signifi-
cantly different from medium and low treatments for Cryptomonas 
and Chroomonas from D4 to D20 (p < 0.05). Like Trachelomonas, me-
dium and low treatments were at similar levels to those of the control 
by D20, and by D27 all treatments were at a similar concentration.

The amoeba community was composed entirely of individuals 
from the Saccamoeba genus. Amoeba concentrations (Figure 3d) 
were significantly higher in all leachate treatments versus that of the 
control (p = 0.001). Amoeba concentrations increased in all leachate 
treatments until D12 after which concentrations in the high treat-
ment remained between 80 and 100 cells/ml, whereas medium and 
low treatments dropped to much lower concentrations (<40 cells/

F I G U R E  2  Total biovolume (mm3/L) 
of algal groups (a, chlotophytes; b, 
cyanophytes; c, diatoms; d, mixotrophs) 
in each treatment over time. Treatments 
are shown by black circles (high), white 
circles (medium), black triangles (low) and 
white triangles (control). SE bars removed 
for clarity
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ml) by D20. Amoeba concentrations in the high treatment were sig-
nificantly different to that of the control from D2 until the end of the 
experiment (p < 0.05). Medium and low treatment amoeba concen-
trations were significantly different to that of the control from D4 
until D27. Ciliates (Figure 3e) were composed primarily of oligotrich 
ciliates that were not significantly different between treatments 
(p > 0.05) but were significantly different across time (p < 0.05).

All zooplankton groups excluding Ceriodaphnia (Figure 4), re-
sponded significantly across treatments (p = 0.001) and time 
(p = 0.001), with the effect of treatments varying strongly through 
time. All leachate additions led to significantly higher abundances 
of nauplii, copepodites, cyclopoid copepods and Daphnia compared 
to the control. In contrast, calanoid copepod abundance was high-
est in the control and low treatments, and Ceriodaphnia concentra-
tions were not consistently different between control and leachate 
additions.

Nauplii and copepodite concentrations (Figure 4a,b) followed 
similar patterns to each other, increasing sharply between D1 
and D5. Nauplii peaked in all leachate treatments on D12 (800– 
1,200 ind/L) and were two-  to three- fold higher than that of the 
control (400 ind/L). Nauplii concentrations in all leachate treatments 
were significantly different from that of the control from D5 to D20 
(p < 0.01). Copepodites also peaked on D12 in the medium (375 
ind/L) and low (250 ind/L) treatments, with the high treatment peak-
ing later on D20, at a 10- fold higher concentration (325 ind/L) than 
the control. Copepodite concentrations were significantly different 

between the control and the high treatment on D5 and D20, the 
medium treatment on D5– 34 and the low treatment on D12– 20. By 
D27, both nauplii and copepodite concentrations had reduced to lev-
els close to that of the control.

Cyclopoid abundance (Figure 4c) increased until D12 where it 
peaked in the control (100 ind/L), low (150 ind/L) and medium (220 
ind/L) treatments. Cyclopoid concentrations were significantly dif-
ferent between the control and the medium treatment from D1 to 
D27, and the low treatment on D1, D12 and D27. After D20, con-
centrations in the high treatment rose sharply to >400 ind/L until 
D27, after which they declined to a level similar to those observed 
in all treatments. Cyclopoid concentrations were significantly differ-
ent from that of the control in the high treatment on D5– 27, in the 
medium on D1– 27 and in the low treatment on D1, D12 and D27. 
Calanoid abundance (Figure 4d) increased over time yet was gen-
erally an order of magnitude lower than cyclopoid copepods in all 
treatments. The control and low leachate treatments consistently 
supported the highest calanoid abundance throughout the study, 
peaking in concentration on D27 (low: 48 ind/L; Control: 39 ind/L) 
before reducing to the same levels as all treatments on D34. The 
high leachate treatment always supported the lowest abundance of 
calanoid copepods and was significantly different from the medium 
and low treatments on D12– 27 and from the control on D20– 27.

Daphnia concentrations (Figure 4e) were significantly different 
between leachate additions and the control on D1, D5 and D20 
(p < 0.05). All leachate treatments had similar abundances until D12 

TA B L E  1  PERMANOVA main test results for differences between treatments.

Group

Between treatments Between days Days × treatment

df Pseudo- f p df Pseudo- f p df Pseudo- f p

Functional groups

Chlorophyceae 3 32.95 >0.05 9 163.39 0.001 27 15.32 0.001

Mixotrophs 3 100.87 0.001 9 98.71 0.001 27 12.78 0.001

Diatoms 3 20.64 >0.05 9 27.94 0.001 27 10.45 0.001

Cyanophyta 3 11.889 0.001 9 10.7 0.001 27 4.87 0.001

Mixotroph groups

Trachelomonas 3 81.48 0.001 9 105.64 0.001 27 10.27 0.001

Cryptomonas 3 5.01 0.001 9 12.92 0.001 27 3.34 0.001

Croomonas 3 5.46 0.001 9 5.46 0.001 27 2.59 0.001

Amoeba 3 7.17 0.001 9 3.48 0.001 27 1.23 0.001

Ciliates 3 1.96 >0.05 9 7.01 0.001 27 1.19 0.001

Zooplankton

Daphnia 3 28.32 0.001 6 68.84 0.001 18 9.07 0.001

Cyclopoid 
copepods

3 12.10 0.001 6 40.15 0.001 18 3.10 0.001

Calanoid copepods 3 14.59 0.001 6 117.89 0.001 18 5.90 0.001

Nauplii 3 12.20 0.001 6 679.31 0.001 18 7.86 0.001

Bosmina 3 11.56 0.001 6 83.15 0.001 18 5.97 0.001

Ceriodaphnia 3 6.06 >0.05 6 65.42 0.001 18 2.39 0.001

Copepodites 3 16.78 0.001 6 401.5 0.001 18 11.87 0.001
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828  |    BALZER et al.

when the low (180 ind/L) and medium (175 ind/L) treatments peaked 
at levels double that of the control (85 ind/L). From D20 onwards, 
Daphnia concentrations in the low and medium treatments were 
not significantly different from the control (p > 0.05). The high treat-
ment continued to increase, leading to a peak in concentrations (220 
ind/L; p = 0.001) on D20 of approximately 10- fold that of all other 
treatments. Daphnia concentrations in the high treatment then de-
clined until all treatments were at similar levels by D34 and were 
not significantly different. Ceriodaphnia in all treatments followed a 
similar pattern, increasing to peak concentrations on D12 with the 
highest concentrations in the control (>100 ind/L) and significantly 
different from all other treatments (p < 0.05).

The POM δ13C signatures (Figure 5a) changed immediately after 
leachate additions with the high leachate treatment dropping to 
−31.5‰ until D12; the medium treatment also briefly dropped to 
this level on D1. POM δ13C signatures showed a clear pattern reduc-
ing inversely to leachate additions, with this pattern maintained for 
the entire study. POM δ13C signatures increased sharply from D5 to 
D12 in the control treatment, and in all leachate addition treatments 
from D12 to D20. On D12 the largest difference between POM sig-
natures occurred when the high treatment (−32‰) was >8‰ lower 
than the control (−24‰).

Zooplankton δ13C signatures (Figure 5b– d) followed very sim-
ilar patterns across all treatments, with signatures starting low, 
before increasing and peaking around D20. Between D0 and D5, 

δ13C signatures decreased in all zooplankton groups and treat-
ments, excluding a 1‰ increase between D0 and D1 in Daphnia and 
Ceriodaphnia in the high treatment. After D5, zooplankton in the 
high leachate treatment had the most depleted δ13C signature and 
remained closer to the leachate signature (−27.5‰) than any other 
treatment. By contrast, all measured zooplankton groups in the con-
trol had the most enriched δ13C signatures at each time point and 
were furthest from the leachate δ13C signature. As with the POM, 
zooplankton δ13C signatures appeared inversely related to leachate 
additions, with more depleted δ13C values in the treatments with 
the highest amount of leachate added. By D12 cyclopoid δ13C val-
ues had begun to clearly differentiate between the high carbon and 
control treatments, leading to the largest differences between treat-
ments (>6‰) on D27 with δ13C signatures in the control at −18‰ 
and in the high treatment at −24‰. Daphnia and Ceriodaphnia δ13C 
signatures (Figure 5c,d) followed very similar trends to cyclopoid 
copepods although they started with a more depleted signature at 
−27.9‰. In a similar way to cyclopoid copepods, Daphnia δ13C values 
diverged after D5 with the biggest difference falling on D12 when 
signatures in the high leachate treatment were −28.2‰ compared to 
−21.8‰ for the control.

Regression analysis found that the ratio of mixotroph to obligate 
autotroph biovolume (Figure 6a) correlated strongly with POM δ13C 
signatures (R2 = 0.62, p < 0.0001). A biovolume ratio >0 (indicating 
higher total mixotrophic biovolume than autotrophic) correlated 

F I G U R E  3  Mean concentration (cells/ml) of mixotrophic algae, amoeba and ciliates in each treatment over time with SEM. Treatments are 
indicated by black circles (high), white circles (medium), black triangles (low) and white triangles (control)
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    |  829BALZER et al.

with more depleted POM δ13C signatures (<−28‰) compared to 
those when autotrophic algae were more abundant than mixotrophs 
(<0) when POM δ13C signatures were >−28‰.

Total zooplankton δ13C signatures correlated strongly with POM 
signatures (R2 = 0.71, p < 0.0001; Figure 6b). Regression analy-
sis found that cyclopoid copepods in the high leachate treatment 
were strongly correlated to POM signatures (R2 = 0.82, p < 0.0001), 
whereas cyclopoid copepods in the control treatment were not sig-
nificantly related to POM (p > 0.05). Daphnia and Ceriodaphnia δ13C 
signatures in all treatments were significantly correlated to POM sig-
natures (p < 0.0001; R2 > 0.85 all treatments).

4  |  DISCUSSION

This study aimed to understand how allochthonous organic mat-
ter can influence riverine food- web structure and production. Our 
experimental results expanded on those of previous similar meso-
cosm studies (Hitchcock et al., 2016; Karlsson et al., 2007; Mitrovic 
et al., 2014) and provide strong evidence for the important role of 
high quality allochthonous sources of carbon in aquatic food webs. 
In terms of exploring a response to inputs of organic carbon, all ad-
ditions of tDOM resulted in significant increases in mixotrophic flag-
ellates and the abundance of most measured zooplankton (nauplii, 
copepodites, cyclopoid copepods, Daphnia) compared to the control. 

Further, declines in concentrations of mixotrophs, cyclopoid cope-
pods and Daphnia towards the end of the experiment, and simul-
taneous increases in chlorophytes and calanoid copepods indicate 
changes away from allochthonous support as resources diminished 
over time. These results support our first hypothesis that alloch-
thonous inputs can significantly boost production in the lower food 
webs of aquatic ecosystems.

The δ13C values of zooplankton and POM in the high leach-
ate treatment were closer to the range of the leachate δ13C val-
ues than any other treatment, reflecting both the influence of 
tDOM additions on the POM pool and the use of tDOM by higher 
trophic levels, supporting our second hypothesis. However, the 
expected reduction in phytoplankton biovolume as a response 
to leachate inputs was not as clear as expected, with only Chl- 
a and cyanobacteria clearly decreasing, and chlorophytes and 
diatoms showing no significant difference in biovolume across 
treatments. Instead, mixotrophs increased complimentarily to 
autotrophic production, dominating the algal biovolume in tDOM 
amendments. This resulted in large net increases to phytoplank-
ton biovolume and potentially played a large role in driving 
changes in zooplankton growth by providing a trophic link be-
tween allochthonous carbon and primary consumers. Mixotroph 
biovolume also was significantly related to changes in POM δ13C 
values, further indicating that they were a potentially important 
path for tDOM uptake.

F I G U R E  4  Mean zooplankton concentrations for each zooplankton group and treatment. Error bars indicate SEM
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830  |    BALZER et al.

4.1  |  Phytoplankton and mixotroph responses

Changes in the phytoplankton community after the addition of 
tDOM offered two insights into the role of allochthonous carbon 
in phytoplankton dynamics. Firstly, mixotrophic algae can com-
prise the largest portion of the algae population and dominate the 

algal community following pulses of organic matter. Secondly, ob-
ligate autotrophs may respond more dynamically to allochthonous 
inputs than previously suggested, as nutrients from tDOM support 
phytoplankton growth simultaneously to heterotrophic produc-
tion. Our findings showed tDOM pulses can lead to large increases 
in heterotrophic production and, subsequently, also can stimulate 

F I G U R E  5  δ13C signatures of cyclopoid 
copepods, Daphnia, Ceriodaphnia and 
particulate organic matter (POM). All 
zooplankton samples were pooled 
between replicates. Error bars on POM 
indicate SEM. Samples were not analysed 
where values are missing for medium and 
low treatments

F I G U R E  6  Linear regression data from all sampling days for: (a) biovolume ratio of mixotrophic:autotrophic phytoplankton (log10- 
transformed) versus the δ13C signature of particulate organic matter (POM); and (b) POM δ13C signature versus zooplankton δ13C signature 
(all taxa). Data are separated into treatments: high (black circles), medium (white circles), low (black triangles) and control (white triangles)
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autotrophic production, potentially leading to a range of available 
resources for consumers. These findings are similar to those of 
Faithfull et al. (2011) who found that autotrophic production was 
unaffected by glucose addition and did not reduce when mixo-
trophic algae dominated the community. This contrasts with previ-
ous studies showing that bacterioplankton out- competed obligate 
autotrophs for nutrients in the presence of an allochthonous car-
bon source and significantly reduced the biomass of phytoplankton 
(Carney et al., 2016). The differences in results between this and 
previous studies may be a result of variation in the existing nutrient 
pool. Hitchcock and Mitrovic (2013) previously have shown that ad-
ditions of DOM in nutrient- poor systems may lead to phytoplankton 
nutrient limitation as a consequence of bacterial uptake of phospho-
rus, but this was not observed in systems with higher initial nutrient 
concentrations. In this study there were high concentrations of NOx 
and SRP both in the leachate and within the ambient water column. 
This is likely to have meant that despite a higher proportion of car-
bon in the treatments compared to nutrients, potentially there were 
sufficient nutrients for both heterotrophs and autotrophs during the 
first weeks of the experiment. The anomalous peak in NOx concen-
trations on D20 may be an artefact of the differences in phytoplank-
ton and bacterial community structures within treatments at that 
time, which potentially influenced the processing of nitrogen waste 
products, yet without in- depth bacterial community data, this is en-
tirely speculative.

We unfortunately do not have data for bacterial production 
in this study; however, DO concentrations within the first week 
provide some insight into bacterial respiration and potential pro-
duction. Changes in DO between treatments were approximately 
proportional to differences in tDOM additions with the lowest DO 
concentrations occurring in the high tDOM treatment in the first 
24 hr. These rapid reductions in DO are consistent with patterns of 
bacterial carbon consumption of labile portions of the DOM pool 
(Hitchcock & Mitrovic, 2015). We hypothesise that bacterial produc-
tion was likely to have been the energetic pathway linking tDOM 
additions and mixotrophs in this study.

Mixotrophs were the dominant functional group (by biovolume) 
in all tDOM additions until D12 (low, medium treatments) and D20 
(high treatment), whereas chlorophytes dominated the algal biomass 
in the control treatment for the entire study. Blooms in Trachelomonas 
and later Cryptomonad populations in the tDOM treatments may 
have been a major resource supporting the increases in zooplank-
ton populations. Previous studies have found mixotrophs to be a 
higher quality food source for zooplankton relative to the bacteria 
which they consume (Jäger et al., 2014; Katechakis et al., 2005) 
and may be preferentially preyed upon by some zooplankton taxa 
(Hansson et al., 2019). In particular, Cryptomonas has been found to 
substantially improve Daphnia growth even when in low concen-
trations (Brett et al., 2009). Our data support previous studies sug-
gesting that mixotrophic flagellates play a stabilising role between 
autotrophic and heterotrophic production and food quality (Flynn 
et al., 2013; Worden et al., 2015), and may play an important role 

in mobilising allochthonous carbon for higher trophic levels (Jäger 
et al., 2014).

Mixotrophy appeared to play an important role in driving the 
POM δ13C signature throughout the study. As the ratio of mixotrop-
hic to autotrophic biovolume increased, δ13C signatures of the POM 
were typically more depleted and closer to the leachate signature 
(R2 = 0.62). This suggests that mixotrophs were using tDOM as an 
energy or nutrient source which resulted in POM signatures reflect-
ing the leachate additions. Furthermore, the POM δ13C signature was 
strongly correlated to signatures of zooplankton. This is consistent 
with previous findings in Patagonian lakes where mixotrophy was a 
major driver of the δ13C signature of POM and calanoid signatures in 
the system (Trochine et al., 2015). Without knowing the initial δ13C 
values of mixotrophic algae, relationships between leachate uptake 
and mixotrophic biovolume are based entirely on correlations and 
thus, are somewhat speculative. However, this relationship between 
mixotrophy, POM and zooplankton suggests that mixotrophy may 
play a significant role in linking allochthonous DOM and bacteria to 
higher trophic levels.

In the larger protists, only amoeba concentrations increased with 
tDOM additions with ciliate concentrations showing no significant 
difference between treatments. This may be a consequence of in-
tensive zooplankton predation, as zooplankton can exert strong top- 
down pressure on ciliate populations (Sommer & Sommer, 2006). 
In a similar mesocosm study, Degerman et al. (2018) found that 
zooplankton predation greatly reduced ciliate populations despite 
abundant food (bacteria and nanoflagellates) for growth. In our 
study ciliate abundance declined from D1 in all treatments whereas 
zooplankton abundance simultaneously increased, potentially inten-
sifying predation pressure to a point where any increases in ciliate 
abundance were unable to be observed.

The effects of our leachate additions on light attenuation within 
the mesocosms were not measured, yet there is potential for it to 
have affected our results to some degree, particularly within the 
phytoplankton community. Despite obligate autotrophs showing 
no significant difference across treatments, Chl- a concentrations 
were clearly lower in all tDOM treatments compared to the control 
with the high tDOM addition having by far the lowest Chl- a con-
centrations. Previous research has found coloured DOM to have a 
significant impact on the wavelengths that coincide with chlorophyll 
pigments and, thus, photosynthesis (Kirk, 1976). Likewsie, in bo-
real lakes DOC and coloured DOM concentration has been found 
to increase light attenuation and suppress photosynthesis (Karlsson 
et al., 2009; Thrane et al., 2014). Reduced light intensitities may in-
crease the competitive advantage of mixotrophs which previously 
have been found to dominate phytoplankton communities during pe-
riods of low light (Wilken et al., 2017). Unfortunately, without direct 
measurements of light it is difficult to quantify the potential impact 
that any light intentsity decreases had on the phytoplankton commu-
nity. However, based on the similar biovolume of obligate autotrophs 
across all treatments in this study, we argue that light attenuation 
was not the driving factor in increasing mixotrophic biovolume.
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4.2  |  Zooplankton responses to tDOM

Terrestrial DOM additions had a clear effect on the zooplankton 
community, similar to those found in other studies in south- east 
Australia (Hitchcock et al., 2016; Mitrovic et al., 2014) and Europe 
(Degerman et al., 2018; Faithfull et al., 2011). Additions of tDOM 
resulted in large increases in total zooplankton abundance, of 
which Daphnia and Cyclopoida spp. were the most pronounced. 
Daphnia growth and reproduction using tDOM via bacteria and 
mixotrophic flagellate intermediaries has been found to be equal 
to or better than when compared to completely autotrophic diets 
(Hiltunen et al., 2017; Jäger et al., 2014; McMeans et al., 2015). 
Evidence of allochthony in cyclopoid copepods has been found 
in Swedish lakes (Berggren et al., 2014) and Australian river me-
socosm experiments (Mitrovic et al., 2014), and previous studies 
suggest that cyclopoid production may be limited by tDOM as a 
result of their reliance on microbial food chains as a food source 
(Berggren, Laudon, et al., 2010; Berggren, Ström, et al., 2010; 
Jürgens & Jeppesen, 2000). Daphnia and cyclopoid copepods 
reflect two distinctly different feeding behaviours for the con-
sumption of allochthonous DOM (Berggren et al., 2014). As filter 
feeders, Daphnia feed directly on bacteria and algae, removing 
several food chain links from the microbial loop, making the up-
take of allochthonous DOM more efficient (Hiltunen et al., 2017; 
Jäger et al., 2014). By contrast, raptorial cyclopoid copepods use 
allochthonous DOM through consuming microzooplankton (ro-
tifers/ciliates) at the top of the DOM– bacteria– nanoflagellate mi-
crobial pathway (Jürgens & Jeppesen, 2000; Karlsson et al., 2003; 
Pace et al., 2004). These different feeding strategies affect the 
efficiency of carbon transport to higher trophic levels as cy-
clopoid copepods require extra links in the food web compared 
to Daphnia (Jansson et al., 2007; Karlsson et al., 2007). Other fil-
ter feeders/bacterivores such as copepod nauplii also increased 
immediately after the tDOM additions. As a result, a broad suc-
cessional change was evident following leachate addition. Filter 
feeders able to immediately consume bacterioplankton (Daphnia 
and copepod nauplii) peaked early, followed later by dominance of 
raptorial omnivores which require higher level primary consumers 
(ciliates, rotifers, small microcrustaceans) to access tDOM via con-
sumptive pathways. This successional change in zooplankton also 
was evident in the δ13C values of Daphnia and cyclopoid copepods 
in the high tDOM treatment as Daphnia diverged from the con-
trol and moved towards the leachate signature earlier than the cy-
clopoid copepods. These successional changes in the zooplankton 
community are broadly similar to those presented by Shabarova 
et al. (2021) who found that top- down food- web structure and 
resource limitation played an important role in defining eukaryotic 
dynamics in ponds and streams following large rain events.

The δ13C signatures of zooplankton were relative to the pro-
portion of leachate added, similar to the findings of Karlsson 
et al. (2007). Previous studies into zooplankton δ13C have found 
that Daphnia and Cyclopoid copepods used allochthonous DOM as 
an important food source in their diets (Berggren et al., 2014). In 

this study, Daphnia δ13C signatures had clearly shifted away from 
the control by D12 in the high treatment and were more depleted 
and much closer to the leachate δ13C signature than all other treat-
ments. Daphnia δ13C values were significantly related to POM δ13C 
values in all treatments; this is likely to have been a function of 
non- selective filter feeding, directly consuming bacteria, POM and 
mixotrophs supported by tDOM. Interestingly, Ceriodaphnia, which 
were not significantly different between treatments, showed a sim-
ilar pattern in δ13C values to Daphnia, with δ13C values more de-
pleted and closer to leachate values relative to the size of leachate 
additions. Cyclopoid copepods followed a similar trend in overall 
δ13C values over time, however, were only significantly related to 
POM in the high leachate treatment. This may be an indicator of 
the different composition of POM between the high treatments 
and all others as cyclopoid copepods are selective raptorial feeders 
(Jürgens & Jeppesen, 2000).

In contrast to previous studies (Hitchcock et al., 2016; Karlsson 
et al., 2007), calanoid abundance appeared to be negatively cor-
related to carbon addition. This correlation may be highly species- 
dependent; however, increased abundances of cyclopoid copepods 
have been shown to exert top- down pressure through predation on 
calanoid adults and nauplii (Blumenshine & Hambright, 2003), as 
seen in the high and medium carbon treatments. Unfortunately, as 
a consequence of the low biomass of calanoid copepods through-
out this study there was not the required biomass to perform stable 
isotope analysis. Consequently, it remains unclear if calanoid pro-
duction was supported by the allochthonous DOM addition in this 
study.

4.3  |  Ecological implications of allochthonous inputs

The energy pathways supporting the food web in these experi-
ments were dynamic and changed quickly based on the pulses of 
allochthonous material added. Phytoplankton and zooplankton 
communities switched quickly between resources and zooplank-
ton appeared able to use multiple trophic pathways for food re-
sources. Ultimately, allochthonous resources appeared to support 
both autotrophic and heterotrophic production, and greatly in-
creased zooplankton and net phytoplankton growth throughout 
the lower food web. These results have important implications 
for our understanding of river ecology and conceptualising how 
food webs respond to allochthonous tDOM pulses that commonly 
occur during floods and storm flows. From these data it is difficult 
to ascertain the exact relationship between the level of alloch-
thonous tDOM input and increased mixotrophy and secondary 
production rates. Further studies targeting this question by meas-
uring changes in production and consumption rates may prove 
useful in uncovering this relationship. Our results contrast with 
those of Shabarova et al. (2021) who found that organisms were 
washed out of the system following large rain events and took 
several weeks to re- establish despite nutrient loads increasing 
100- fold. This is likely to have been a result of differences in flow 
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velocity and dilution, which although not present in our study, are 
an important consideration when comparing our results to real- 
world situations.

A core challenge in experimentally testing the effects of flood-
plain tDOM is recreating its bioavailability to ensure that results 
are environmentally relevant. Naturally leached tDOM contains a 
mixture of compounds of different labilities, with the majority often 
considered recalcitrant (Berggren, Laudon, et al., 2010; Berggren, 
Ström, et al., 2010). Despite this, most DOM addition studies have 
used glucose, assuming equivalence between glucose and natural 
tDOM in terms of ecological response. Recent studies, however, 
have pursued the use of more natural DOM additions. Hitchcock 
et al. (2016) showed that additions of leaf leachate may support in-
creased zooplankton production, whilst Lefebure et al. (2013) used 
additions from soil leachate finding evidence of subsidy for cope-
pods. The sources of organic matter that leach into flood waters may 
vary between soils and plant material; in the wetlands of the Murray 
River, Australia, where our study was conducted, the majority of or-
ganic matter leached following flooding is thought to derive from 
leaf litter (O'Connell et al., 2000; Robertson et al., 1999). Whitworth 
et al. (2012) found 60% of this floodplain tDOM was bioavailable 
after an extended dry period, which reduced to approximately 30% 
following subsequent inundation. The leachate used in this experi-
ment was derived from a collection of floodplain material which in-
cluded all loose soil and leaf litter. Whilst we did not specifically test 
the bioavailability of the leachate in this study there was a 27% re-
duction in DOC in the high treatment over the first 20 days compared 
to initial concentrations. This equates to a use of 61% of the tDOM 
leachate if we consider initial DOC in the water before additions to 
be recalcitrant. While filtering the leachate to 0.5- μm is likely to have 
increased its bioavailability by removing the need to process course 
particulate OM and woody debris, its effects still offer an accurate 
representation of what may occur in similar natural systems follow-
ing floodplain inundation. Furthermore, nitrogen and phosphorus 
concentrations in the leachate were relatively high (indicating high 
quality) which is likely to have played a role in the strong response 
seen in the food web following additions. Interpreting these results, 
we can consider the leachate we used to be at the high end of lability 
compared to natural flood waters, although environmentally rele-
vant for the ecosystem which we are testing. However, in systems 
where tDOM resources are of a lower quality (e.g., low nitrogen and 
phosphorus content) such as coniferous forests (Franke et al., 2013), 
it is possible that the impacts of tDOM additions would be less pro-
nounced. Thus, as the quality of tDOM varies across ecosystems 
(Baldwin et al., 2016; Bunn et al., 2003), the effects of tDOM pulses 
on freshwater food webs also may vary accordingly.

Mixotrophy is a growing area of importance in river ecology 
(Flynn et al., 2013), and may be of particular relevance in environ-
ments where food- web production can switch quickly between 
allochthonous and autochthonous sources, such as lowland rivers. 
The ability to switch between major energy sources may be crucial 
for energy transfer. Indeed, mixotrophy creates smooth transitions 
between photosynthesis and heterotrophic production supporting 

food webs (Worden et al., 2015), and is likely to be a quantitatively 
significant link between allochthonous organic matter and higher 
consumers (Hansson et al., 2019). Furthermore, mixotrophy may in-
crease the transfer efficiency of food webs by offsetting the carbon 
lost during respiration in higher trophic levels with photosynthesis 
and reducing C:N:P mismatch between producers and consumers 
(Katechakis et al., 2005; Ward & Follows, 2016). Emerging evidence 
also has shown that mixotrophs may be a more stable and nutritious 
food source for zooplankton than obligate autotrophs (Hansson 
et al., 2019). Mixotrophy may, therefore, greatly increase the transfer 
efficiency and quality of tDOM to zooplankton compared to energy 
transfer from the microbial loop alone (Flynn et al., 2013; Hiltunen 
et al., 2017). By fuelling mixotrophic growth while maintaining au-
totrophic production, allochthonous DOM may offer larger total 
food- web subsidies than thought previously. In terms of flow events 
increasing tDOM concentrations our data suggest that large pulses 
of tDOM can offer significant boosts to zooplankton production via 
both autochthonous and heterotrophic pathways. During these pe-
riods mixotrophs may be of particular importance for the transfer of 
terrestrial inputs to higher trophic levels and as a stable resource in 
highly variable environmental conditions.

5  |  CONCLUSION

This study has expanded on the results of several previous meso-
cosm experiments using tDOM as an energy source for a freshwa-
ter food web. We found that mixotrophic algae play a major role in 
mobilising tDOM for higher trophic levels. Furthermore, a trophic 
succession of filter feeders changing to raptorial species was evi-
dent as a pathway for allochthonous energy transfer, as zooplank-
ton able to exploit bacterial populations emerged following leachate 
additions and were then preyed upon by higher trophic levels such 
as copepods. Stable isotopes evidence showed that POM δ13C sig-
natures were correlated to the ratio of mixotroph versus obligate 
autotroph biovolume. POM and zooplankton δ13C signatures were 
closely correlated, suggesting that mixotrophs played a major role 
in feeding zooplankton throughout the study. These results support 
our main hypothesis that pulses of allochthonous organic matter can 
significantly increase zooplankton growth. Furthermore, our results 
suggest that mixotrophy may be an important process for transfer of 
allochthonous energy to higher consumers in freshwater food webs. 
We contend that the use of allochthonous carbon in freshwater food 
webs is highly complex, with multiple potential pathways of energy 
transfer to higher trophic levels. Further research into the role of 
mixotrophic flagellates and their impact on consumers may greatly 
increase our underlying understanding of how allochthonous carbon 
is used by food webs.
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