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Abstract. Environmental flows are managed events in river systems designed to enhance the ecological condition of

aquatic ecosystems. Although not traditionally seen as important in lowland rivers, there is mounting evidence that
terrestrial subsidies can be an important energy source in aquatic metazoan food webs. We argue that the apparent lack of
importance of terrestrial subsidies to many lowland river food webs may reflect an artefact resulting from historical

anthropogenic changes to lowland river–floodplain ecosystems, including the loss of lateral connectivity between rivers
and their floodplains, changes in floodplain land use and carbon stores, and loss of sites of transformation within the main
channel. The loss of floodplain subsidies to the main river channel can be partially redressed using environmental flows;

however, this will require mimicking important aspects of natural high-flow events that have hitherto been overlooked
when targeting environmental flows to a limited suite of biota. We suggest that key biotic targets for environmental flow
releases may not be achievable unless river–floodplain subsidies are sufficiently restored. Environmental flows can go
someway to addressing this shortfall, but only if floodplain subsidies to river channels are explicitly included in the design

and management of environmental flows.
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Introduction

One of the most striking impacts of river regulation globally is a
reduction in the frequency with which rivers spill out onto the
surrounding floodplain. In the case of flood-control dams, this

reduction reflects the direct goals of river regulation, although in
many other circumstances it is a side effect of storing or diverting
water for human consumption. Recognising the loss of con-
nectivity between river channels and their floodplains has

resulted in environmental degradation; jurisdictions world-wide
have begun implementing environmental flows (Arthington
2012). Environmental flows are managed releases of water

designed to enhance the ecological condition of riverine

ecosystems altered as a result of river regulation (Arthington 2012;

see also http://water.worldbank.org/topics/environmental-ser-
vices/environmental-flows, accessed 3 September 2015). Rein-
stating natural floods within an environmental-flow context is

often contentious because of the risks posed to human assets on
floodplains and because of the large volumes of water required;
however, it is, nonetheless, often seen as an essential component
of river restoration. However, the goals of environmental flows

are often focussed on maintaining particular species or
communities that are reliant on inundated floodplains, such as
water birds and floodplain vegetation, oftenwith a focus on flow

events critical to the life history of the target biota. In the present
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paper, we argue that if environmental flows are being utilised,
consideration should be given to their potential to restore

subsidies of materials, specifically dissolved organic carbon
(DOC), from a floodplain to lowland river food webs.

There are several means by which floodplain inundation may

contribute to riverine foodwebs. First, large quantities ofmaterial
(nutrients and carbon) may be leached from floodplain soils and
vegetation, thereby supporting high rates of algal production and

bacterial respiration. Second, this increase in basal resources can
promote higher rates of secondary production by aquatic inverte-
brates (including the emergence of zooplankton from a propagule
bank), which fuels aquatic food webs, that is, the so-called flood-

pulse concept (Junk et al. 1989; Winemiller 2004). Furthermore,
by recharging soil moisture and rejuvenating semi-permanent
wetland habitat, floods contribute to greater terrestrial primary

production during the inter-flood period, which further enhances
resource availability during subsequent flood events by reciprocal
provisioning (Baldwin et al. 2013).

The contribution by floods to riverine production can be
enormous. For example, it was estimated that the inundation of
the Barmah Forest (south-eastern Australia) in 2010, which
flooded ,50000 ha of forest, returned 7 tonnes (or 7 Mg) of

zooplankton, 15 Mg of phytoplankton (assuming a 50 : 1 ratio
between phytoplankton biomass and chlorophyll-a concentra-
tion) and 300Mgof dissolved organic carbon to theMurrayRiver

(Nielsen et al. 2016). Similarly, a flood event on the Parana River
in South America resulted in the mobilisation of an additional
4� 106 Mg of carbon (mostly as DOC), approximately twice the

normal carbon load for the river (Depetris and Kemp 1993).
However, whereas the role of the flood pulse and floodplain

inundation in driving production in large lowland rivers seems

inarguable, there remains much debate about the relative impor-
tance of terrestrial and aquatic carbon sources to riverine food
webs (Jenerette and Lal 2005), especially, the importance of
dissolved organic carbon. Empirical data certainly support the

role of terrestrial detritus as important carbon sources for aquatic
food-webs in specific places and at specific times (e.g. Reid
et al. 2008; Hladyz et al. 2012); however, the circumstances, and

relative contributions to sustaining food-web biomass, remain
conjectural. The classical view is that pathways of bacterial
uptake for terrestrial carbon are inefficient because of that

carbon being recalcitrant (biologically inactive). Furthermore,
only a small fraction of the bacterial production is actually
incorporated into higher food web, whereas a large amount of
the production stays within the ‘microbial loop’ (Thorp and

Delong 2002); this occurs, in part, because of the potentially
lower nutritional value of bacterial cells, which may, for exam-
ple, lack essential polyunsaturated fatty acids necessary for

metazoan growth (Saikia and Nandi 2010). From this basis, it
is argued that algae represent a more important source of basal
energy (Thorp and Delong 2002), although much of this algal

production may also be occurring on the floodplain (Jardine
et al. 2012). Better understanding of the relative importance of
these different carbon sources has potentially important impli-

cations for restoring streams and rivers (Stanley et al. 2012),
including efforts to restore river–floodplain connectivity with
environmental flows.

The goal of the present paper is to review the evidence base

for the role of DOC in aquatic food webs within the context of

anthropogenically altered floodplain rivers. We focus on rivers
of the southern Murray–Darling Basin in Australia as a case

study, and pay particular attention to the ways in which
environmental flows may alter carbon and food-web dynamics.
We concludewith recommendations for future research needs to

address some of the more critical current knowledge gaps.

The importance of DOC in contemporary riverine
food webs

The importance of terrestrial DOC subsidies (sensu Polis et al.
1997) to large lowland river food webs is far from certain. In

their synthesis paper, Thorp and Delong (2002) reviewed low-
land river food webs from across the globe and found that the
principal basal resource was almost always autochthonous

carbon. Although they recognised that, at times, there is a large
flux of carbon from floodplains to the channel of unconstrained
rivers, they argued that this carbon was mostly recalcitrant, and

the fraction that was readily available was mostly retained in the
microbial loop. This hypothesis is partially supported by a more
recent review of food-web studies in 31 large rivers (Roach
2013), which also found algal production to be the predomi-

nant basal resource inmost lowland rivers. In all, Roach (2013)
identified only five river systems where carbon from terrestrial
(C3) plants was the dominant basal resource and an additional

seven rivers where terrestrial carbon may have partially
contributed to basal production. The overriding factor of
whether or not terrestrial input into food webs was an impor-

tant resource to maintain aquatic organisms appeared to be
high flows or increased carbon loads, either through high
concentrations of DOM in the river or from litter fall (Roach

2013).
Despite the predominance of studies reporting autochtho-

nous sources as the dominant basal resource, several studies
have found evidence to suggest that allochthonous DOC can be

an important basal resource in inland aquatic ecosystems. In
their seminal paper, Carpenter et al. (2005) showed that terres-
trial carbon accounted for up to half the carbon (energy) flow to a

variety of fish species inhabiting small lakes (0.9–2.5 ha).
Similarly, Tanentzap et al. (2014) found that terrestrial sources
supported 34–66% of fish biomass in lakes, with the percentage

of fish biomass supported by terrestrial sources increasing as
forest cover in the catchment increased. Reid et al. (2008) also
found (using stable isotope analysis) terrestrial leaf litter to be a
major basal food source supporting fish and predatory

invertebrates.
Far from being recalcitrant, several studies have shown that

DOC from floodplains is highly bioavailable (Baldwin 1999;

Wallace et al. 2008; Baldwin et al. 2014). For example, in 2010–
2011, following the ‘Millennium Drought’ (1997–2010), there
was a moderate-sized flood along the Murray River (see Whit-

worth et al.2012 for a detailed discussion of the flood).During the
flood event, a large amount of dissolved organic carbon entered
the river from its floodplain (Whitworth et al. 2012). Rather than

carbon not being bioavailable, from data presented inWhitworth
et al. (2012), Baldwin et al. (2014) estimated that up to 650 kg
DOC river-km�1 day�1 was consumed along a 500-km stretch
of the river over a 6-month period. By way of comparison, the

average gross primary production along the same stretch of river
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during a period without overbank flows was estimated to be
5.7 kg C km�1 day�1 (Oliver and Merrick 2006).

These studies are complemented by more direct evidence
that DOC from floodplain sources is not constrained to the
microbial loop. Both laboratory (Baldwin et al. 2014) and field

studies (Cook et al. 2015) have shown that DOC can be rapidly
assimilated into riverine biofilms, from where it can enter the
metazoan food web through grazing by aquatic invertebrates.

Similarly, it has been shown that within 8 days, zooplankton
density approximately tripled in mesocosms containing water
from a lowland river that had been dosed with DOC leached
from leaf litter, compared with non-dosed controls (Mitrovic

et al. 2014). Further, the addition of glucose (which has more
resemblance to autochthonous carbon sources), a less complex
source of carbon than DOC, led to the development of different

zooplankton communities and fewer large species (copepods),
suggesting that allochthonous DOC may play an important role
in determining the structure and diversity of elements of aquatic

food webs. In another study, Zeug andWinemiller (2008), using
stable isotope analysis, showed that riparian C3 plants were the
predominant basal resource for almost all consumers in the
main channel of the Brazos River in Texas (USA) and most

consumers in adjacent oxbow lakes.
So, the question arises as to whywe do not seemore evidence

that allochthonous carbon is important in the functioning of

lowland rivers? Zeug andWinemiller (2008) contended that one
of the reasons for the discrepancy is that many of the studies that
have shown that autochthonous, rather than allochthonous,

carbon sources are more important in riverine function are
undertaken during periods when there was little or no connec-
tivity between a river and its floodplain (e.g. Thorp et al. 1998;

Bunn et al. 2003; Delong and Thorp 2006; see also Oliver and
Merrick 2006). Conversely, they suggested that studies that
have included different flow regimes (including high flows)
have shown that terrestrial carbon can be an important basal

resource (Huryn et al. 2001; Wantzen et al. 2002; Zeug and
Winemiller 2008; Hladyz et al. 2012; Cook et al. 2015). Another
(complementary) explanation is the significant anthropogenic

changes to river–floodplain ecosystems world-wide, particularly
in temperate regions (Bayley 1995).

Effects of anthropogenic changes on the carbon dynamics
of lowland rivers and floodplains

River regulation and the loss of lateral flows from the
floodplain to the main stem of the river

The flow regimes of many lowland rivers are regulated with
headwater dams that capture high flows that would otherwise

inundate lowland floodplain wetlands. There are an estimated
40 000 large dams (with walls higher than 15 m) world-wide
(World Commission on Dams 2000), and over half of the largest

river systems in the world are heavily modified by dams and
storages (Nilsson et al. 2005). These dams and storages have had a
profound effect on the connections between lowland rivers and

their floodplains, affecting the extent, frequency, duration and
timingof floodplain inundation(Kingsford2000;Vörösmartyetal.
2010). In addition, so as to protect agricultural land and commu-
nities from inundation, many rivers have been disconnected from

their floodplains by levee banks and other flood-control structures.

For example, over 80% of the floodplain of the LowerMississippi
River (,10� 106 ha) is subjected to greatly reduced frequency of

inundation by levees (Kesel 2003), although failure of levees
during major flood events has been high (Tobin 1995).

The loss of lateral connectivity between rivers and their

floodplains has altered not just water movement, but also the
flux of materials and energy (nutrients and carbon) and biota
(plant propagules and animals) from and to the river (Bond et al.

2014). Consequently, the export of DOC from floodplain
ecosystems to the main river channel is likely to have been
substantially reduced. As an example, we have modelled carbon
export from a moderately sized floodplain forest (Koondrook–

Perricoota Forest, south-eastern Australia) under natural and
regulated flow regimes (see Supplementary material for this
paper). During periodswhen the flow regime is close to the long-

term average, there would not have been a substantial difference
in the amount of DOC exported from the forest under natural or
regulated flow regimes (4940 Mg compared with 4420 Mg for

the period 1980–1996; Fig. 1). However, during an extended
period of drought (1997–2010), 3270 Mg of DOC would have
been exported from the floodplain under natural flow conditions,

whereas only 2000Mgwould have been exported under regulated
flow conditions. The main difference was that, even in the face of
severe drought condition, there would have been several signifi-
cant flood events in the forest in the absence of river regulation;

however, because of regulation, these floods were captured by
upstream water storages (see Supplementary material).

Westhorpe and Mitrovic (2012) also modelled DOC export

from the lower floodplainNamoi River, on the basis of scenarios
with flow regulation and simulated pre-development conditions.
They found that in wet years with floods, almost 23 000 Mg of

DOC could have been exported under pre-regulation flow
regimes, whereas under current flow regimes, only 14 775 Mg
of DOC was exported. In years with no major floods, much

lower DOC export occurred, with, on average, 1500 Mg
exported under no-regulation and 741 Mg under a regulation
scenario.
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Fig. 1. Estimated differences in carbon export from Koondrook–

Perricoota Forest based on modelled natural (unregulated) and current

(regulated) flows in the adjacent Murray River. Dark shading indicates

exports during 16 years of near-average rainfall in the catchment (1980–

1996), and the unshaded areas represent carbon export during the Millennium

Drought (1997–2010).
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In the highly regulated Murrumbidgee River catchment, in
eastern Australia, low rates of ecosystem respiration, and a high

contribution of phytoplankton to gross primary production, have
also been attributed to the reduction in terrestrial carbon inputs
from river regulation (Vink et al. 2005). Given that overbank

floods are one of the main pathways for allochthonous carbon to
enter the river channel, it is not surprising that studies in such
systems fail to find that allochthonous DOC is an important

basal resource for food webs in rivers with river regulation and
flood-mitigation infrastructure.

Changes in land use

Floodplains are highly productive compared with surrounding

dryland ecosystems, because of sediment and nutrient deposi-
tion from previous floods (e.g. Tockner et al. 1999) and the high
availability of surface water and alluvial groundwater. So as to

take advantage of this productive land, floodplain forests,
woodlands and shrublands have been extensively cleared and
replaced with irrigated and dryland crops and pastures. In

floodplain forests and woodlands, much more of the carbon that
is fixed on the floodplain remains in situ (as standing biomass,
large woody debris, litter and soil carbon), than in cropping and

pasture land, until it is mobilised following inundation. Under
crops or pastures, a large proportion of the carbon fixed on the
floodplain is exported for human or stock consumption.
Furthermore, although it is possible for DOC to be leached from

crops and pastures if inundated (Whitworth et al. 2012), the
likelihood of flooding of these systems is often significantly
reduced by flood-protection levees (see above). Hence, shifts to

agricultural and grazing systems decrease the amount of carbon
stored on floodplains. Furthermore, loss of woody vegetation
adjacent to the river channel reduces the amount of carbon that is

available to enter the river through direct litter fall and tree fall
(e.g. Mac Nally et al. 2002).

The clearing of native vegetation and the establishment of
agriculture and grazing on floodplains have tended, historically,

to precede river regulation, and provide some of the rationale for
it. These justifications include the protection of property and
crops from inundation, the supply of water for the development

of irrigation districts and the amelioration of the effects of
drought (e.g. Worster 1985; Powell 1993).

Loss of sites of transformation

Even if DOC could enter the river channel, loss of sites of

transformation have most probably reduced the efficiency with
which theDOCcould be assimilated into high-order consumers.
For DOC to enter the metazoan food web, it first needs to be

assimilated into bacteria, either those in the water column or
those associated with biofilms. Carbon has been shown to be
limiting to bacterial growth in some Australian lowland rivers

(Westhorpe et al. 2010;Mitrovic et al. 2014). Transfer of carbon
into the metazoan food web is arguably more efficient through
biofilms than through planktonic pathways (see Baldwin et al.

2014). However, hard substrates, particularly large woody
debris, which would have been sites of transformation for
converting dissolved organic carbon into biofilm carbon, have
been removed frommany lowland rivers to facilitate navigation

as well as for flood mitigation (e.g. Gippel 1995).

It has been hypothesised that one reason that DOC is not
identified as an important basal resource for lowland river food

webs is because of the inefficiencies associated with the transfer
of carbon through planktonic bacteria rather than biofilms
(Baldwin et al. 2014). However, despite inefficiencies with

allochthonous DOC incorporation into the planktonic food
web (often involving one or more steps in the food chain
compared to phytoplankton carbon routes; Jansson et al.

2000), the quantity and concentration of DOC available after
overbank inundation events can be much higher than those of
DOC available via autochthonous sources (Westhorpe and
Mitrovic 2012). This can allow zooplankton and fish the poten-

tial to develop much greater biomass (Mitrovic et al. 2014).
There is also evidence that bioavailability may, in some
instances, increase with inundation (Hitchcock and Mitrovic

2015).
Biofilms on large woody debris also have the potential to

reduce the carbon-uptake length of a river reach (Baldwin et al.

2014). The carbon-uptake length is the length of river necessary
to reduce the concentration of a constituent, in this case DOC, by
a certain proportion. The more biofilm in a given reach, the
shorter the uptake length, and themore likely that DOC exported

from the floodplain will remain in the immediate vicinity of the
return flows. In the absence of large woody debris and their
associated biofilm, DOC would be lost from the river reach, by

being transported downstream from the immediate area before
being taken up by biota.

Case study: historical changes in land use and effects of
river regulation on carbon dynamics in the southern
Murray–Darling Basin

The following section details some gross changes to carbon
dynamics associated with clearing, land-use changes and river
regulation in lowland floodplains of the southern Murray–

Darling Basin following European colonisation in the 1830s and
1840s (Fig. 2). Reviews of the effects of river regulation in
eastern Australia have tended to downplay changes in carbon

dynamics and their implications for food webs and productivity
(Walker and Thoms 1993; Kingsford 2000) and have focussed
instead on changes in flow regimes and their effects on biotic

communities and on flow restoration and protection of rivers
(Arthington and Pusey 2003). However, in a review of the
dynamics of carbon in Australian floodplain rivers, Robertson
et al. (1999, p. 825) hypothesised that ‘yfor those rivers where

floodplains have been alienated from their river channels by
altered flow regimes, and for which there have been changes to
the quality of in-channel organicmattery there has been a shift

in the balance such that longitudinal fluxes of organicmatter and
in-channel algal production dominate carbon pools. This is
because allochthonous inputs from floodplains and riparian

habitats have been greatly reduced.’
Initially, land-use changes involved the establishment of

extensive sheep- and cattle-grazing runs within existing

communities of native floodplain vegetation and the disruption
or cessation of Aboriginal burning regimes, but without radical
changes to the treescape. Whereas these changes had implica-
tions for carbon dynamics, for example, via the altered compo-

sition and distribution of riparian vegetation communities and
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their regenerative capacity (Robertson and Rowling 2000; Price
et al. 2010), the details and scale of these effects are poorly
understood.Bywayof contrast,widespread tree clearing followed
the 1850s Victorian gold rushes and the expansion of intensive

settlement from the 1860s (Barr and Carey 1992), as well as the
felling of riparian river red gum forests for timber (Colloff 2014).
Walker et al. (1993) estimated there are 12–15 billion fewer

trees in the Murray–Darling Basin now than before European
settlement, being a loss of ,65%.

Riparian forests and woodlands had provided large inputs of
carbon to rivers from leaf litter and from coarse woody debris

that accumulated on the floodplain and within river channels.
Removal of timber from the Murray channel to improve
navigability (‘de-snagging’) between 1865 and 1925 resulted
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Fig. 2. Changes in water available for the environment (inflows minus diversions) and carbon dynamics of rivers, floodplains and wetlands of the

southern Murray–Darling Basin under (a) no water-resource development and historical climate (1985–2006) and (b) current water-resource

development, recent climate (1997–2006). Flow data from CSIRO (2008). DOC, dissolved organic carbon; OM, organic matter.
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in loss of an estimated 1500 snags river-km�1 (Phillips 1972;
Treadwell et al. 1999), being equivalent to a surface area of

195 000 m2 river-km�1 for potential colonisation by biofilms
(Baldwin et al. 2014). Clearing of fallen timber from floodplain
forests for firewood, possibly by up to 85% of loads pre-

European settlement (Mac Nally et al. 2011), further reduced
biofilm potential (cf. below).

So as to protect crops and pastures from inundation, an

extensive series of levee banks was constructed along the central
Murray from the 1890s (Dexter 1978), isolating the river from its
floodplain and reducing the extent and frequency of floods and
the transfer of allochthonous carbon to the channel. Establishment

of irrigation districts along theMurray andMurrumbidgee valleys
from the late 1880s heralded the construction of major dams and
storages and the development of water resources from the 1900s

(Powell 1989), with basin-wide irrigation diversions intensifying
from,4000 GL in 1955 to over 10000 GL in 1985 (Colloff et al.
2015) and 12 major storages completed between 1928 and 1979

(Fig. 2b). The resultant reductions in the volume, frequency and
duration of overbank flows causedmajor contractions in the flood
regimes of wetlands in the southern basin (Sims et al. 2012).
Consequently, considerably less organic matter now accumulates

on smaller areas of floodplain than before European colonisation
and there are fewer, shorter periods for generation of DOC during
flood events and its transfer to river channels (e.g. see Supple-

mentary material).
In addition to DOC derived fromwoody vegetation, emergent

macrophytes provide an important source of carbon in low-lying

wetlands and floodplains adjacent to rivers (Vivian et al. 2014).
This above-ground biomass can be considerable (in the order of
tens of tonnes per hectare, e.g. Colloff et al. 2014), and DOC

leached from this material is available for export to rivers during
flood events (e.g. Whitworth et al. 2012). Grassy wetlands and
reed beds have declined greatly in extent since river regulation in
the southern Murray–Darling Basin (Colloff 2014; Colloff et al.

2014), indicating major reductions in macrophyte-derived DOC
sources.

Characteristics of rivers and floodplains that determine the
relative importance of DOC as a basal resource for riverine
food webs

There are multiple pathways for the movement of DOC through-
out river–floodplain systems (Fig. 3), including the following:

(1) Litter- and tree fall from riparian vegetation directly into the
river channel and associated benches.

(2) Overland flow from the upland and floodplain during rain
events, including flows along channels or into wetlands.

(3) Subsurface leaching of DOC through the soil profile or
groundwater from the floodplain to the river channel, which

may be intercepted by wetlands.
(4) Subsurface flows of water from the river channel to the

floodplain.

(5) Lateral movement of DOC from the river to the floodplain
during overbank flood events.

(6) Movement of DOC across and along the floodplain during

the flood event (including flood runners), which will leach
DOC from litter and soil but also entrain DOC in floodplain
wetlands.

(7) Floodwater returns from the floodplain back to the river
channel.

(8) Longitudinal movement of DOC along the river channel.

The relative importance of each pathway will depend on the
physical characteristics of the river and its floodplain, and will
vary in time and space (see Supplementary material for a more

detailed discussion on how each pathway affects DOC).
It is conceptually possible to identify those characteristics of

lowland river–floodplain systems in which DOC is (or was) an

important basal resource. First, the load of readily bioavailable
DOC that enters (or entered) the river from the floodplain must
make a significant contribution to the overall energy budget of
the river; for example, the annualised DOC load should be at

least of the same order of magnitude as the amount of carbon
fixed in the river channel. Thismeans that river reaches that have
(or had) large areas of floodplain that are (were) regularly

inundated would be more likely to have food webs supported
by allochthonous DOC. Similarly, floodplains that are dominated
by vegetation types that are a good source of bioavailable DOC

are more likely to have food webs supported by allochthonous
DOC than are those with vegetation that produces poorly
available DOC (e.g. Wallace et al. 2008) or, indeed, those

without any appropriate vegetation. There is some evidence that
threshold bioavailable DOC concentrations may need to be met
for effective transfer of energy through the food web (Hitchcock
et al. 2015). Lower concentrations of DOC may result in losses

through respiration and trophic transfer efficiency across steps in
themicrobial food chain.HigherDOC concentrations over longer
periods could provide enough energy to subsidise the food web

(Karlsson et al. 2007). This finding underscores the importance of
the DOC supply from floodplains in achieving such threshold
concentrations and the benefits from inundating areas with

substantial natural floodplain vegetation and DOC sources rather
than those with reduced quantity and quality of DOC. The
targeting of these areas with environmental flows at appropriate
intervals to ensure that adequate DOC resource is available, or to

be timed to meet enhanced leaf fall or leaf senescence, may be a
tool to achieve this.

When considering whether, historically, DOC may have

been important to riverine food webs before human modifica-
tion, the extent of the channel networks on the floodplain should
be taken into consideration, especially the surface area of the

total channel network compared with the size of the receiving
channel. Floodplains that are highly channelised (including
anabranches) are more likely to contribute DOC to support

riverine food webs (Hladyz et al. 2011; McGinness and Arthur
2011). These channels serve to move water to and from the
floodplain and can be filled either from overland flow from
the catchment (Pathway 2) or from overbank flows. Because they

are low points in the landscape, they tend to fill first, and, in small
overbank flows, may be the only part of the floodplain that fills.
Because they are the first to fill, they are also the part of the

floodplain that is flooded most often (i.e. both during small,
medium and large events) and, hence, unlike other parts of the
floodplain, may be flooded multiple times in the same year.

Because they are low points in the landscape, litter, mostly from
fringing vegetation, accumulates in the dry channel or any remnant
pools (Hladyz et al. 2011; McGinness and Arthur 2011).
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The food web in a small river connected to a floodplain with

an extensive network of channels would more likely be sup-
ported by DOC than would a very large river channel with a
floodplain with few, if any, channels. Other things to take into

consideration include how often the channels would have
flooded on an annual basis, the nature of the natural floodplain
vegetation, and the mechanisms of litter fall and accumulation.

Litter accumulation in channels would bemore likely to occur in
floodplains dominated by trees rather than grasses. In flood-
plains dominated by deciduous trees, because litter fall occurs
only once in a year, DOC export from the floodplain channels to

themain river will mostly occur during the first inundation event
following leaf fall. Therefore, DOC export from the floodplain
will at best occur only once a year. In such a case, the importance

of DOC export from the floodplain to the riverine food web will
depend on the ability of the riverine biota to capture and store the
DOC, which in turn will depend on the sites of transformation in

the river system (see above). In floodplains dominated by
evergreens such as Eucalyptus species, even though leaf fall
may occur predominantly in one season, it occurs throughout the

year (e.g. Glazebrook and Robertson 1999). For floodplain
eucalypts such as the river red gum, litter fall is a normal
physiological response to drought stress and major declines
($90%) and subsequent recovery in leaf area index are common

(Doody et al. 2015). Multiple flooding of river channels will
lead to multiple pulses of DOC back to the river channel,
although terrestrial ageing of fallen leaves means that the timing

of inundation will play a role in the magnitude, and possibly
lability, of DOC released (Watkins et al. 2010).

River reaches with large amounts of large woody debris (and,

hence, a proliferation of biofilm) should be more efficient at
trapping allochthonousDOC (Baldwin et al.2014). Therefore, it is
more likely that allochthonous DOC would be an important basal
resource in heavily snagged reaches than reaches without snags.

Finally, rivers with multiple connections to their floodplains
aremore likely to be seen as usingDOCas a basal resource along
their entire lengths than are rivers with only a few connections.

As DOC moves downstream, it undergoes a series of biotic and
abiotic reactions that serve to reduce its concentration (Fig. 3,
Pathway 8). Furthermore, because the most readily bioavailable

components of DOC are consumed first, the further away from

the source of the DOC, the more likely the remaining DOC will
be more recalcitrant. Therefore, both the quantity and quality of
DOC will diminish with an increasing distance from its source,

and therefore the less likely allochthonous DOC will be an
important basal resource supporting riverine food webs.

Environmental flows and carbon subsidies to lowland rivers

Environmental flows have the capacity to influence mobilisa-

tion and the quality of DOCmobilised (Westhorpe andMitrovic
2012). There is a range of environmental flow types that have
been either implemented or suggested for rivers (Acreman et al.

2014). Some environmental flows have directly considered
DOC mobilisation in the process of development such as the
New South Wales Integrated Monitoring of Environmental

Flows Program in Australia, which had a carbon hypothesis for
particular environmental flow types (Chessman 2003). Even
where allochthonous DOC is not considered, some of the
different types of environmental flows may still act to influence

DOC concentrations and loads. Some of the common types of
environmental flows and their likely effect on DOC concen-
tration, load and food webs are given below.

High-flow protection rules

These environmental flows generally protect high-flow events
from extraction for irrigation by limiting the amount of water

that can be extracted. For instance, these rules may set flow
thresholds above which irrigation water cannot be extracted or
restrict the amount of water permitted to be extracted during

high-flow events (such as tributary flows or dam spills). The
access will depend on licence types and these flow rules
have been applied in several large catchments such as the
Namoi, Gwydir and Hunter. By engaging floodplain habitat,

riparian zones, low-lying river channels and in-channel features,
these types of flows will generally increase DOC concentrations
and mobilise carbon. Westhorpe andMitrovic (2012) found that

DOC concentrations increased from ,5–7 mg L�1 under low-
flow scenarios to a mean of 20.4 mg L�1 during floods,
with concentrations sometimes over 40 mg L�1. By using a

Upland

3

Floodplain

Wetland River

6 5
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Fig. 3. Schematic representation of flow pathways in a lowland river–floodplain ecosystem. Litter fall

(Pathway 1), overland flow from uplands during rain events (Pathway 2), subsurface flows from the

floodplain to the river (Pathway 3), subsurface flows from the river channel to the floodplain (Pathway 4),

lateral movement from the river to the floodplain during overbank flows (Pathway 5), longitudinal flows

along the floodplain during flooding (Pathway 6), overbank return flows (Pathway 7) and longitudinal flows

in the river channel (Pathway 8) are indicated.
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linear relationship between DOC concentration and flow, they
estimated that in years with high-flow or flood events, the DOC

loads increased ,40% (or by 6000 Mg) with environmental
flows, which was closer to predicted natural loads. Years with
low flows did not lead to greatly changed loads for the different

scenarios because high-flow protection environmental flows
were not activated, showing the importance of protecting the
less frequent high-flow events that break out of river channels

into flood runners and inundate floodplains. These findings are
similar to those of other studies that have shown that high-flow
events of small duration account for a disproportionately high
amount of the DOC load delivered to rivers (Dalzell et al. 2007;

Hitchcock and Mitrovic 2015).

First-flush protection rules

These environmental flow rules are aimed at protecting the first
part of a flow event that may carry greater DOC and nutrient
load. For instance first-flush rules may protect the first part of
a flow event from extraction such as in the Hunter River,

Australia, where the first 12 h are protected to improve river and
estuarine productivity (Hitchcock et al. 2010). They tend to be
activated when flows reach a certain level or a river height and it

is assumed that a flow pulse will be carried down the river.
The first flush can be shown to carry higher concentrations of
DOC and nutrients as it wets the river channel and low-lying

benches. Westhorpe and Mitrovic (2012) showed that, in some
instances, the highest DOC concentrations were associated with
the early part of the flood event. However, the loads were much
greater during the peaks of flow when DOC was generally

higher. These rules have been used quite widely in some
jurisdictions and have been applied to, or suggested for, rivers
and estuaries such as the Hunter, Bega, Wyong and Brunswick

Rivers in Australia.

Water purchasing for environmental benefit

Water can be purchased on open markets for use as an envi-
ronmental flow and has been done so for several rivers including

the Murray, Murrumbidgee, Macquarie and Gwydir Rivers.
Without diversion infrastructure, environmental water deliveries
need to exceed discharges required to fill adjacent wetlands for

successful floodplain inundation, which can be expensive in
terms of bothwater and delivery costs. However, if the purchased
water can wet the floodplain (benches or billabongs) and waters
return to the river, then this may be an effective method. In most

cases, it will be necessary to coordinate deliveries of held water
entitlements, other planned environmental water, tributary
inflows and other water deliveries to achieve peak volumes for a

sufficient duration to fill adjacent wetlands. Because water
accounting, types of entitlements, and delivery arrangements vary
widely among jurisdictions, planning coordinated deliveries

requires significant pre-organisation. Unlike water delivered for
irrigated agriculture, water delivered for environmental purposes
under standard water entitlements is typically not protected and

can thus be made available to meet other consumptive demand.
The consequence of this lack of protection is that environmental
water delivered to wetlands or river channels can be extracted
before lateral or longitudinal mobilisation of DOC can be

achieved (Banks and Docker 2014).

Environmental dam releases or environmental
contingency allowances

Another common mechanism for delivering environmental

flows is releases from dams for specified purposes. Some rivers
that have these environmental flows include the Hunter,
Gwydir, Severn and Lachlan rivers. These are often discre-

tionary rules that might be contingent on an environmental
need such as dispersing an algal bloom (Mitrovic et al. 2011),
wetland replenishment, or fish- or bird-breeding events

(Kingsford and Auld 2005). Unlike water entitlements held
under general water-access licences, environmental water that is
accrued specifically for the purpose of environmental flows is
often protected from extraction, and is more readily delivered to

facilitate longitudinal and lateral connectivity. DOC from dam
releases tends to be low in concentration and autochthonous in
nature (Hadwen et al. 2010; Rohlfs et al. 2016), and so will have

little benefit from an allochthonous DOC food-web perspective.
However, there is the potential for these flows to be piggy-
backed onto downstream unregulated tributary events that may

help increase river height to reach floodplain inundation levels,
particularly if the commence-to-fill levels are known for bench,
billabong or floodplain inundation. In this case, the environ-

mental flow would be very useful for increasing delivery of
allochthonous DOC to rivers.

Transparency and translucency rules (T & T rules)

These environmental flow rules apply to some dams, where the
rules seek to both protect low flows and some aspects of the
higher flows, while maintaining a higher level of variability in

rivers and immediately pass a proportion of reservoir inflows
downstream. The transparency rules pass all water through the
dam below a given level (e.g. the 80th percentile), whereas the
translucency rule releases a proportion of the flow into the dam

(e.g. 20%) above the translucency level, to maintain variability
and some flow pulses in the system (Growns and Reinfelds
2014). These environmental flow rules better mimic the

historical flow regimes that biota are adapted to, albeit at a lower
level. If the 20% translucency is applied, 20% of large flow
events should be released downstream. There is some potential

that these flow rules may be of some benefit in terms of
allochthonous DOC delivery if large inflows are recorded, if a
larger translucency percentage is utilised, or if releases piggy-
back on to other unregulated tributary flows to enable bench and

floodplain wetting. However, T&T flows often lack the pro-
tection of other environmental contingency flows and so their
use in longitudinal DOC transport is limited. Some dams that

currently use these rules are Burrinjuck Dam (Murrumbidgee
River), Copeton Dam (Gwydir River) and Burrendong Dam
(Macquarie River).

End-of-system flow rules

These environmental flow rules generally protect water at the
bottom of a catchment by maintaining a minimum flow, which

may be based on historic seasonal flows. These rules try to
ensure that a minimum target flow is reached, to potentially
improve water quality and reduce algal blooms (Mitrovic et al.
2008) or provide water for estuaries to stop upstream salt-wedge

incursion (Lester et al. 2011). As these rules protect the lower
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end of the hydrograph, they are unlikely to be very useful for the
mobilisation of large amounts of allochthonous DOC, although

they may play an important role in providing downstream
nutrient and carbon energy-resource supplies for these produc-
tive ecosystems (for example, estuaries, bays and the coastal

zone).
Implicit in the preceding discussion is the assumption that

overbank environmental flows are allowed to return to the river

channel. For example, under natural flow conditions,many large
floodplain lakes and wetlands would have been filled by over-
bank (sheet) flows, allowing lateral connectivity between the
river and floodplain. Currently, it is common for environmental

flows to be used to inundate these floodplain water bodies,
specifically to enhance the condition of associated biota (Bond
et al. 2014). Infrastructure (including pumps, levees and

channels) is used to efficiently direct environmental water
allocations into these water bodies. However, although it is
common to provide a sufficient volume of water to inundate the

water body, often there is not enough water to ensure any return
flow (see Bond et al. 2014 for examples). Alternatively, there
may be a reluctance to allow return flow from the floodplain
because of the perceived risk of poor water-quality outcomes in

the receiving water (see discussion in the following section).

Synthesis

The apparent dominance of autochthonous carbon in the food
webs of floodplain–river ecosystems is likely to stem from the
widespread flow regulation in studied rivers and from the epi-
sodic nature of floodplain carbon deliveries. However, there is

mounting evidence that terrestrially derived carbon plays a
fundamental role in the pattern and process of floodplain–river
ecosystems. As the delivery of environmental flows (including

the construction and operation of new floodplain infrastructure
such as weirs, levees and regulators) grows to become one of the
key tools used in the rehabilitation of regulated rivers, there is a

pressing need for empirical evidence to support achievable
outcomes for impaired riverine communities. Planning envi-
ronmental flows to support DOC provisioning in regulated

floodplain–river ecosystems is currently limited by several
important factors, including the following:

� a continuing focus on the apparent needs of salient biota in
river ecosystems rather than the ecosystem processes that
support those biota,

� poor knowledge of the thresholds (concentrations or loads of

DOC and co-limiting nutrients) needed to support ecosystem
functioning,

� a lack of understanding of the DOC concentrations and timing

to which riverine communities are naturally adapted,
� a lack of understanding of the consequences to riverine

communities for reducing or totally removing episodic

heterotrophy and moving towards systems that, for the most
part, are reliant on in-channel autotrophic production (in
particular planktonic autotrophic production),

� severed longitudinal and lateral linkages, many of which are
unlikely to be restored because of current socio-economic
constraints,

� the inability to deliver environmental flows to support DOC

mobilisation at ecologically relevant scales, partially because

of legislative or social constraints on the flooding of private
land, and

� a reluctance to manage for overbank flows, or if overbank
flows do occur, a reluctance to allow flood water to return to
the main channel, because of the risk of adverse water-quality

outcomes, including the development of hypoxic blackwater
plumes.

Some of these barriers are easily addressed. Questions of
targets of environmental flows (charismatic biota compared

with underlying ecosystem processes) are simply human
constructs and, hence, are easily changed. However, more
information needs to be gathered on the importance of ecosys-
tem processes (including floodplain subsidies to lowland rivers)

in supporting socially and culturally important organisms before
there will be an appetite to change natural resource goals for
environmental flows.

Risk of generating hypoxic blackwater also should not be a
barrier limiting DOC subsidies from floodplains to riverine food
webs. Computer models now exist that can be used to predict

the likelihood of generating hypoxia following floodplain inun-
dation (Howitt et al. 2007; Whitworth and Baldwin 2016).
Although these models have been developed specifically for

river red gum-dominated floodplains in south-eastern Australia,
they can readily be modified to account for other vegetation
types (Whitworth and Baldwin 2016). Using these models for
scenario testing shows that the risk of generating hypoxic

blackwater can be mitigated by appropriate timing of floodplain
inundation, managing retention times, ensuring that water is not
allowed to stand on the floodplain for too long, and having a

sufficiently large dilution flow in the main channel to mitigate
hypoxia if it does occur. Similar approaches can also be
undertaken to assess and mitigate other water-quality risks

associated with inundation floodplains, such as mobilisation
of salt or seeding of blue-green algal blooms (e.g. see Baldwin
2014).

Some constraints are much more difficult to overcome.

Because of extensive human colonisation of floodplain ecosys-
tems, there is a large social and cultural barrier to the restoration
of natural inundation patterns to large areas of floodplain

ecosystems. Although inevitable on floodplains, natural over-
bank flows are now characterised as natural disasters rather than
natural events. Therefore, deliberate inundation of privately

held floodplain would undoubtedly result in significant public
backlash. Although in no way advocating the inundation of
privately owned floodplain without the tacit approval of the

relevant landholder, nevertheless, the loss of the subsidy should
be taken into account in natural resource management. For
example, whole-of-system bioenergetics modelling can poten-
tially be undertaken to determine how much actual energy (for

example, from DOC, zooplankton and phytoplankton) and
potential energy (through increased in-channel phytoplankton,
epiphyte and macrophyte growth from floodplain subsidies of

limiting nutrients) would be supplied from unconstrained flood-
plain inundation compared with other flow scenarios including
limited environmental flows and no overbank flows. Such a

modelling exercise would allow estimates of the constraints that
limiting floodplain inundation has on riverine production,
especially on the production of top-order consumers, including

Environmental flows and DOC subsidies Marine and Freshwater Research 1395



fish. This could be undertaken in conjunction with studies
looking at the economic benefits of floods, particularly in arid

and semi-arid landscapes. For example, from an agricultural
perspective, floods can be a much more efficient way of
recharging the soil-moisture profile and groundwater than is

rainfall (e.g. Baldwin et al. 2013), resulting in a significant
increase in post-flood primary production on the floodplain
compared with rainfall responses (Baldwin et al. 2013); other

examples have been canvassed by Opperman et al. (2009).
Inundation of floodplains can also result in substantial potential
benefits for the supply of ecosystem services (Zedler andKercher
2005; Opperman et al. 2010). With appropriate incentives and

governance arrangements, the benefits of these services can be
realisedbyaffected farmers. Furthermore, under increasing future
water scarcity as a result of climate change, environmental flows

represent ameans for realising the benefits of adaptation services;
the ecosystem processes and services that help people adapt to
environmental change (Lavorel et al. 2015). Ultimately, public

acceptance of changing flooding regimes to promote environ-
mental and socio-economic benefitswill require a commitment of
relevant government and non-government agencies to increasing
community understanding of the benefits of floods.

Although it is not possible to return river systems to a natural
state, the loss of floodplain subsidies to rivers has most likely
strongly influenced contemporary lowland river ecology.

Restoring processes such as energy flows that sustain river–
floodplain ecosystems, while continuing to provide water for
irrigation and human infrastructure on floodplains, represents

a major challenge (Opperman et al. 2009; Roseman and
DeBruyne 2015). Nonetheless, many of the valued goods and
services humans derive from floodplain rivers, depend on the

health of those systems. Environmental flows have become a
major restoration tool, but their benefits may depend on the
explicit inclusion of floodplain subsidies as a restoration goal.
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