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Metabolism in a groundwater-fed river system in the Australian
wet/dry tropics: tight coupling of photosynthesis and respiration

Simon A. Townsend1

Charles Darwin University, Darwin, Northern Territory 0820 Australia

Ian T. Webster2

CSIRO Land & Water, GPO Box 1666, Canberra, Australian Capital Territory 2601 Australia

Julia H. Schult3

Department of Natural Resources, Environment, the Arts and Sport, Palmerston,
Northern Territory 0830 Australia

Abstract. The temporal pattern of river metabolism was estimated for high-order rivers (5–7th) in the
Daly watershed, tropical Australia, during the dry season (May–October) when discharge was supplied
predominantly by groundwater. Rates of photosynthesis (P) and respiration (R) were calculated at 4 sites
using the open-channel method based on a model of the river’s O2 budget and measured diurnal cycles of
dissolved O2 concentrations and temperatures. The rivers were shallow (average depth = 0.8 m), clear (1–2
NTU), and had low concentrations of nutrients (ƒ15 mg/L soluble N and P at most sites) and generally
open canopy. At the reach scale, P was limited by light with no evidence of light saturation. An increase in
primary producer biomass over the dry season probably underpinned an approximate doubling of P at the
4 sites over the dry season, but increased water temperatures would have contributed, too. P (0.1–4.6 g O2

m22 d21) in the Daly watershed was similar to rates in a shaded tropical Puerto Rican stream and some
temperate rivers but was lower than in nutrient-enriched temperate rivers. We surmise that most P
resulted in production of dissolved organic C (DOC), rather than growth of primary producer biomass,
which was nutrient limited. R exceeded P (P/R < 0.5), and increased approximately linearly with P (r2

=

0.79–0.99) over the dry season with no statistically significant difference among sites. The similar
environmental setting of the 4 sites underpinned their similar temporal pattern of metabolism. Bacterial
metabolism of photosynthetically produced DOC (PDOC) could partially explain the tight coupling of R
and P but could not account for the river’s overall net heterotrophy. The priming effect of bacterial
degradation of labile PDOC to increase the mineralization of recalcitrant DOC (e.g., humic acids) provides
an explanation for the river’s heterotrophy and tight coupling between P and R.

Key words: river metabolism, photosynthesis, primary production, respiration, priming effect,
heterotrophy.

Gross primary production and ecosystem respira-
tion in rivers, collectively referred to as river
metabolism (Odum 1956), underpin the trophic
structure and biomass of aquatic ecosystems. River
metabolism has been identified as 1 of 5 fundamental
ecosystem processes (Giller et al. 2004). When
calculated from diurnal measurements of dissolved
O2 concentrations and temperature, gross primary
production and respiration refer to the total amount

of C fixed by photosynthesis and the oxidation of
organic C by molecular O2, respectively. River
metabolism can be estimated by the use of benthic
chambers or the open-channel method (Bott 1996).
Benthic-chamber measurements are habitat or sub-
stratum specific, whereas the open-channel method
integrates metabolism over a river reach and takes
into account larger-spatial-scale and spatially variable
processes, such as hyporheic respiration (Fellows et
al. 2001). Open-channel methods are being applied
increasingly to river ecosystems, but most studies
have been done in subtropical and temperate latitudes
and relatively few have been done in the tropics
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(Ortı́z-Zayas et al. 2005, Webster et al. 2005, Gücker et
al. 2009).

The position of a river reach in the watershed can
underpin its productivity, as elucidated by the
conceptual models of Vannote et al. (1980), Junk et
al. (1989), and Thorp and Delong (2002), whereas
climatic factors contribute to interannual variability
(Young and Huryn 1996, Roberts et al. 2007). River
metabolism also responds to a wide range of stressors
that include nutrient, chemical, and sediment pollu-
tion; flow alteration; the condition of the riparian
vegetation; channelization; and aquatic plant man-
agement (Young et al. 2008) and may be influenced
indirectly by latitude. The high annual irradiance and
water temperatures of the tropics favor higher rates of
gross primary productivity (GPP) in tropical rivers
compared to their temperate counterparts. A collation
of daily rates of GPP by Davies et al. (2008) ranked
rates in tropical rivers and streams higher than in
their temperate counterparts. However, on an annual
time scale, such a ranking may not be evident
(Lamberti and Steinman 1997) because of the many
confounding influences, such as riparian shade, river
temperature, turbidity, and nutrients. For example,
Ortı́z-Zayas et al. (2005) reported that annual photo-
synthesis in a rainforest stream was similar to that
in temperate deciduous forests. The warm waters of
the tropics favor high rates of ecosystem respiration
because microbial metabolism approximately doubles
with every 10uC increase in temperature. This
phenomenon has been demonstrated experimentally
(Phinney and McIntire 1965) and statistically (Sinsa-
baugh 1997) and is supported by the high rates of
annual respiration measured by Ortı́z-Zayas et al.
(2005). Rates of photosynthesis also are higher in
warm waters (DeNicola 1996).

Respiration in aquatic ecosystems is linked to
photosynthesis through 2 mechanisms. First, all
photoautotrophs oxidize organic C to provide energy
for cellular metabolism, thereby contributing to
ecosystem respiration. Autotrophic respiration varies
with photosynthesis and depends on the maximum
rate of photosynthesis and the initial slope of the
photosynthesis–irradiance (PI) curve (Enrı́quez et al.
1996). Respiration by phytoplankton is ,1/10th the
maximum photosynthetic rate (Reynolds 1984). The
2nd link is through the heterotrophic metabolism of
photosynthetically produced dissolved organic C
(PDOC) released from growing autotrophic cells (Cole
et al. 1982). Photosynthetically fixed C is exuded from
growing cells during photosynthesis, sometimes at
rates equal to the rate of production (Bertilsson and
Jones 2003). In rivers with open canopies, coupling of
benthic algal and epilithic bacterial production is

strongest under oligotrophic conditions and is linked
to the production of PDOC (Scott et al. 2008).
Otherwise, PDOC is released to the aquatic environ-
ment by lysis of senescent cells, autolysis by parasites,
and mechanical breakage caused by herbivory (Cole
et al. 1982). PDOC is a high-quality bacterial substra-
tum and may be mineralized by bacteria to nutrients
to support continued photosynthesis or incorporated
into bacterial biomass and transferred to higher
trophic levels (Bertilsson and Jones 2003).

We examined river metabolism in the higher-order
rivers of the Daly watershed in the Australian wet/
dry tropics. In contrast to streams in the wet tropics
(e.g., Ortı́z-Zayas et al. 2005), where storm runoff
occurs throughout the year, the higher-order rivers of
the largely undeveloped Daly watershed are supplied
by groundwater during the dry season. We built on
the research of Webster et al. (2005), who measured
photosynthesis and respiration over a dry season at a
single site on the Daly River. The principal findings of
Webster et al. (2005) were that river metabolism was
heterotrophic, photosynthesis was light limited, net
ecosystem production constituted a small proportion
of photosynthesis, and production of PDOC most
probably linked respiration to photosynthesis.

Our study had 4 main objectives: 1) to analyze
further the robustness of the open-channel model of a
river’s O2 budget, applied in our paper and devel-
oped by Webster et al. (2005), to the computation of
the reaeration coefficient; 2) to evaluate the spatial
and temporal patterns of river metabolism in high-
order rivers in the Daly watershed based on addi-
tional measurements of river metabolism in the Daly
watershed and data from Webster et al. (2005); 3) to
analyse the coupling of photosynthesis and respira-
tion; and 4) to compare metabolism of rivers in the
Daly watershed with that of other rivers, both tropical
and temperate, to provide a global context and to
assess the influence of latitude.

Methods

Sample sites and frequencies

Study sites were on high-order rivers, based on a
1:250,000 map, of the Daly watershed in the Austra-
lian wet/dry tropics (Fig. 1) and were sampled
during dry-season base flows. Groundwater input to
the high-order rivers occurs along discrete reaches,
rather than throughout the river system (Fig. 1). River
metabolism was measured monthly at 4 locations in
the Douglas–Daly region for varying periods (Ta-
ble 1). The 2 sites (DR3 and DR5) on the 7th-order
Daly River are 3.2 km apart with no tributary inflows
between them and were considered collectively. Sites
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DG2 and DG4 lie on the 6th-order Douglas River, and
site HC is on the 5th-order Hayes Creek. The Daly
River is in largely undisturbed condition compared to
rivers in temperate Australia because of low intensity
of land use (mainly savanna woodland cattle grazing),
minor consumptive water use, and negligible influ-
ence of dams and point sources of nutrient pollution.

The banks of the Daly River are up to 20 m high and
consist of 2 tiers: a lower bank that confines dry-
season discharge and a higher bank that confines
most wet-season discharge. The banks of the tributary
sites reach a maximum of ,8 m. Riparian vegetation
is dominated by Melaleuca argentea (paperbark) trees
to 20 m height (Lamontagne et al. 2005) and Pandanus
aquaticus along the river’s lower bank. The Daly River
has an open canopy, whereas cover over the Douglas
River and Hayes Creek was ,30 and 65%, respec-
tively. The mean wetted width of the rivers ranged
from 5 to 50 m (Table 1). Reaches upstream of each
site consisted of a sequence of shallow pools (typically
,2 m deep) and runs (,1 m deep). The substrate

upstream of the Daly River sites DR5 and DR3
consisted of equal portions of gravel and sand with
negligible amounts (,1%) of bedrock (see Townsend
and Padovan 2005). The substrata of DG4 and HC
reaches also were gravel- and sand-dominated,
whereas sand was the most common substrate
upstream of DG2. Study reaches were oriented
southeast to northwest at all sites except site DG4,
which was oriented east to west.

Water quality and discharge

Dissolved O2 and temperature were measured with
a multiparameter probe (Hydrolab DataSonde 4a;
Hach Hydromet, Loveland, Colorado) every 10 min
for periods of 38 to 85 h. The instruments were
deployed in fast-flowing water along runs.

Turbidity was measured with a Hach turbidimeter
(model 2100P; Hach Hydromet, Loveland, Colorado).
Discharge and depth data were provided by the
Department of Natural Resources, Environment, the

FIG. 1. The Daly River watershed and sites in the Douglas–Daly region (northern Australia). Radiation data was supplied for
Bureau of Meteorology station 14901.
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Arts, and Sport (Darwin, Northern Territory) for
hydrographic stations on the Daly and Douglas Rivers
(Fig. 1) and gagings at the study sites. Discharge at
sites DR3 and DR5 was determined from a regression
between gagings at these 2 sites and discharge at the
Mt Nancar hydrographic station (Fig. 1) (n = 8, r2

=

0.96, p , 0.001). The water level of the Daly River was
surveyed relative to a temporary benchmark at DR5
during each site visit.

Photosynthetically active radiation (PAR) was
measured with a Li-Cor 188B submersible scalar bulb
(Li-Cor, Lincoln, Nebraska) in the middle of the Daly
River from a boat. A boat was not used at other sites
because they were too shallow. The attenuation of
PAR was determined from a regression of depth and
ln(PAR), and the euphotic depth was calculated as the
depth to which 1% of PAR, measured immediately
below the water’s surface, penetrated. Average PAR
(Iwc) in the water column was calculated as follows:

Iwc=
I0

H

ð0

{H

eKzdz ½1�

where I0 is the PAR immediately below the water’s
surface, H is water depth, K is extinction coefficient,
and z is the vertical coordinate with z = 0 and z = 2H
at the surface and bottom, respectively.

Water samples were collected for the analysis of
NO2

2, NO3
2, filterable reactive P (FRP), and chloro-

phyll a (Chl) during each deployment of the multipa-
rameter probes. During dry-season discharges, NH4

+

in these well-oxygenated waters is usually not
detectable (,5 mg/L; ST, unpublished data). Water
samples for oxidized N and FRP analyses were
filtered through a 0.45-mm membrane in the field,
stored on ice, and then frozen until analysis by
standard methods. These methods were (APHA 1998
method numbers in parentheses) the automated
ascorbic acid reduction method for FRP (4500-P F),
the automated Cd method for oxidized N (4500-NO3

2

F), and fluorometric determination of Chl (10200-H 3)
after ultrasonication in 90% acetone. The FRP and
oxidized N analyses had detection limits of 1 mg/L,
whereas the detection limit for Chl was 0.5 mg/L.
When a measured value was less than the detection
limit, a concentration of ½ the detection limit was
used to calculate average concentrations.

River metabolism

In a river assumed to be horizontally uniform, the
rate of change of dissolved O2 concentration is the
result of photosynthesis by benthic and water-column
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primary producers, in-stream respiration, and gas
exchange across the water surface (Odum 1956). This
budget can be expressed mathematically as:

dO

dt
=P{RzK2 Osat{Oð Þ ½2�

where O is the O2 concentration in the water column
(mg O2/L), t is time (d), P and R and are the
photosynthetic rate and respiration rate, respectively
(mg O2 L21 d21), Osat is the saturation concentration
of O2, and K2 is the reaeration coefficient (d21).

Jassby and Platt (1976) suggested that the best
description of the relationship between light intensity
(I) and P for nutrient-replete conditions is provided
by the expression:

P=Chl Pmax tanh (aI=Pmax), ½3�

where Chl is the chlorophyll concentration, Pmax is the
specific photosynthetic rate, and a is the slope of P at
low light intensity. A measure of the light intensity at
which photosynthesis saturates is Ik = Pmax/a. When I
% Ik, Eq. 3 is linear in I and:

P=Chl aI: ½4�

We tested the model fits as a function of Ik between 100
and 5000 mE m22 s21 and found that, for all sites tested,
the best fits between model and measurement were
achieved with the highest value of Ik; i.e., the photosyn-
thetic response was best described by Eq. 4. Therefore,
Eq. 4 will be used to represent photosynthesis in further
analysis. The assumption that P depends on I, without a
saturation parameter, has also underpinned lake me-
tabolism methods (see Van de Bogert et al. 2007, Hanson
et al. 2008). The dry season in the Daly region generally
is cloud-free, and radiation can be calculated from the
elevation of the sun. On the occasional cloudy day, the
calculated irradiances were reduced by a factor derived
from incident daily irradiance supplied by the Austra-
lian Bureau of Meteorology for station 14901 (Fig. 1),
and based on satellite imagery.

R in the river was assumed to depend on the water
temperature as:

R=cQ
T{28ð Þ=10

10 ½5�

where Q10 = 2.0 (Wilcock et al. 1998), T is water
temperature (uC), and c is a fitted respiration coefficient.

With these representations of the processes, Eq. 2
can be expressed as:

dO

dt
=bP0zcR0zK2F0 ½6�

where P0=I, R0={Q
(T{28)=10
10 , and F0=(Osat{O). The

parameters b (= aChl), c, and K2 are fitted coefficients.
If dissolved O2 is measured at times ti, then the rate

of change of O2 concentration at this time is
approximated by the central difference:

dOi

dt
*

Oiz1{Oi{1

2d
; ½7�

where d is the time interval between measurements
(10 min). The measured time series of dissolved O2

sometimes were noisy, a situation that caused
instantaneous time derivatives for O2 to have large
values. Consequently, the time-series data were low-
pass filtered with a 1-h cut-off period before further
analysis to remove fluctuations having periods ,1 h
(Hamming 1998).

The coefficients b, c, and K2 are derived by
minimizing the difference function (D) with respect
to each coefficient, where:

D=
Xm

i=1

dOi

dt
{bP

0

i{cR
0

i{K2F
0

i

� �2

½8�

where m is the number of measurements. This
standard linear least-squares fitting procedure (here-
after, 1-stage approach) has an algebraic solution, and
the coefficients have defined standard errors (Zar
1999). If the standard errors of individual measure-
ments are the same for all the measurements in a
particular measurement time series (we have no
reason to suppose otherwise), least-squares-deter-
mined parameters have the highest likelihood of
producing a fitted model that best conforms with
the measurements (see eq. 11 in Holtgrieve et al.
2010).

Accurate prescription of K2 has been regarded as
problematic in the application of the diurnal curve
method. In our study, K2 was initially determined as a
fitted parameter, and the results showed some
variability and uncertainty in this parameter. To help
constrain the reaeration parameter, the fitted K2 was
compared to the exchange rate estimated by a method
that is effectively the night-time regression method of
Hornberger and Kelly (1975) and to a value calculated
with the well-known equation for K2 proposed by
O’Connor and Dobbins (1958). The night-time regres-
sion method is a 2-stage approach. First, the rate of
change of the O2 concentration is regressed against R
and reaeration during the night to determine c and K2.
This step is followed by a 1-parameter fit in which
daytime O2 measurements are used to obtain the
photosynthesis parameter b. The method has the
advantage that determination of c and K2 is indepen-
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dent of assumptions concerning the radiation climate
or the nature of photosynthesis. The O’Connor and
Dobbins (1958) (O–D) expression for K2 is:

K2=

ffiffiffiffiffiffiffiffiffiffiffi
DmU

H3

r
½9�

where Dm is the molecular diffusivity of O2 in water at
the ambient temperature, U is river flow speed, and H
is water depth.

P and R are presented as areal rates averaged over
an integral number of days D. Thus, if PA (= PH) and
RA (= RH) are the areal P and R, then their daily
averages are:

PA=
bH

D

ðt1zD

t1

Idt and RA=
cH

D

ðt1zD

t1

Q
(T{28)=10
10 dt: ½10�

Statistical tests

Linear regressions were undertaken to test the
relationship between dry-season P and R at sites DR5,
DG2, DG4, and HC and data from Webster et al.
(2005) for site DR3 in 2001 corrected to 28uC.
Regressions also were done to examine the relation-
ship between P and time, expressed as days since 1
January (day number of the year). These data satisfied
the assumptions of normality and equal variance. The
slopes and y-intercepts of 5 regression equations were
tested for equality with the multiple comparison
method of Zar (1999). A forward stepwise regression
(F value to enter § 4.0, F to remove ƒ 3.9) was done
with 3 independent variables (attenuation coefficient,
incident radiation, and depth). Average daily PAR at
the river bed for site DR5 data was the dependent
variable.

Results

Discharge, water quality, and light

Following the cessation of wet-season rains in 2005,
Daly River discharge declined rapidly during April
and May, decreasing from 85 to 25 m3/s at site DR5
(Fig. 2A). This decline continued over the dry season
but at a considerably slower rate to reach a minimum
of 19 m3/s in early October. River depths at the 4 sites
averaged 0.6–1.5 m when diurnal measurements
commenced but declined ,0.2 m over the dry season.
Groundwater input from the calcareous Oolloo
aquifer, which has conductivities of 600 to 1000 mS/
cm, to the Daly and other rivers could be traced by
conductivity (Fig. 2B). Conductivity increased as the
proportion of groundwater increased and reached a

plateau in mid-June when the river was supplied
solely by groundwater. In late October, several small
runoff events passed down the Daly River. These
small events were followed by a major event in mid-
November 2 d after the last metabolism measure-
ments had been completed (Fig. 2A).

Nutrient concentrations were low. Concentrations
of NO3

2 and FRP were ƒ15 mg/L at all sites except
site DG4 where NO3

2 concentrations were consis-
tently higher (average concentration = 57 mg/L;
Table 1). Chl concentrations in the Daly River de-
clined from 2.3 mg/L in April to ,0.5 mg/L between
July and mid-September, then increased to 1 mg/L in
November (Fig. 2C). This temporal pattern also was
evident at the other sites, which had Chl concentra-
tions similar to those at site DR5 (Table 1).

The dry-season pattern of river temperatures
(Fig. 2D) reflected incident radiation (Fig. 3A). Water
temperatures were warm (average ,28uC), with
minima at each site in July (minimum = 20.6uC at
site HC) and maxima in April and November
(maximum = 34.9uC at DR5). Douglas River and
Hayes Creek temperatures were up to 2uC lower than
the Daly River, probably because of shading. Diurnal
temperature ranges were 0.4–3.4uC. Average daily
dissolved O2 concentrations for each deployment of
the multiparameter probe and at all sites were 5.0–
8.3 mg/L (70–98% saturation), with a diurnal range of
0.5–3.4 mg/L.

As groundwater became the dominant river source,
water clarity increased, then remained relatively
constant (turbidity 1–2 NTU; euphotic depth . 8 m)
until October when higher turbidity was associated
with minor runoff events (Fig. 2E, F). Daly River
euphotic depths were at least 2 to 33 greater than the
river depth. Solar radiation over the Daly River
watershed reached an annual minimum in the middle
of the dry season (Fig. 3A) when the midday sun was
to the north. Four months later, in late October and
early November, the sun was overhead at solar noon,
and peak theoretical daily irradiation rates reached a
maximum, although cloud cover reduced irradiation
at ground level.

PAR incident at the surface of the Daly River was
lowest during June and July (average daily PAR
,450 mE m22 s21; Fig. 3A), coincident with southern
hemisphere winter. Throughout most of the remain-
ing dry season, average daily PAR was 500 to
600 mE m22 s21, but was most variable between
September and November because of cloud cover.
PAR that passed through the water column and
reached the bed of the Daly River (Fig. 3B) increased
from mid-June (Fig. 2D) mainly because of increased
water clarity. In a stepwise linear regression, 75 and
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20% of the variation in the average daily PAR at the
river bed of sites DR3 and DR5, respectively, could be
explained by the attenuation coefficient (n = 12, p ,

0.001) and depth (p , 0.001), whereas incident
radiation was not identified as a significant explana-
tory variable. PAR at the river bed at solar noon was
,1000 mE m22 s21.

Reaeration

K2 estimated from the least-squares fitting proce-
dure and the night-time regression method were
compared to an independent estimate of the exchange
rate from the O–D formula, a measure of reaeration

independent of the dissolved O2 data (Fig. 4A–D).
Over all sites, 62% of the exchange parameters fell
within 1 standard error of the estimated exchange
parameter calculated using the O–D formula. One
would expect that 68% of values should fall within 1
standard error of the expected values of a Gaussian
distribution of modelled values. Thus, values of K2

estimated as part of the metabolism model fit are
approximately consistent with those from the O–D
formula.

At site DR3 and DR5 the O–D K2 averaged 2.3 m/d.
This value is consistent with an O2 gas-exchange
coefficient for the Daly River of 2.0 m/d, calculated
from a radon gas-exchange coefficient of 1.5 m/d by

FIG. 2. Daly River discharge, estimated from a regression with Mt Nancar hydrographic data (see Methods) and metabolism
measurement dates at site DR5 (A), and conductivity (B), suspended chlorophyll a concentrations (C), average daily temperature
(D), turbidity (E), and euphotic depth (F) at sites DR3 and DR5 in 2005.
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Cook et al. (2003) and corrected for the higher
molecular diffusivity of O2 (Schwarzenbach et al.
1993). River discharge was 25 m3/s over most of the
channel section in which radon measurements were
made by Cook et al. (2003) and similar to those during
the period when the O2 measurements were made in
our study (Fig. 2A).

The K2 values derived from the night-time regres-
sions were sometimes consistent with values obtained
with the full regression (as in some of the results for
DR3 and DR5, DG2, and DG4; Fig. 4A, C, D).
Particularly at HC, the exchange parameters deter-
mined using the night-time regressions were ,23 as
large as those calculated with the full linear regression
or the O–D calculated values (Fig. 4B). Furthermore,
in July and August, the night-time regressions for K2

had standard errors that were 63 greater than in other
months, a result indicating that determinations were
poorly constrained.

P calculated with the full least-squares fitting
procedure and with the 2-stage approach were closely
matched (r = 0.986–1.000, p , 0.001) with a ratio close
to parity, a result indicating that the selection of K2 was
somewhat robust. However, R calculated with the 2
methods were not as closely aligned (r = 0.858–0.999, p
ƒ 0.002) and deviated from parity by an average of
30%. At DG2, K2 values also were consistently higher
for the night-time regressions (Fig. 4C).

Given their overall concordance with the O–D
formula and with the radon exchange analysis of
Cook et al. (2003), we consider the exchange param-
eters determined from the full regression as providing
reasonable estimates of the actual exchange parame-
ters. Therefore, this analysis was used for further
determinations of P and R. We suggest that calculated
P values were little affected by this choice.

We applied the 1-stage rather than the 2-stage
approach to examine metabolism in the Daly River
system because the 1-stage approach produced K2

closer to the O–D-derived values. The derived P
values were little affected by the choice of the full
regression or of the night-time regression methods,
but estimated R values were significantly affected.
The coefficients for b, c, and K2 for each metabolism
data point are presented in the Appendix.

River metabolism

Modelled dissolved O2 concentrations closely
matched measured values (Fig. 5A), with Pearson
correlation coefficients that averaged 0.960 and had a
range of 0.821 to 0.997. However, at sites DG4 and
HC, the model tended to underestimate the maximum
and minimum dissolved O2 concentrations by
,0.2 mg/L (Fig. 5B). At these sites, O2 concentrations
measured between midnight and sunrise were some-
times nearly constant, a pattern that deviates from the
theoretical nocturnal decline in O2 concentration (see
Odum 1956) and was not replicated by the model. The
expected error from the regression-fitting procedure
was generally ,10% of the computed P and R values
except for site DR5 in May, June, and July when the
error was ,50% of P and R (Fig. 6A).

Overall, P increased over the dry season at the 4
sites (Fig. 6A, C, E, G). In the middle reaches of the
Daly River (sites DR3, DR5; Fig. 1), O2 production
averaged 1.9 g O2 m22 d21 between April and mid-
August, increased to 3.6 g O2 m22 d21 at the end of
October (Fig. 6A), and decreased to 3.0 g O2 m22 d21

in early November. In a stepwise linear regression of
the independent variables day number and riverbed
PAR, 67% of variation of P at site DR5 could be
explained by day number (n = 11, p = 0.002), whereas
riverbed PAR was not selected as an explanatory
variable. P also increased over the dry season at the
Douglas River and Hayes Creek sites (Fig. 6E, G).
Linear regressions between P and day number were
statistically significant (n = 5–7, r2

= 0.60–0.90, p ƒ

0.040). R was approximately 23 P and had a similar
temporal pattern (Fig. 6B, D, F, H).

Water temperature was not a primary determinant
of increased metabolism over the dry season. Water

FIG. 3. Theoretical and measured average daily photo-
synthetically active radiation (PAR) at the surface of the
Daly River (A), and surface, water-column, and river-bed
average daily PAR at site DR5 (B) on metabolism
measurement dates.
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temperatures, which increased from July to Novem-
ber (Figs 2D, 7A) and had coefficients of determina-
tions of 0.84–0.97 (n = 5–7, p ƒ 0.028) with day
number at the 4 sites, could partially account for the
significant regressions between day number and P.
However, when P was corrected for temperature to
28uC (P28), regressions for data at each site showed
that day number still explained a high proportion (59–
94%) of variation in P28. P28 and R28 increased over
the dry season at site HC (Fig. 7B), as it did at the
other sites.

Our study sites were heterotrophic. Average P
and R for the 4 Douglas–Daly Region sites were ,2.1 g
O2 m22 d21 and 4.1 g O2 m22 d21, respectively
(Table 2). P:R was 0.42–0.62 (Fig. 6B, D, F, H), and net
ecosystem metabolism was approximately 22.0 g O2

m22 d21. In 2001, dry-season P and R calculated for
site DR3 were 2.5 g O2 m22 d21 and 5.9 g O2 m22 d21,
respectively (Webster et al. 2005). These values were
,30% higher than 2005 values but suggest similar
interannual rates.

Rates were corrected to 28uC for periods of common
data collection to enable us to evaluate the relation-
ship between P and R and remove the effect of
temperature. P28 and R28 were tightly coupled (r2

=

0.79–0.99; Fig. 8A–E, Table 3). R28 increased linearly
with P28. For every gram of O2 produced daily by P, R
increased ,1.3 to ,2.23. P28:R28 was significantly
different from 1 (Table 3). A similar relationship is
evident for the 2001 data at site DR3, but the slope of
the regression was not significantly different from 1
(Table 3). A multiple comparison of the 5 regression
slopes was not statistically significant (F4,27, p = 0.52),
indicating overall similar P:R relationships. The y-
intercept of each regression (P28 = 0), indicates an
underlying R28. These values were not statistically
different from 0, but this result should be viewed with
caution because it assumes the linear extrapolation of
the regression, which may not be justified, and
incorporates inherently wide 95% confidence limits
because of extrapolations beyond the range of each
data set (Table 3).

FIG. 4. Mean (61 SE) reaeration coefficients (K2) calculated from the least-squares fitting procedure, night-time regression
method, and the O’Connor–Dobbins (O–D) formula for Daly River sites DR3 and DR5 (A), Hayes Creek site HC (B), Douglas
River site DG2 (C), and Douglas River site DG4 (D).
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Discussion

Model considerations

We transformed the problem of solving the coeffi-
cients for the O2-budget equation of Odum (1956) into
a standard linear least-squares fitting procedure. The
coefficients used to describe ecosystem metabolism
(equivalent to b, c, and K2 used here) are commonly
derived with graphical techniques applied to the time
series of O2 concentration (e.g., Chapra and Di Toro
1991, Roos and Pieterse 1992, Mulholland et al. 2001,
McBride and Chapra 2005), but more recently,
Bayesian analysis (Holtgrieve et al. 2010) and a
bootstrapping technique (C. Solomon, University of
Wisconsin, personal communication) have been de-
veloped. In our analysis, the coefficients for P, R, and
gas exchange were determined with a standard linear
least-squares method, which allows estimation of the
uncertainty in these coefficients. The analysis of
Holtgrieve et al. (2010) provides an alternative but
more complicated method for determining the coef-
ficients. Their method is equivalent to least-squares
optimization for the values of the coefficients them-
selves, but provides much more versatility than our
method in its treatment of uncertainty. For example,

the approach used by Holtgrieve et al. (2010) could
provide uncertainty estimates for the coefficients of P
and R for a prescribed range of exchange coefficients.

Venkiteswaran et al. (2008) suggested that some-
times parameter estimation is ambiguous, and differ-
ent sets of parameters can provide a similar modelled
O2 curve, which may have been the case for HC
results where the 2-stage estimation of R for the night-
time regression was consistently higher than the 1-
stage estimation. The higher R shown by the night-
time regressions appeared to be compensated by an
enhanced resupply of O2 across the water surface, but
the effect on calculated P was small for both the 1- and
2-stage calculations. Overall, R was more sensitive to
values of K2 than P.

In our study, the fit between the modelled and
measured data was generally good based on Pearson
correlation coefficients, a result indicating that the
rate of O2 evolution was well represented in the forms
of the expressions chosen to represent the P, R, and
gas-exchange processes. We tested a photosynthesis
function that allowed light saturation (proposed by
Jassby and Platt 1976) with increasing values of Ik,
which is a measure of the light intensity at which
saturation occurs (Eq. 3). At all sites, the error in the
model fit to measurements decreased as Ik was
increased to the maximum light intensity experienced
in the river, a result suggesting that light saturation
did not occur at the reach scale. A similar conclusion
was reached for Daly River P by Webster et al. (2005).

Our model could not replicate the nearly constant
night-time dissolved O2 concentrations for the Hayes
Creek site, which implied equilibrium conditions
between R and gas exchange (see Venkiteswaran et
al. 2008) and revealed that the model did not fully
describe the ecosystem’s dissolved O2 dynamics. The
reach upstream of the instrument deployment site in
Hayes Creek includes an 800-m-long pool with an
open canopy, whereas the remainder of the stream
consists of a series of runs and small, shallow pools
with canopy cover < 70%. The presence of the large
pool undermines the model’s assumption of reach
homogeneity. This pool may have been a site of high
P that led to higher dissolved O2 concentrations than
in the rest of the stream and had a role in producing
the night-time dissolved O2 plateau. The pool is 2.1 km
upstream of the Hayes Creek site, and, assuming an
average velocity of 0.1 m/s based on hydrographic
data, water would have taken ,6 h to reach the site
after dusk. This lag coincides with the onset of the O2

plateau. This contention was supported by replication
of the shape of the Hayes Creek diel curve with a
photosynthesis model that included morphometric
heterogeneity (I. Webster, CSIRO, Australia, unpub-

FIG. 5. Examples of modelled (thick line) and measured
(thin line) dissolved O2 concentrations for the Daly River at
DR5 on 26 October (A) and Hayes Creek on 28 September
2005 (B).
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lished analysis). Upstream channel heterogeneity also
can occur in the spatial distribution of primary
producers and channel hydraulics (Reichert et al.
2009) and in effects of riparian canopy cover and
stream orientation on incident irradiation at the
water’s surface (see Yard et al. 2005).

Spatial and temporal pattern of river metabolism

The magnitude and temporal pattern of river
metabolism studied over the 2005 dry season were
similar at the 4 sites. The rivers were heterotrophic,
and both P and R increased over the dry season. This
pattern also was evident in 2001 (see Webster et al.

2005), a result indicating that interannual patterns
may be similar. However, this pattern could be
influenced by the duration of dry-season base flow,
which can vary considerably between years (see
Townsend and Padovan 2005). The common environ-
mental setting among the study reaches underpinned
their comparable pattern of river metabolism. At each
site, nutrient concentrations were generally low,
water clarity was high, river depths were shallow,
substrata were dominated by sand and gravel, and
discharge was supplied by groundwater. Canopy
cover varied among sites, but P was light limited at
the reach scale at all sites, a conclusion also reached
by Webster et al. (2005) for site DR3 in 2001.

FIG. 6. Mean (61 SE) rates of photosynthesis (P) and respiration (R) and P:R the Daly River (sites DR3 and DR5) (A, B),
Douglas River (site DG2) (C, D), Douglas River (site DG4) (E, F), and Hayes Creek (G, H).

2011] TROPICAL RIVER METABOLISM 613



Accumulation of benthic primary producer biomass
probably led to the increase in P over the dry season.
However, suspended microalgae probably drove
photosynthesis during the transition from surface- to
groundwater-dominated discharge because high river
velocities and low light penetration restricted benthic
primary production. Accumulation of benthic prima-
ry producer biomass during the lengthy period of
base flow was probably nutrient limited (Webster et
al. 2005, Townsend et al. 2008) and constrained by the
availability of favorable substrata and the hydraulic
environment, as has been shown for Spirogyra along
the study reach in the Daly River (Townsend and
Padovan 2005). The pattern of increasing P over the
dry season in the Daly River and its higher-order
tributaries differs from the pattern in Puerto Rican
streams where no seasonal trend was observed and

benthic algal biomass was lost during frequent storm
runoff events (see Ortı́z-Zayas et al. 2005).

Coupling of P and R

R was tightly coupled with P in the Daly River
ecosystem and no differences were discernable
among sites. Such tight coupling has not been
reported for most river ecosystems, although Oliver
and Merrick (2006) and Uehlinger (1993) reported
regression coefficients of 36 and 56%, respectively,
between P and R. Coupling between P and R can be
masked by irregular inputs and respiration of
allochthonous organic C from inputs of leaf litter
(Acuña et al. 2004), wastewater pollution (Izagirre et
al. 2008), and floodplain wetlands (Meyer and
Edwards 1990). Otherwise, P and R may differ
inherently over time, as shown by the more rapid
recovery of P than R after disturbance by bed-moving
spates (Uehlinger and Naegeli 1998).

In the Daly River ecosystem, respiratory O2

consumption increased ,1.53 for every additional
gram of O2 produced daily by photosynthesis,
notwithstanding the greater uncertainty of R com-
pared to P. If most photosynthesis supported auto-
trophic respiration or resulted in the production and
release of dissolved organic C (DOC), which was
readily metabolized, then P:R should have ap-
proached 1.0. Therefore, another C source that was
either linked or coincidental to photosynthesis must
have existed to account for the additional respiration.
However, this coupling was not observed at site DR3
in April and May 2001 when discharge was influ-
enced by surface runoff.

A mechanism that would link P with increased R is
the phenomenon known as the priming effect which
refers to the increased mineralization rate of recalci-
trant organic C associated with inputs of more labile
organic C (Guenet et al. 2010). This phenomenon has
been most commonly studied in soils, and infrequent-
ly in freshwater aquatic ecosystems (Guenet et al.
2010). In the Daly watershed, bacterial degradation of

FIG. 7. River temperature (A) and ambient (river
temperature) and temperature-corrected (28uC) rates of
photosynthesis (P and P28) and respiration (R and R28) for
Hayes Creek (B).

TABLE 2. Mean dry-season (June–October 2005) photosynthesis (P) and respiration (R) for Daly River system sites. Rates were
calculated by integration of data presented in Fig. 6. Minimum and maximum rates are shown in parentheses. The dry season was
defined by the period of baseflow-dominated discharge.

Site P (g O2 m22 d21) R (g O2 m22 d21)
Net metabolism
(g O2 m22 d21) P/R

Daly River, DR5 2.90 (0.1, 4.6) 5.34 (0.1, 8.0) 22.44 (0.0, 24.1) 0.54 (0.38, 1.01)
Douglas River, DG2 1.90 (1.1, 3.4) 4.53 (1.9, 7.6) 22.63 (20.8, 24.2) 0.42 (0.28, 0.62)
Douglas River, DG4 1.33 (0.8, 2.0) 2.93 (2.5, 4.8) 21.60 (21.1, 22.8) 0.45 (0.24, 0.55)
Hayes Creek, HC3 2.22 (0.9, 3.8) 3.59 (2.3, 5.7) 21.37 (21.0, 21.9) 0.62 (0.4, 0.7)
Mean 2.09 4.10 22.01 0.51
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PDOC may have acted as a primer to the metabolism
of recalcitrant DOC of either autochthonous (e.g.,
macrophytes) or allochthonous (e.g., leaf litter) origin
and could have enhanced R values that were coupled
to P.

Otherwise, the apparent coupling of P and R could
have been coincidental and possibly driven by

temporal phenomena, such as degradation of leaf
litter, a C source not linked to primary production.
Microbial decomposition of leaf litter would have
exerted an O2 demand, which may have increased as
leaf litter accumulated from riparian leaf litterfall or
degraded over the dry season to become more labile.
Another possible explanation is that the dissolved O2

concentration of groundwater inputs to the river
along the study reaches decreased over the dry
season. However, groundwater inputs occurred up-
stream of the study reaches, although minor spring
inputs did occur within the study reaches. Webster et
al. (2005) showed that inputs of groundwater with
low dissolved O2 from these springs would cause
overestimation of R by a negligible amount relative to
the approximate doubling of R over the dry season.

Another coincidental source of organic C could
have been increased amounts of fine organic material
trapped by macroalgae and sedimented in river pools
over the dry season. The biomass of Characeae
increases in the Daly River over the later part of the
dry season (JS, unpublished data) and can trap fine
organic material. In addition, the sedimentation rate
of organic material may have increased in pools as
discharge decreased and pool retention time in-
creased. However, these mechanisms for trapping
organic material depend on an upstream source of
organic matter and are unlikely to be the sole reason
for the tight coupling between P and R. Nevertheless,
they could have contributed to increased R over the
dry season. Microbial degradation of this organic
matter also could have yielded nutrients to support
primary production and increases in biomass.

Comparisons to other rivers

When compared to other open-channel measure-
ments of P and R, the rates in the Daly ecosystem
were similar to rates in other low-nutrient streams in
the tropics and higher latitudes (Table 4) and lower
than rates in higher-nutrient streams and streams
with developed catchments. Table 4 highlights the

FIG. 8. Linear regressions of rates of temperature-
corrected (28uC) respiration (R28) and photosynthesis (P28)
(July–October 2005) for the Daly River (DR5) (A), Daly River
DR3 in 2001 (data from fig. 6 in Webster et al. 2005) (B),
Douglas River (DG2) (C), Douglas River (DG4) (D), and
Hayes Creek (HC) (E). See Table 3 for regression informa-
tion.

TABLE 3. Linear-regression data for temperature-corrected (28uC) photosynthesis (P28) and respiration (R28) rates determined at
4 sites between July and October 2005 and at site DR3 during 2001 (data from fig. 6, Webster et al. 2005). ANOVA = analysis of
variance, CI = confidence interval, SE = standard error. DR = Daly River, DG = Douglas River, HC = Hayes Creek.

Site n Regression (61 SE) ANOVA p r2
Slope

(95% CI)
y-intercept

(95% CI)

DR3 6 R28 = 1.80 (6 0.47)P28 + 1.55 (6 1.28) 0.019 0.79 0.49–3.11 22.76–5.86
DR5 8 R28 = 1.51 (6 0.13)P28 + 0.88 (6 0.48) ,0.001 0.96 1.19–1.82 21.28–3.04
DG2 5 R28 = 1.99 (6 0.34)P28 + 0.10 (6 1.04) 0.010 0.92 1.12–2.86 20.16–0.30
DG4 5 R28 = 2.19 (6 0.46)P28 2 0.11 (6 0.78) 0.017 0.88 1.02–3.36 20.39–0.17
HC 5 R28 = 1.31 (6 0.076)P28 + 0.52 (6 0.23) ,0.001 0.99 1.11–1.51 20.82–1.86
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paucity of metabolism data for high-order, especially
tropical, rivers. The potentially high P in tropical
rivers relative to their higher-latitude counterparts
could be mediated by factors, such as riparian shade
(e.g., Bott et al. 2006), scouring of benthic biomass
(Uehlinger 2000), removal of floating macroalgae by
high flows (Acuña et al. 2011), nutrient limitation of
primary producer biomass (e.g., Mulholland et al.
2001), and anthropogenic influences (Young et al.
2008, Bernot et. al 2010).

The Daly River and its high-order tributaries were
heterotrophic, a result that is consistent with the
general supposition that aquatic metabolism in inland
aquatic ecosystems is usually net heterotrophic
(Wetzel 2001). Allochthonous sources of C included
groundwater, infrequent inputs via stormwater run-
off, and minor direct riparian inputs. The biological

O2 demand of groundwater in the Daly ecosystem is
unknown but should be negligible because the long
residence time of groundwater in this ecosystem is
favorable to microbial degradation of DOC. Concen-
trations of DOC in groundwater of the region during
the dry season were consistently ,1 mg/L and lower
than riverwater concentrations of 1–3 mg/L (JS,
unpublished data). These low allochthonous inputs
would have contributed little to R in the Daly River
system compared to the influence of allochthonous C
in rivers where storm runoff events are frequent.

During the dry season, P in the Daly River and its
higher-order tributaries was light limited, whereas
growth of primary producer biomass was nutrient
limited. Most headwater streams and several higher-
order rivers ceased flowing and did not contribute to
the supply of organic C to higher-order rivers

TABLE 4. Comparison of Daly system rates of photosynthesis (P) and respiration (R) with rates determined by the open-
channel method in other ecosystems. The ranges are based on data sets with a wide range of measurement frequencies and
collection periods. Stream order, canopy cover, and nutrient concentration (represented by soluble P) are provided to give some
context. NR = range of R not reported in the reference, SRP = soluble reactive P, TDP = total dissolved P, FRP = filterable
reactive P.

P
(g O2 m22 d21)

R
(g O2 m22 d21) Latitude Description Reference

,0.01–5.4 1–7.8 46uS Streams with pasture and forested land
uses; open and closed canopies; SRP
7–12 mg/L

Young and Huryn 1999

,0.1–1.2 4–8 35uN 2nd- and 3rd-order streams; forested and
reforested agricultural land use

McTammany et al. 2007

,0.1–0.8 1–8 20uS 1st-order, dystrophic, pristine and
agricultural streams; open canopy;
SRP ,1–26 mg/L

Gücker et al. 2009

0.1–0.5 1–5 33uN 2nd- and 3rd-order deciduous forested
streams

Houser et al. 2005

0.1–2.8 0.5–8 18uN 1st–3rd-order streams; shaded; TDP
4–26 mg/L

Ortı́z-Zayas et al. 2005

0.1–2.7 0.5–3.2 35uS Lowland, high-order river; open
canopy; SRP ,5 mg/L

Vink et al. 2005

0.1–4 4–8 13uS Daly River, 7th-order river; open
canopy; FRP ,1 mg/L

Webster et al. 2005

0.1–4.6 0.1–8.0 13uS Daly River and tributaries, 5th–7th-order
rivers; 0–30% canopy; FRP ,10 mg/L

This study

0.4–1.0 0.6–1.7 9uN 4th-order river; open canopy; dry season Taylor et al. 2006
0.5–11 1–16 36uN 1st-order stream; deciduous forest; SRP

1–6 mg/L
Roberts et al. 2007

1.4–8.3 1.1–8.5 42uN Mid–large-sized streams; 52–93%
canopy cover

Bott et al. 2006

2.6–5.1 0.7–6.2 35uN 4th–6th-order rivers McTammany et al. 2003
0.5, 4, 8 NR 18uN Puerto Rican streams with forested,

agricultural, and urban land uses
Bernot et al. 2010

0.05–16 NR 32–42uN USA streams with undeveloped,
agricultural, and urban land uses

Bernot et al. 2010

1–8 3–9 47uN 7th-order river; SRP 50–280 mg/L Uehlinger 2006
2.7–11 6.3–43 43uN Low-order streams; 0–40% canopy

cover; SRP 5–690 mg/L
Izagirre et al. 2008

3–23 17–30 34uS 2nd-order stream; open canopy; SRP
700–1200 mg/L

Acuña et al. 2011
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described by the River Continuum Concept of
Vannote et al. (1980). The tight coupling of P and R
suggests that during the dry season autochthonous C
was a significant source of organic C, a pattern that is
consistent with the central tenet of the Riverine
Productivity Model (Thorp and Delong 2002). We
surmise that this tight coupling was maintained by
the production of PDOC, its rapid metabolism by
bacteria, and subsequent release of nutrients for
further primary production. However, R . P, a result
that implies respiration of an additional C source,
which could be linked to photosynthesis through the
priming effect of the bacterial degradation of labile
PDOC to enhance the mineralization rate of recalci-
trant organic C.
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APPENDIX. Coefficients and their standard deviations (SD) for dO
dt =bP0zcR0zK2F0 where O is the O2 concentration in the water

column (mg O2/L), t is time (d), P9 and R9 are the photosynthetic rate and respiration rate, respectively (mg O2 L21 d21), K2 is the
reaeration coefficient (d21), F0=(Osat{O), and Osat is the saturated dissolved O2 concentration. The parameters b, c, and K2 are
fitted coefficients by a least-squares linear procedure. Further details are provided in Methods. DR = Daly River, DG = Douglas
River, HC = Hayes Creek.

Site Date (2005)

b
(mg O2 L21 d21)/

(mE m22 s21) SD b
c

(mg O2 L21 d21) SD c
K2

(d21) SD K2

DR3 April 16 0.25 0.21 21.81 0.26 1.55 0.47
DR3 August 18 3.94 0.44 23.55 0.42 2.62 0.58
DR3 September 15 3.53 0.69 25.45 1.08 1.80 0.67
DR5 May 11 0.19 0.77 20.09 1.60 0.12 4.36
DR5 June 16 3.93 1.64 24.07 2.68 1.31 1.85
DR5 July 5 2.70 0.57 23.66 1.17 1.34 0.84
DR5 July 30 2.72 0.17 22.64 0.32 1.07 0.29
DR5 August 10 3.85 0.21 23.82 0.30 2.46 0.28
DR5 August 18 2.79 0.28 23.84 0.45 1.82 0.39
DR5 September 7 5.51 0.49 25.63 0.54 3.83 0.55
DR5 September 15 5.20 0.38 26.25 0.50 3.63 0.44
DR5 September 28 5.77 0.34 26.13 0.39 4.47 0.40
DR5 October 26 6.11 0.48 27.68 0.62 3.87 0.47
DR5 November 10 4.05 0.52 27.00 0.96 2.61 0.52
HC July 5 2.66 0.56 23.32 1.05 1.83 0.93
HC August 10 3.54 0.30 23.63 0.58 1.30 0.38
HC September 7 7.67 0.89 27.37 1.05 1.71 0.56
HC September 28 9.30 0.85 28.70 1.04 1.58 0.46
HC October 26 9.18 0.82 29.85 1.16 1.74 0.44
DG2 May 11 5.20 0.95 28.01 1.64 4.34 1.07
DG2 June 16 5.05 0.39 29.09 0.75 4.44 0.45
DG2 July 5 4.89 0.35 26.68 0.71 3.35 0.46
DG2 August 10 3.51 0.33 23.50 0.64 1.25 0.42
DG2 September 7 6.82 0.55 29.15 0.80 3.55 0.44
DG2 September 28 8.90 0.44 29.83 0.52 4.14 0.31
DG2 October 26 9.42 1.36 215.16 2.28 3.89 0.80
DG4 May 11 1.74 1.38 24.01 6.50 1.86 3.91
DG4 July 5 2.22 0.29 23.46 0.78 2.15 0.71
DG4 August 10 3.50 0.24 23.77 0.40 2.63 0.42
DG4 September 7 3.00 0.41 23.54 0.74 1.53 0.63
DG4 September 28 3.36 0.28 24.22 0.53 1.96 0.44
DG4 October 26 4.08 0.39 27.00 0.87 3.02 0.54
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