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H3C 3P8, Canada

Michael L. Pace
Institute of Ecosystem Studies, Millbrook, New York 12545

Abstract

Bacterial respiration (BR) of organic matter is an important flux in the carbon budgets of large rivers, yet the
regulation of BR and the relationship of this respiration to various organic matter sources is poorly understood.
Using detailed spatial transects, we evaluated transport and consumption of dissolved organic matter in the
Hudson River estuary, and compared both with BR. Dissolved organic carbon (DOC) concentration, long-term
DOC lability, and in situ BR were measured at 24 stations on each of five transects. DOC lability, measured in
long-term bioassays, averaged 15 mg L21 d21 and was similar to the average net rate of decline of DOC from the
upper to lower estuary. BR averaged 156 mg L21 d21 C, far exceeding the net downriver DOC decline and
measured DOC lability. BR was well predicted by a model that included seston, chlorophyll, and DOC
consumption. Rate coefficients derived from this model indicate that BR is primarily supported by carbon derived
from seston and chlorophyll. Changes in DOC concentration along the Hudson flow path were well predicted
from a combination of freshwater input, DOC concentration in the headwaters, and long-term DOC lability.
Although most of the total respiration is due to free-living bacteria and thus mediated by DOC, ,20% of this
respiration is actually supported by DOC loaded in the headwaters, and transported downstream. The Hudson
River, therefore, acts as a pipe transporting dissolved terrestrial organic matter seaward while also functioning as
a reactor where intense bacterial activity degrades organic matter associated primarily with particles or generated
locally.

Organic matter loading, transformation, and transport
by large rivers and estuaries are important processes for
determining regional carbon budgets, the fate of organic
matter of terrestrial origin, resources to food webs, and
inputs to receiving coastal ecosystems (Schlesinger and
Melack 1981). The topic has been studied with multiple
approaches including carbon mass balances, isotopic
tracers, compound-specific methods, and microbial rate
measurements (Cifuentes and Eldridge 1998; Raymond and
Bauer 2001a; McCallister et al. 2006b). Collectively, these
studies have determined the magnitude of carbon transport
and processing in large rivers and estuaries and identified
changes associated with bacterial processing. Uncertainty
remains, however, about the sources and nature of carbon
that is being processed, transported, and exported. This
information is critical to establishing the temporal and
spatial linkages between various sources within aquatic

ecosystems, and between aquatic and surrounding terres-
trial ecosystems.

Organic matter is both transported and transformed
along flow paths in rivers and estuaries. Transport of
dissolved organic carbon (DOC) can be the dominant
process, especially under high flow conditions where
residence time is too short for either significant inputs or
losses. Strict transport of DOC is indicated along estuarine
salinity gradients when end-member differences in concen-
tration allow application of a mixing model. Under these
conditions, DOC acts conservatively (e.g., Mantoura and
Woodward 1983). Most studies, however, document
significant internal processing and changes in both
concentrations and in the chemical composition of DOC
during transit (e.g., Peterson et al. 1994; Raymond and
Bauer 2001a,b; McKenna 2004).

DOC inputs arise from a variety of sources including
uplands, wetlands, tributaries, phytoplankton, and benthic
processes. DOC is altered and lost through photolysis,
flocculation, and adsorption to particles, especially at salt
fronts and in turbidity maxima (Hedges and Kiel 1999). In
addition, DOC is consumed by microbes and converted to
CO2 by respiration. By removing specific components of
the bulk DOC pool, bacteria can profoundly alter the
nature of the carbon exported to the coastal ocean relative
to the characteristics of the carbon loaded to the river
(McCallister et al. 2004, 2006a,b).

Thus the evidence from a variety of studies indicates that
rivers and estuaries are not simply pipes transporting
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R. Condon, and C. Coté for technical help, L. MacCallister, F.
Guillemette, E. Smith, and J. Cole for comments on the paper, R.
Maranger for help and discussions, and HSC for support. Two
anonymous reviewers provided valuable insight. N. Caraco and J.
Cole collaborated on Hudson River transects, and we thank them
for providing their chlorophyll data for our use.

This work was supported by grants from the Hudson River
Foundation, the U.S. National Science Foundation, and the
National Science and Engineering Research Council of Canada.

Limnol. Oceanogr., 53(1), 2008, 185–197

E 2008, by the American Society of Limnology and Oceanography, Inc.

185



organic matter to the sea (Cole et al. 2007). However, some
organic matter may undergo only minimal degradation
while other components cycle rapidly. Losses of organic
matter due to microbial degradation have been measured in
several ways that reflect different scales and underlying
processes. One approach to microbial degradation uses
short-term metabolic measurements of bacterial production
or respiration, allowing inferences about rates of DOC
consumption. These assays typically measure rates over
a timescale of hours and provide estimates of microbial
activity resulting primarily from actively cycling, highly
labile DOC. Another common approach measures the
consumption of DOC in bioassays where samples are
filtered, isolated, inoculated, and incubated. These bioas-
says typically measure rates over timescales of days to
weeks and even months, providing estimates of loss rates of
more slowly degrading components (Søndergaard and
Middelboe 1995; del Giorgio and Davis 2002). Short-term
metabolic and long-term bioassay approaches do not target
the same pools and processes, and in this regard, short-term
measurements yield carbon consumption rates that are
often much higher than those derived from longer-term
DOC loss bioassays (del Giorgio and Davis 2002).

It is unclear how these two aspects of organic matter
consumption relate to each other, to net changes in DOC,
and to overall organic matter processing. Few studies have
compared these different approaches over detailed tempo-
ral or spatial samplings, leaving open a number of
questions. For example, do times or locations with high
rates of bacterial production or respiration correspond with
increased overall DOC lability and long-term consumption
as measured by bioassays? How do the inputs, losses, and
transport of DOC relate to in situ rates of microbial
processes? How are the rates of riverine and estuarine
bacterial respiration and production reconciled with rates
of DOC transport and loss observed in rivers and estuaries?

In previous work (Maranger et al. 2005; del Giorgio et
al. 2006) we have analyzed bacterial respiration (BR),
production, and growth efficiency in the Hudson River,
reporting high rates of bacterial metabolism and consistent
spatial patterns. In this study we build on those results and
compare the short-term respiration measurements to long-
term DOC (.1 week) consumption bioassays as well net
DOC losses and transport from detailed spatial transects
along the flow path of the Hudson River estuary. The DOC
consumption bioassays assess bioavailable carbon within
the bulk DOC pool. Interpreting these rates, however, in
the context of ecosystem carbon metabolism requires some
qualification (del Giorgio and Davis 2002). Because of the
experimental approach, long-term DOC bioassays do not
represent actual in situ organic carbon consumption, but
rather provide an estimate of the carbon that remains
available for further bacterial consumption once the most
labile fraction has been exhausted. In the context of our
study, the long-term bioassays provide information on the
level of bacterial metabolism that the DOC pool may
potentially sustain downstream in the absence of new inputs
of labile organic matter. This rate can then be compared
with short-term respiration assays, to assess what pro-
portion of bacterial metabolism observed at any site could

be supported by the upstream DOC versus local inputs of
labile organic matter, and further compared with the actual
decline in DOC that occurs along the river. We use these
measurements to address the relationships between the
patterns in ambient DOC concentrations, long-term lability
of the DOC transported downstream, and in situ BR. We
further explore the potential links that exist between these
components with a model on the basis of freshwater flow,
respiration, and DOC loss from the long-term bioassays
that is consistent with measurements of a net decline in
DOC concentrations along the river flow path. We present
a second model that predicts measured BR on the basis of
potential carbon sources. Comparison of these two models
indicates that the Hudson River acts as both a pipe and
a reactor, transporting a bulk DOC pool that is only slowly
degraded downstream while simultaneously supporting
very high BR of labile organic matter that appears
primarily associated with particulates.

Materials and methods

Study site and sampling scheme—The Hudson River
estuary extends from the southern tip of Manhattan Island
in New York City (river kilometer [rkm] 0) to a dam
blocking further tidal flow in Troy, New York (rkm 238).
The river flows from the north almost directly south. The
system is primarily tidal freshwater with a salt front (.1
part per thousand) in the far southern part of the estuary
during winter and spring when high freshwater discharges
occur. The salt front intrudes northward during summer as
freshwater flow declines (Geyer and Chant 2006). At most
times, the river is completely mixed vertically because of
extensive tidal and wind action (Cole et al. 1992; Raymond
et al. 1997). Maps of the Hudson indicating the spatial
coverage of this study are presented elsewhere (Maranger et
al. 2005). Here, we present results in terms of rkm, which
represent locations along the north–south axis of the river.

The Hudson estuary receives organic matter and
nutrients (nitrogen and phosphorus) primarily from the
upper Hudson and Mohawk drainages and secondarily
from tributaries within the estuary, as well as discharge
from wastewater treatment plants (Clark et al. 1992;
Howarth et al. 1996; Lampman et al. 1999). Hudson
waters are turbid with high suspended sediment concentra-
tions maintained by vigorous tidal and wind mixing. Light
transmission is limited and the photic zone is shallow (Cole
et al. 1992). Oxygen is typically undersaturated and carbon
dioxide oversaturated with respect to atmospheric concen-
trations (Raymond et al. 1997; Caraco et al. 2000).
Respiration exceeds primary production, reflecting signif-
icant degradation of allochthonous organic matter within
the Hudson (Findlay et al. 1991; Howarth et al. 1996;
Raymond et al. 1997).

We conducted six transects along the north–south axis of
the Hudson River. We sampled 24 stations approximately
equal distances apart from rkm 45 (Tappan Zee Bridge) to
232 (Albany, New York). The water residence time within
the stretch of the river varied between transects driven by
spring snowmelt and seasonal variations in precipitation:
Sep 00 (99 d), Oct 00 (70 d), May 01 (36 d), Jul 01 (35.9 d),

186 del Giorgio and Pace



Oct 01 (42 d), and Aug 02 (41 d). Sampling was conducted
over two consecutive days, so that 12 samples were
processed during each day. In 2003 four additional
transects (Jun, Jul, Sep, and Oct) were done in the upper
portion of the river from rkm 211 to 264 (Castleton to
Stillwater, New York) to better characterize bacterial
carbon metabolism in the headwaters. Each transect in
2003 consisted of nine sampling sites evenly spread along
the 53-km stretch with one station above the head of the
estuary (rkm 264). Upper river transects in 2003 were
conducted and samples processed on a single day.

Water samples were taken while underway in a boat
using an on-board pump. During 2003 water samples were
taken while stopping on station and the uppermost site was
sampled from shore. Water samples were dispensed either
into acid-washed 20-liter carboys (bacterial metabolism) or
clean 1-liter sample bottles and kept in the dark in coolers
during transit to the laboratory for processing, which was
done within a few hours.

Bacterial respiration and production—We measured BR
using the protocols and methods developed by del Giorgio
and Bouvier (2002) and detailed in del Giorgio et al. (2006).
This approach involves determining bacterial production
(BP) and BR in filtered water samples to estimate bacterial
growth efficiency (BGE), which can then be used with
concurrent measurements of BP in unfiltered water samples
to estimate total BR. This approach is further elaborated
and justified below (Eqs. 1 and 2) after a brief explanation
of measurement methods.

For each sampling station about 2 liters of the whole
water were set aside for determination of chlorophyll a (Chl
a), seston concentration, DOC, and BP. The remaining
,21 liters from each site were gently pressure filtered
through Millipore AP 25 (15-cm diameter, approximately
1.2-mm pore size) filters held in a Millipore filter holder
using a peristaltic pump and silicone acid-washed tubing.
This filtration separated bacterioplankton from other
planktonic components. Preliminary studies were done to
optimize the filtration system so that BR and BP could be
measured while minimizing the presence of other plankton
(see del Giorgio et al. 2006).

The filtrate containing bacteria was used to fill two 4-
liter acid-washed Erlenmeyer flasks connected by tubing
and a siphon established between the two. The upper flask
was open to the atmosphere, whereas the lower flask was
closed with a white Teflon stopper. Sample water was
removed from the bottom flask by gravity flow. All flasks
were held in the dark close to ambient field temperature. A
40-mL water sample was collected at each sampling time
from the lower flask to determine BR and BP. Additional
details on the setup and subsampling of these systems are
provided in del Giorgio et al. (2006).

Triplicate water samples were taken from the incubation
flasks for determining oxygen concentration when the
bottom flasks were first sealed and then every 2 h for 6–8 h
by filling a 7-mL glass tube and allowing some water to
overflow; triplicate tubes were collected for each time point.
Each tube was poisoned with 8 mL of saturated HgCl2
solution and capped with a ground-glass stopper while

ensuring that no air bubbles were trapped within the tube.
All tubes were stored immersed under water (to prevent the
ground-glass joint from drying and leaking) at 10uC.
Oxygen concentrations were measured using membrane-
inlet mass spectrometry. This method is based on the
spectrometric determination of the ratio of argon to oxygen
in the sample, after the gases in the sample have been
allowed to diffuse through a permeable membrane (Kana et
al. 1994). The average standard error of triplicate oxygen
determinations by this method was ,2 mg of O2 L21. Rates
of oxygen consumption were calculated from the slope of
the O2-versus-time relationship using least-squares regres-
sion, and we report here the standard error of the slope for
each estimate. Rates of oxygen consumption were con-
verted to CO2 production using a respiratory quotient of
1 in accordance with prior measurements of the ratio of
O2 consumption and CO2 production (del Giorgio unpubl.
data).

For each set of incubation flasks, ,15 mL of water was
withdrawn concurrently with the time-point samples for
oxygen analysis. Rates of BP were estimated in these
samples using the 3H-leucine incorporation method fol-
lowing Smith and Azam (1992). The final leucine concen-
tration in all experiments was 50 to 70 nmol L21, on the
basis of preliminary experiments that showed that uptake
rates were maximal in this range. For each production
measurement three replicate samples plus a killed control
were incubated for 1 h. Separate measurements of leucine
incorporation in the filtered fraction over the 8-h in-
cubation provided a mean rate of bacterial leucine in-
corporation that could be compared with respiration
measured over the same time interval. Rates of BP were
also determined in the whole water to estimate production
for the entire (attached + free-living) assemblage. Leucine
uptake was converted to C production assuming a factor of
3.1 kg mol leu21 (del Giorgio et al. 2006).

Filtration removes an important fraction of total
bacterial activity in the Hudson, so the use of the
respiration rates determined in the filtered samples could
greatly underestimate the true rates of BR in the system. To
correct for this problem, we measured bacterial production
(BPf) and respiration (BRf) in the filtered water samples to
calculate bacterial growth efficiency from the filtered water
samples (BGEf).

BGEf ~ BPf= BPf z BRfð Þ ð1Þ

We used BGEf to estimate total BR in the whole water
(unfiltered sample) by dividing measured BP from the
whole water sample by BGEf.

BR ~ BP=BGEf ð2Þ

This approach assumed that BGEf in the filtered fraction
equaled BGE in the unfiltered fraction. This assumption
was supported by independent comparisons of respiration
measured in whole water dominated by bacteria and BR
measurements derived from Eqs. 1 and 2 (see del Giorgio et
al. 2006). Below we only report BR as estimated for whole
water samples and refer to these values for convenience as
BR.
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DOC consumption and lability—DOC lability was de-
termined from incubations of filtered water reinoculated
with the native bacterial assemblage. Approximately 1 liter
of Millipore AP-15 filtered water was passed through a 0.2-
mm Sterivex cartridge filter that had been previously acid
washed and rinsed, to obtain bacteria-free water. A portion
of this water was used to fill 500-mL culture glass bottles
that had been acid washed and then inoculated with 1% of
the AP-15 filtered water. Duplicate bottles were prepared
for each transect sample station. Bottles were kept in the
dark at room temperature. At time 0, and every 2 to 4 d for
a total of up to 21 d, water samples were removed for DOC
analysis (as described below). Consumption rates were
calculated from the slope of the DOC-versus-time relation-
ship fitted to a least-squares regression.

Additional variables—DOC was measured on ambient
water samples as well as samples from the DOC
consumption bioassays. Samples for DOC analysis were
stored acidified at 4uC in the dark. Ambient water samples
were filtered through a 0.2-mm syringe filter, whereas
samples from the bioassays were not filtered to avoid the
possibility of contamination. During 2001 and 2002, DOC
was measured with a Shimadzu high-temperature carbon
analyzer with acidification and bubbling before sample
analysis providing estimates of the nonpurgeable organic
carbon fraction. During 2003, a subset of samples was run
in parallel on the Shimadzu instrument as well as with an
OI5000 TOC Analyzer, which used wet persulfate oxida-
tion. Values were comparable but the OI5000 instrument
achieved a better precision (SE , 15 mg L21 C), and we
used it for all the subsequent DOC bioassay samples (i.e.,
from the upriver transects in 2003). Chl a was measured by
filtering 300 to 500 mL of water through 25-mm GF/F
filters that were stored frozen until extraction with acetone
and analysis using a fluorometer. Seston concentrations
were determined on the basis of the weight of material
concentrated from a measured volume on previously ashed
and weighed GF/F filters.

Model analyses—Rates of loss were estimated by fitting
linear regressions to the decline in DOC measured over
time during the consumption bioassays. We tested the
assumption of a linear DOC decline using the 32 bioassays
from 2003 where more detailed time courses (8–10
observations) with the higher-precision instrument were
obtained. Both a linear regression model (DOC 5 constant
+ [a{time}]) and a nonlinear, second-order polynomial
model (DOC 5 constant + [b{time}] + [c{time2}]) were fit
to the data.

DOC fluxes were estimated by dividing the river into 24
approximately evenly spaced boxes with each box centered
on a sampling station. Water moved through the boxes on
the basis of measured freshwater discharges (over the dam
at Troy, New York) as well as water accrual from tributary
inputs. Water inputs (m3 d21) divided by box volume (m3)
provided an estimate of the residence time of water in each
box using previously determined morphometry (Pace et al.
1993; Caraco et al. 1997). DOC within a box was consumed
on the basis of rates measured in the DOC bioassays.

Hence, DOC in any box i equaled the DOC entering from
the upstream box (DOCi-1) minus the measured consump-
tion rates of DOC from the bioassays (Consumption)
divided by the residence time (rt).

DOCi ~ DOCi{1 { Consumption=rt ð3Þ

We used the DOC measured at rkm 206 as the starting
concentration for the model, as this was generally the site
where DOC was highest. Equation 3 is exceedingly simple
and provides for no new inputs of DOC from in situ
production or from tributary loading and no other means
of loss (e.g., photolysis, flocculation, adsorption to
particles) aside from the losses measured in the DOC
bioassays. We considered a second version of the model
where DOC dynamics were also a function of BR.

DOCi ~ DOCi{1 z B1 BR=rtð Þ{ Consumption=rtð Þ ð4Þ

The coefficient B1 represents a net rate of production or
consumption (B1 can be positive or negative) of DOC
within a box.

BR is conceptually supported by three sources of organic
carbon—phytoplankton, nonphytoplankton particulate or-
ganic matter, and DOC. We predicted BR using the DOC
loss rates estimated in the bioassays, phytoplankton and
nonphytoplankton organic carbon, and by fitting rate
constant parameters:

BR ~ B1Cphyto z B2Cseston-adj: z DOC Consumption ð5Þ

where BR is in units of mg L21 d21 C, Cphyto and Cseston-adj

are based on measured values in mg L21, DOC consump-
tion in mg L21 d21, and parameters B1 and B2 represent
rate constants (d21). Measured Cseston was adjusted
downstream by fitting a third parameter (B3) to a negative
exponential function to reduce the available seston
particulate carbon concentration Cseston-adj. BR data used
in the analysis were all the observations from the 2000–
2002 transects. Since temperatures varied among transects,
we standardized the measured BR values to 20uC using the
formula of Carignan et al. (2000) for respiration and
temperature and compared these values with the predicted
values derived in the model.

All the above models (Eqs. 3–5) were implemented in
MATLAB using an optimization routine (FMIN-
SEARCH) to fit the parameter values. Goodness of fit
was evaluated using the mean residual standard deviation
and the relationship between measured and predicted
values. Alternative models were compared using the Akaike
information criteria (AIC), which accounts for differences
among models in the number of parameters (Burnham and
Anderson 1998).

Results

The 10 transects resulted in a total of 180 measurements
but because of various sampling or analytical problems the
final data consisted of 171 measurements of BP from
unfiltered water, 157 measurements of BR and BP in the
filtered fraction (used for determinations of BGE and of
total BR), and 154 long-term DOC consumption bioassays.
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The transects carried out between 2000 and 2002 resulted in
six observations for each of the 24 stations sampled along
the river; although some data were lost, no station during
this period has fewer than five observations. The exception
is the data for long-term DOC consumption, because we
did not carry out DOC bioassays during the first transect
(Sep 00), so we only have five DOC consumption values per
site for most of the 24 sites for the period 2000–2002.

The transects carried out in 2003 resulted in four
observations for each of the nine sampling stations in the
upper river; the four downstream sites of this cycle
overlapped with the four uppermost sites for the 2000–
2002 period. Overall, the number of data points for a single
sampling site ranged from 10 (6 + 4, overlapping four sites
for 2000/2002 and 2003 periods) to 5–6 (20 sites sampled
only during 2000–2002) and 4 (for the uppermost sites
sampled only in 2003). In a previous paper we have shown
that spatial variability is generally greater than temporal
variability in our data set, and that there is not a significant
effect of temperature on rates of respiration within the
range of temperatures encountered in the study (del
Giorgio et al. 2006). Here, we have also averaged all the
data for each station sampled to describe the average
spatial pattern in the Hudson River, although in the
modeling section we use data from individual transects to
assess the fit of the models. Our previous work has shown
that the spatial patterns along the Hudson River are
robust, and thus the small difference in the number of
observations per site is unlikely to result in any serious
bias.

DOC consumption bioassays—Most of the DOC con-
sumption bioassays consisted of four to eight time points
during a 15- to 21-d time course. Rates of consumption
were derived from linear regression slopes between DOC
concentration and incubation time, assuming a constant
rate of consumption during the assay (Fig. 1A). Although
the rate of DOC consumption is probably not constant
over these incubations, the precision of DOC measure-
ments and the limited number of observations inhibited
detection of more complex loss functions. However, in the
32 bioassays from 2003 we obtained more detailed time
courses (8–10 observations) with a higher-precision in-
strument. We used these data to test the assumption of
a constant rate of DOC decline by fitting both a linear
regression model (DOC 5 constant + [a{time}]) and
a nonlinear, second-order polynomial model (DOC 5
constant + [b{time}] + [c{time2}]) to the data. The 2003
time courses were in general better described by the
nonlinear model (on the basis of comparisons of r2), and
the slopes derived from the nonlinear model were on
average 20% higher than those derived from the linear
model (Fig. 1B). This model better describes an initial
rapid loss of DOC consumption that is underestimated by
the linear model; however, long-term rates provided by the
two types of models were similar, and overall differences
were not enough to alter conclusions derived below in
subsequent analyses and models. We conclude that
although time courses of DOC consumption are probably
nonlinear, the slopes derived from linear regression capture

the basic pattern and magnitude of long-term carbon (days
to weeks) consumption.

Spatial patterns of DOC, DOC consumption, and BR—
DOC concentrations varied among transects within a rela-
tively narrow range, with averages from individual
transects ranging from 2.9 to 3.4 mg L21. In general,
DOC declined continuously from the headwaters to the
oligohaline portion of the river (Fig. 2A). This average
decline in DOC corresponded to a net removal of
approximately 3 mg L21 per rkm, corresponding to
14 mg L21 d21 under average discharge.

DOC consumption rates measured in the long-term
bioassays ranged from 5 to 29 mg L21 d21 and were within
the same range of the net DOC decline rates discussed

Fig. 1. (A) Example of a DOC consumption bioassay, from
rkm 240 taken in August 2003. Duplicate bottles were run for each
sample, and at each time point triplicate DOC samples were run
per bottle. The figure shows the average and standard error for the
triplicate measurements for each time point and bottle. Both
a linear least-squares regression and a polynomial model were fit
to the data. (B) Box-and-whisker plot of the consumption rates
estimated from linear and polynomial fits for the bioassays carried
out in 2003. Rates estimated from a polynomial fit were on
average 25% higher but were not significantly different from those
estimated from a linear fit.
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above. The estimates for the same site at different sampling
times were generally within 620%, and the spatial
variability within a given transect was always larger than
the seasonal variability. There was a recurrent spatial
pattern of higher rates in the headwaters, declining along
the river with some secondary peaks at discrete locations in
the river (Fig. 2B).

Total BR ranged from 48 to over 360 mg L21 d21 C,
roughly an order of magnitude higher than the measured

rates of DOC consumption in the long-term incubations of
the same water samples. As with the bioassay data, BR was
more variable within any transect than seasonally among
transects. Samplings were conducted in late spring,
summer, and fall with ,8uC total temperature difference
among transect samples, and samples were incubated
within 4uC of ambient temperature. This limited temper-
ature range may partially explain the lack of a stronger
seasonal signal. In contrast to the long-term DOC
consumption rates, total BR did not show a general decline
downstream but was highest near rkm 200 with smaller
peaks (e.g., rkm 90–100) downstream that were seasonally
recurrent (Fig. 2C).

There was no significant relationship between rates of
BR and long-term DOC consumption measured at the
same site (Fig. 3). As noted above, the distribution of these
two rates differed spatially, and in relation to other
variables such as Chl a and seston. For example,
chlorophyll concentrations were consistently low in the
upper reaches (average 1–2 mg L21), increased to higher
values downstream typically with a peak near rkm 150
(average 8–10 mg L21), and declined below this location.
Chlorophyll patterns have been extensively described and
are linked to the spatial distribution of zebra mussels in the
estuary (Caraco et al. 2006). BR was weakly but
significantly correlated to chlorophyll, whereas DOC
consumption was unrelated to chlorophyll (Fig. 4). Seston
concentrations also varied spatially, tending to increase
downstream. There were peaks (.12 mg L21) at certain
locations (e.g., rkm 80 to 100) where extensive shallow
areas promote increased sediment resuspension (del Gior-
gio et al. 2006). BR was positively related to seston
concentration, whereas there was no relationship of DOC
consumption to seston (data not shown).

Changes in river discharge influenced DOC dynamics
and consumption as well as respiration. For example,
during the year 2003 three transects consisting of nine
sampling stations in the upper portion of the river were
carried out during periods of relatively normal discharge,
whereas the last transect in Oct 03 coincided with

Fig. 2. (A) Average spatial pattern in DOC concentration,
(B) DOC consumption rate from long-term bioassays, and (C)
total bacterial respiration rate, as a function of rkm. The
oligosaline portion of the estuary begins approximately below
rkm 60. Each point is the average of 4 to 10 data points taken
during the period 2000 to 2003, and the error bars correspond to
the standard error around the mean. The data used in panel C
were taken directly from del Giorgio et al. (2006), as described in
the text.

Fig. 3. The relationship between total bacterial respiration
and long-term DOC consumption, determined in parallel from the
same samples. Data are log-transformed to attain normality and
homoscedasticity, and fitted to a power regression model.
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exceptionally high discharge after massive rainstorms. The
river was dramatically altered during this flood event. For
example, seston concentrations in excess of 50 mg L21

were observed, and massive amounts of dissolved, sus-
pended, and solid debris washed into the river. We
compared the average data for this ‘‘flood’’ transect with
the average data of the three previous transects. DOC
concentrations at flood discharge were on average 1.7-fold
higher than those during normal discharge (Table 1),
indicating a large transient increase in terrestrial DOC
loading in the upper reaches of the river. BR was on
average twofold higher than under normal discharge
conditions (Table 1). The largest relative change was in
DOC consumption rates, which were on average over
threefold higher for the flood transect (Table 1). Although
long-term DOC consumption did not appear to be
influenced by local features in the river such as chlorophyll
peaks, as discussed above, this lability term was strongly
influenced by altered external loading driven by the high
discharge event, suggesting a strong connection with
terrestrially derived organic matter.

BR model—BR reflects the various sources that supply
carbon to bacteria. We explored possible links between BR
and potential sources for the compounds that bacteria
exploit using DOC, phytoplankton, and seston to represent
these sources. We used our direct measurement of DOC
consumption as a measure of carbon derived from the
relatively slow use of this pool (DOC consumption in the
bioassays assumed to be all respired by bacteria). Chl a was
converted to an estimate of phytoplankton carbon assum-
ing a carbon-to-chlorophyll ratio of 45 on the basis of the

high nutrient concentrations found in the Hudson (Galle-
gos and Vant 1996). Seston was converted to particulate
organic carbon (POC) by assuming seston dry weight was
15% organic matter and that 45% of the organic material
was carbon. Nonphytoplankton particulate organic carbon
was estimated by subtracting the estimate of phytoplankton
carbon from POC.

The relationship for BR on the basis of the three sources
of carbon (DOC consumed, phytoplankton C, and non-
phytoplankton POC) was variable but provided a reason-
able overall fit for the entire data set (modeled vs.
measured: r 5 0.58, Fig. 5A). Much of the variability is
eliminated if means for each station are compared (station
means from model vs. measured station means r 5 0.87,
Fig. 5B). The model residual deviation was 89 mg L21 d21

C compared with average respiration of 156 mg L21 d21 C.
The coefficients were B1 5 0.238 and B2 5 0.374, indicating
that use of seston C is somewhat higher than phytoplank-
ton C per unit carbon. Although a two-parameter model
using only B1 and B2 (results not shown) also fit the data (r
5 0.45), adjusting seston availability downstream by a third
parameter (B3 5 20.088) substantially improved the fit and
reduced AIC.

The model provided a means to assess the relative
importance of the three sources, phytoplankton, seston,
and DOC, in supporting BR. Daily carbon flux from
phytoplankton and seston sources to BR were derived from
the fitted rate coefficients times standing stocks at each
location along the river transect (Fig. 5C). Seston organic
matter (or sources that covary with seston) appears to be
the primary source of C, supporting BR with station values
ranging from 49 to 208 mg L21 d21 with a downriver
decline in this flux. Chlorophyll and DOC provide lower
amounts, in the range of 4–26 and 4–27 mg L21 d21 C
(Fig. 5C) respectively, with the DOC contribution highest
at the most upriver stations and chlorophyll contributions
greatest in the region of peak chlorophyll values (near rkm
150).

Models of changes in DOC along the Hudson flow path—
We further explored the connections between in situ DOC
dynamics and bacterial carbon metabolism with a simple
box model that combined the measured starting DOC
concentration upstream, measured discharge, and mea-
sured DOC consumption from the bioassays at each station
to estimate DOC loss within each box as a function of
water residence time (see Eq. 3 above). We used the model

Fig. 4. Bacterial respiration (BR) and long-term DOC
consumption, measured on the same samples, as a function of
ambient chlorophyll concentration. Data are log transformed to
attain normality and homoscedasticity, and were fit to a power
regression model. The regression equations are BR 5 88.1 3
Chl0.29 (r2 5 0.13, p , 0.05), and DOC consumption 5 12.4 3
Chl20.18 (r2 5 0.01, p 5 0.12).

Table 1. The average DOC concentration, total bacterial
respiration, and long-term DOC consumption for the 2003
transects (upper river only) that were sampled at normal
discharge (Jun, Jul, and Sep) and at flood discharge (Oct). In
parentheses is the standard error for the nine sites during
each period.

Normal
discharge

Flood
discharge

DOC (mg L21) 3.9 (0.12) 6.7 (0.18)
DOC consumption (mg L21 d21 C) 20.4 (0.88) 60.1 (1.76)
BR (mg L21 d21 C) 81.6 (7.92) 165.2 (4.16)
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to estimate the mean decline in DOC along the stretch from
rkm 45 to 238 (see DOC data in Fig. 2), and the decline for
each of the five individual transects. The average measured
downriver DOC decline was very consistent with model
estimates (Fig. 6A). This model implies both the spatial
pattern and magnitude of net decline in DOC concentra-
tion, primarily results from DOC consumption similar to
rates measured in the long-term bioassay, and thus the

overall pattern in DOC decline along the river is a function
primarily of the long-term lability of the carbon that is
loaded upstream.

Although the model performed well to predict the
average decline in DOC, it was biased for individual

Fig. 5. (A) Measured versus predicted bacterial respiration
using all individual observations for the five transects. (B)
Measured bacterial respiration versus predicted bacterial respira-
tion rates averaged for the five transects. (C) Bacterial respiration
model output, showing the average breakdown of total bacterial
respiration into its components associated with seston, chloro-
phyll, and DOC, respectively, along the Hudson River.

Fig. 6. Comparison of measured DOC concentrations along
the river to DOC model output. (A) Measured average DOC
concentration versus average DOC predicted along the Hudson
River on the basis of DOC model 1, which considers only the
initial, upstream DOC concentration, long-term DOC consump-
tion, and hydrology. (B) The measured versus predicted DOC
concentration for two individual transects using the same model 1,
showing significant over- and underestimation of measured DOC
concentrations. (C) Measured versus predicted DOC concentra-
tion for the same two individual transects using model 2, which
considers additional production or consumption of DOC pro-
portional to total BR during transition. Model 2 yields less biased
estimates for all individual transects, as we discuss in the text.
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transects (Fig. 6B), predicting both more DOC than
actually observed (e.g., Oct 00 transect) as well as less
DOC than observed (e.g., Aug 02). Hence, the good fit for
the average data is partly the result of over- and
underprediction for individual transects. In an attempt to
more effectively reconstruct DOC dynamics in individual
transects, we developed a second model that included a term
linked to in situ BR and that not only considered DOC
consumption (from bioassays) but also allowed for new
inputs or losses of DOC in transit. This second model thus
contained an additional term for DOC inputs/losses that
was proportional to BR at each site (Eq. 4 above).

The dynamics of DOC for individual transects were,
with one exception, better described by the second model
(Fig. 6B,C), on the basis of a comparison of AIC values for
the two models fit to the five individual transects. This
second version of the model was less biased, as illustrated
by comparing the two models for transects conducted in
Oct 00 and Aug 02 (Fig. 6B,C). Note that the residual
standard deviations ranged from 0.106 for a transect mean
of 2.69 mg L21 DOC to 0.325 for a transect mean of
3.15 mg L21 DOC (Table 2). The model did not fit the
data for one transect, Oct 01, where there was not a positive
relationship between the predicted and observed values.
Overall, the second model provides evidence that at
different times there was either consumption of DOC
beyond that estimated from the long-term DOC bioassays
(negative B1) or net production of DOC (positive B1,
Table 2). The model parameters further suggest that new
net inputs of DOC in transit do not exceed the equivalent
of 10% of total carbon respired by bacteria at any given
site.

Discussion

Some apparent contradictions in the carbon budget of the
Hudson River—Interest in carbon dynamics in rivers and
estuaries is partly driven by the goal of understanding the
processes regulating the amount and nature of organic
matter export from land to the oceans (Schlesinger and
Melack 1981; Raymond and Bauer 2001a). In this regard,
the Hudson is well studied among the major river/estuary
systems of the world, with several past analyses of
ecosystem metabolism and carbon dynamics. Hudson
River primary production is ,30% of external carbon

loading, which is about 650 g m22 yr21 (Howarth et al.
1996). Most (.70%) of this external carbon load enters
over a dam at the head of the estuary, mostly in the form of
DOC (approximately 6 : 1 DOC-to-POC loading ratio)
(Findlay et al. 1998; Cole and Caraco 2001), and lateral
carbon inputs appear to be relatively small (Howarth et al.
1996). The Hudson River is a net heterotrophic system
(Cole and Caraco 2001; Taylor et al. 2003), and previous
studies converge to estimate that 30–50% of the organic
carbon load at the head of the estuary is consumed within
the river, supporting a large fraction (.70%) of the total
ecosystem respiration and CO2 supersaturation (Findlay et
al. 1992; Howarth et al. 1996; Maranger et al. 2005).

Although these previous systemwide analyses tend to
converge, our study suggests major discrepancies between
accepted patterns of respiration, carbon loading, and net
DOC decline observed in the river, which point to major
gaps in our understanding of biogeochemical pathways in
this large river. For example, if most of in situ metabolism
is supported by terrestrial carbon, most of which in turn is
loaded as DOC in the headwaters, it follows that in the
absence of significant new local or lateral inputs, the bulk
DOC pool should decline commensurately to local rates of
carbon consumption by bacteria. It also follows that to be
able to support significant rates of metabolism down-
stream, the DOC loaded upstream should be characterized
by a relatively high long-term biological availability. In
contrast to these expectations, our results show that in situ
BR exceeds the net decline in DOC during downriver
transport by 5- to 10-fold, and that the measured long-term
DOC lability can account for no more than 20% of the
metabolism observed downstream.

Our estimates of BR agree with previous reports for the
upper Hudson River (Howarth et al. 1996; Roland and
Cole 1999; Maranger et al. 2005) and indicate very active
bacterial metabolism in this ecosystem. Our results on long-
term DOC consumption also agree with previous reports in
lakes and rivers (Søndergaard and Middelboe 1995; Moran
et al. 1999; Wiegner et al. 2006) and estuaries (Wikner et al.
1999; Raymond and Bauer 2001b; Sobczak et al. 2005),
which typically find ,10–15% of the total pool consumed
within 1–3 weeks, so discrepancies arise only when these
different aspects of the carbon budget are put together
rather than observed individually. In this regard, short-
term BR measurements and long-terms DOC consumption
bioassays are not different measures of the same process,
but rather target two distinct DOC pools, one highly labile
and with a rapid turnover (hours, days), the other less labile
and with a slower turnover (weeks, months), but few prior
studies have compared the dynamics of these two pools in
situ. We found that BR was essentially uncorrelated to
both long-term DOC lability and in situ DOC concentra-
tions, and therefore, apparently uncoupled to these aspects
of the carbon dynamics in the Hudson.

Further, our model of the sources of carbon supporting
BR is consistent with the view that consumption of the bulk
DOC pool (as measured in the bioassays) explains little of
the variance. Instead, BR appears linked primarily to
seston dynamics and secondarily to algal production, with
only a very weak connection to DOC dynamics. This result

Table 2. Model 2 results using Eq. 4 for the five DOC
transects. The correlation coefficient, r, is the relationship between
predicted and measured values. B1 is the parameter value for the
effect of BR on net DOC production or consumption within a box.
RSD is the residual standard deviation for the model fit. There
was not a positive relationship between predicted and measured
values for one transect, Oct 01, and summary statistics are not
presented.

Transect date r B1 RSD

Oct 00 0.76 20.534 0.170
May 00 0.87 20.265 0.121
Jul 01 0.78 0.110 0.325
Aug 02 0.76 0.267 0.106
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is in some ways surprising because as pointed out above,
much of the organic loading to the river is in the form of
DOC.

Free-living versus particle-attached bacterial metabolism—
The large role that seston appears to play in the Hudson
could be due to the fact that particle-attached bacteria
directly using POC simply dominate the overall carbon
metabolism of the river, and that only a small fraction of
the total metabolism is based on free-living bacteria using
DOC. Our own previous studies in the Hudson (del
Giorgio et al. 2006) would suggest that this is not the case.
We have measured both total and filtered (,1 mm)
bacterial production along these same transects, and on
average bacterial production in the filtered fraction
amounted to over 60% of that in unfiltered sample (del
Giorgio et al. 2006). From these results it could be inferred
that about 40% of the total bacterial metabolism is due to
particle-attached bacteria. However, previous work that we
have carried out in this and other systems using flow
cytometry has further shown that filtration actually
removes a significant fraction of free-living cells as well.
For example, in the case of the Hudson River, filtration
removed on average 25% of the free-living cells that could
be enumerated by flow cytometry (del Giorgio unpubl.
data). Therefore, the proportion of total BP (and thus
respiration) due to truly particle-attached bacteria must be
lower than the 40% suggested by simple filtration, and
most likely in the range of 10% to 20%, in agreement with
other independent estimates for this system (Findlay et al.
1992). We should further point out that the fact that
bacteria are attached to particles does not mean that they
consume particulate carbon exclusively, and do not
consume surrounding DOC. We conclude that although
particle-attached bacteria may be a significant component
of the functioning of the Hudson River, free-living bacteria
are probably responsible for the bulk of the water column
metabolism.

DOC dynamics and BR in the Hudson—The fact that
most of respiration is due to free-living bacteria would thus
suggest that although seston appears to play a major role in
carbon dynamics in the Hudson River, the influence of
particulates is not exerted through direct consumption of
POC by attached bacteria but rather must be mediated by
inputs of carbon to the DOC pool. Our bioassays show that
only a small fraction of the bulk DOC pool loaded
upstream is available within the residence time of the
carbon in the system, and this fraction is not sufficient to
support the observed respiration along the river, so it
follows there must be continuous replenishment of labile
DOC along the river flow path to support BR. Previous
studies have also suggested that the labile pool supporting
BR is constantly replenished during river transit (Raymond
and Bauer 2001a; McKenna 2004). Local and lateral inputs
of organic matter may play an important role in the overall
carbon mass balance of rivers (Richey et al. 1990;
Raymond and Bauer 2001a; Sobczak et al. 2004), but the
relative importance of these local and lateral inputs to
overall system metabolism is not easily discerned, especially

when these inputs are rapidly consumed, which appears to
be the case in the Hudson.

Regardless of their origin, it is intriguing that the large
inputs of DOC required to support BR would have so little
effect on the dynamics of the bulk DOC pool. The DOC
concentration changes very little during transit, and
underlying the very modest changes in bulk concentration
along the river there could be two distinct scenarios: (1)
very low rates of both removal and replenishment during
transit, or (2) high rates of removal that are closely
matched by the rates of input of new DOC, resulting in
a high turnover rate of the DOC but small changes in
overall concentration. These two scenarios have very
different biogeochemical consequences in terms of the
nature of the carbon reaching the coastal ocean. Under the
first scenario, DOC loaded upstream travels downstream
with only a modest loss due to bacterial consumption and
moves into the coastal system largely unaltered. In this
case, bacterial metabolism is supported by local, highly
labile DOC inputs that are never a significant component
of the total DOC and leave little or no trace on this pool.
Under a second scenario, bacteria consume during transit
most of the DOC loaded in the headwaters, but this DOC is
continuously replaced by new local inputs of semilabile
DOC that persists in the bulk DOC pool, so that the
observed net decline in DOC is small relative to the total
amount of DOC consumed. Under the first scenario, DOC
exiting the freshwater/oligohaline estuary should largely
resemble the material originally loaded at the head of the
estuary. Under the second scenario, the exiting DOC would
be highly modified by the transformations that occurred in
transit through the estuary.

To further test these scenarios we modeled DOC
dynamics as a function of hydrology, carbon consumption,
and in situ metabolism. The simplest model of DOC that
considers only DOC concentration upstream, our measured
long-term DOC consumption and hydrology, captures the
average downriver decline in DOC extremely well. This
result suggests that DOC in the freshwater estuary is
transported downstream and enters the saline area with
only minor changes, and that biological consumption
removes only a small fraction of this DOC pool. A second
model that considered not only transport and consumption
but also allowed for either new DOC inputs or further
consumption in transit, both proportional to local bacterial
metabolism, performed better in capturing the dynamics of
individual transects. This model suggests that there is
indeed a link between bulk DOC dynamics, local carbon
inputs, and microbial processing of DOC, but that the
equivalent of a maximum of 10% of the additional carbon
needed to support BR may enter the bulk DOC pool during
transit. Beyond this proportion the model begins to greatly
diverge from the observed DOC dynamics. Average BR
was 156 mg L21 d21 C, and our model indicates that 2 to
15 mg L21 of new carbon may be incorporated into the
bulk DOC per day. On the other hand, both our long-term
DOC bioassays and the in situ measurements of DOC
concentration show that an average of 14–15 mg L21 C are
removed from the bulk DOC per day. Considering an
average residence time for the river of around 30 d, these
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new DOC inputs or losses represent less than 20% of the
upstream DOC pool over the residence time in this stretch
of the river. Thus, our results suggest that although the
bulk DOC pool that is transported downstream is both
consumed and replenished during transit, the magnitude of
these processes is modest relative to the size of the DOC
pool and not nearly large enough to turn over the terrestrial
organic matter initially loaded upstream.

Changes in DOC pool during transit—The scenario that is
thus most consistent with our results is that the bulk DOC
loaded in the headwaters of the Hudson is transported
downstream with relatively minor biological consumption
and modest additions. However, this scenario contrasts
with evidence from the Hudson that suggest that there are
significant qualitative changes in the DOC pool during
transit. For example, Kirchman et al. (2004) argue that
sources of organic matter fueling bacterial metabolism
change along the river on the basis of exoenzymatic
profiles. Further, carbon-14 analyses from the upper
Hudson River indicate that DOC is largely old carbon
derived from terrestrial environments (Raymond and
Bauer 2001b; Cole and Caraco 2001; McCallister et al.
2004). The average age of the DOC tends to decrease (i.e.,
becomes younger) downstream (Cole and Caraco 2001;
Raymond and Bauer 2001b), suggesting changes in the
composition of the bulk DOC pool through either selective
removal or dilution of old fractions with younger carbon.

To what extent is the relatively modest biological removal
of bulk DOC during transit compatible with these observed
changes in the nature of the DOC pool? For biological
consumption to significantly affect the quality of the bulk
DOC would require that bacteria selectively consume the
oldest fractions of DOC, thus shifting the isotopic compo-
sition of the remaining bulk pool toward younger signatures.
There is evidence that Hudson bacteria utilize old carbon
during experimental incubations (McCallister et al. 2006a),
and Cole and Caraco (2001) have hypothesized that the
oldest terrestrial carbon is preferentially respired over
younger fractions once it is loaded in the Hudson River.
This scenario on the basis of selective microbially mediated
removal would imply that the bulk of the terrestrial DOC
loaded in the headwaters may still be transported to the
ocean with only minor alteration in spite of large apparent
shifts in bulk DOC isotopic signature during transit.

On the other hand, the fact that biological removal of
DOC loaded in the headwaters appears to be modest does
not automatically imply that the remainder of this DOC
transits along the river without change or alteration. Our
results further suggest that there may be significant
exchange and turnover of the bulk DOC pool that proceeds
independently from biological removal, mediated by
physical and chemical processes, such as photochemical
transformation, and sorption/desorption processes. It
would appear that physical and chemical processes that
alter the isotopic and chemical composition of the bulk
DOC pool may proceed in parallel and probably with little
connection to microbially mediated consumption/trans-
formation of this pool, but these processes need to be
further investigated.

Links between seston and DOC dynamics—BR is related
to seston dynamics on the basis of our model analysis, but
this does not necessarily imply that metabolism is associated
with particle-attached bacteria, as we pointed out above.
The relationship may be, in part, driven by the generation of
labile DOC through solubilization of organic particles, but
may also indicate other processes, such as external sediment
loading and inputs of benthic or resuspended organic
matter, all of which probably play a role in the Hudson.
Sediment loading to the Hudson is on the order of a million
metric tons per year (Bokuniewicz 2006). Although some of
this material is permanently deposited, much of it is
resuspended, causing high turbidity. Considerable quantities
of suspended matter can be added episodically during
storms, and these high-loading episodes may in fact play
a key role in the functioning of the ecosystem, by
replenishing the seston and sediment pools along the entire
river. However, the links between seston and bacterial
metabolism are neither direct nor proportional. For
example, during the flood conditions in 2003, seston
increased almost 10-fold in the upper reaches of the river,
whereas respiration increased only twofold. Clearly pro-
cesses other than external sediment loading influence the
relationship between seston and ecosystem respiration.

Suspended matter is primarily loaded at the head of the
Hudson River estuary (see Bokuniewicz 2006) and gradu-
ally transported seaward. As suspended materials move
downstream we would expect the material to become less
labile and consequently support less respiration, consistent
with our observations. These types of results are similar to
associations between suspended matter and bacteria
observed in other estuaries (Painchaud and Therriault
1989; Crump and Baross 1996; Servais and Garnier 2006).
For example, in a recent study of the estuarine turbidity
maximum of the Seine River, Servais and Garnier (2006)
found a strong positive relationship between suspended
matter concentration and both total and attached BP.
Experiments with enclosed bacterial communities further
support the argument that seston is an important source of
labile carbon. Bacteria effectively utilize and grow more
rapidly when subsidized by benthically derived organic
carbon, as would be the case with resuspended materials
(Findlay et al. 1998; Hopkinson et al. 1998). Although
particles are probably one of the sources of labile DOC
during transit, seston and DOC dynamics appear de-
coupled in the Hudson River, and this decoupling has been
noted for other estuarine systems (McCallister et al. 2006b;
Sobzek et al. 2005). Overall, the results of our study point
to a key role of particulate matter in providing resources to
bacteria and thereby influencing ecosystem respiration.

Relative independence of the pipe and reactor functions—
Our study indicates that the bulk pool of DOC and the
metabolic activity of bacteria are largely uncoupled. DOC
loaded upstream is only slowly consumed and transformed
as it is transported downstream, whereas the bacteria are
largely dependent on labile organic matter, derived or at
least related to suspended sediments and phytoplankton,
that cycles through the DOC pool but that neither
accumulates nor alters the basic DOC dynamics.
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These results further suggest that there are distinct
components of ecosystem metabolism that are supported
by different organic pools, which are probably independently
regulated. In the Hudson River, as in most aquatic
ecosystems studied to date (Cole and Caraco 2001; del
Giorgio and Williams 2005), there appears to exist a highly
labile DOC pool, which is quickly exhausted and which fuels
most of bacterial metabolism, and a semilabile pool, which is
consumed more slowly and thus may persist and still support
some level of bacterial metabolism as organic material moves
along flow paths. What is perhaps more surprising is that in
the Hudson, these two pools appear to be almost completely
uncoupled from each other. The highly labile pool appears
related to local features such as phytoplankton development
and particle dynamics, whereas we have shown that the
semilabile pool, derived from the long-term bioassays, is
relatively independent of local river features but was greatly
enhanced after increased external carbon loading during
flood periods. This semilabile pool would thus appear to be
strongly linked to terrestrial DOC inputs. In addition, we
suggest that there may be a vigorous exchange between
components of the dissolved and particulate organic carbon
pools, not mediated by biologically driven turnover, as is
often assumed, but rather by physical/chemical processes.

It is well accepted that rivers and estuaries transport
significant amounts of carbon from land to the ocean, and
in this regard they behave as pipes. There is invariably
significant internal processing of this carbon (Kellermayer
et al. 1996; Richey et al. 2002; McKenna 2004), so these
ecosystems also act as reactors (Cole et al. 2007), but what
are the connections and interactions that exist between
transport and processing? Our results suggest that in the
Hudson River, these two functions, the pipe and the
reactor, in fact coexist with only minor connections.
Because the carbon involved in the ‘‘reactor’’ role leaves
little trace in the DOC pool, at least in terms of its bulk
dynamics, understanding this attribute of the system
requires independent measurements of microbial metabo-
lism. Thus, the pipe and reactor functions seem to proceed
rather independently, such that neither the magnitude nor
the regulation of one can be inferred from the other. What
is unexpected about our results is not that a relatively small
fraction of the DOC loaded upstream is consumed during
transit, but rather the fact that this apparent DOC
consumption is so much smaller than the overall bacterial
carbon metabolism that is observed along the river. The
reason this is surprising is that most Hudson River C mass
balances to date have concluded that much of the
metabolism in the river is supported by external C loaded
in the headwaters, and that most of this C is loaded as
DOC. Whereas traditional biogeochemical, mass balance,
and biological approaches individually yield valuable
information in terms of the functioning of large rivers,
our study has shown that when some of these approaches
are applied together there are not only apparent contra-
dictions, but also emergent patterns and properties of the
system that cannot be inferred from any single approach.
In this regard, a key need identified by our study is to better
understand the relationship between particulates, DOC
dynamics, and bacterial activity in river/estuarine systems.
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