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Anomalously high precipitation and river discharge during the spring of 2005 caused considerable
freshening and depletion of dissolved inorganic carbon (DIC) in surface waters along the coastal Gulf of
Maine. Surface pCO2 and total alkalinity (TA) were monitored by repeated underway sampling of a crossshelf transect in the western Gulf of Maine (GOM) during 2004–05 to examine how riverine ﬂuxes,
mixing, and subsequent biological activity exert control on surface DIC in this region. Most of the variability in surface DIC concentration was attributable to mixing of low DIC river water with higher DIC,
saline GOM waters, but net biological uptake of DIC was signiﬁcant especially during the spring and
summer seasons. The extent and persistence of the coastal freshwater intrusion exerted considerable
inﬂuence on net carbon dynamics. Integrated over the 10-m surface layer of our study region
(w5  104 km2), net biological DIC uptake was 0.48  108 mol C during April–July of 2004 compared to
1.33  108 mol C during April–July of 2005. We found the temporal signature and magnitude of DIC
cycling to be different in adjacent plume-inﬂuenced and non-plume regions. Extreme events such as the
freshwater anomaly observed in 2005 will affect mean estimates of coastal carbon ﬂuxes, thus budgets
based on short time series of observations may be skewed and should be viewed with caution.
Ó 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
The coastal ocean acts as a medium of exchange for oceanic,
atmospheric and terrestrial carbon pools. Its function in mediating
processes of air-sea carbon ﬂux, DIC sequestration and export, are
subjects of increasing inquiry as the community seeks to constrain
global carbon budgets. From a modeling perspective, an understanding of the modulation of the coastal DIC pool via biological
processes remains particularly enigmatic (Mahadevan and Campbell, 2002). Land-to-ocean ﬂuxes of freshwater and associated
constituents confound the issue by providing inputs of inorganic
nutrients and buoyancy capable of stimulating and maintaining
productivity, while providing labile organic matter that can fuel
heterotrophy. This is reﬂected in the ongoing debate in which
numerous studies of coastal carbon dynamics have failed to
conclude whether the coastal ocean is a net source or sink of
atmospheric carbon. Several authors have shown that coastal
systems are net sources of CO2 to the atmosphere (Cai and Wang,
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1998; Frankignoulle et al., 1998; Borges and Frankignoulle, 2002). In
contrast, studies focusing on shelf regions, particularly those
affected by large rivers, suggest that coastal systems can sequester
globally signiﬁcant amounts of atmospheric carbon dioxide on
annual time scales (Tsunogai et al., 1999; Liu et al., 2000; Cai, 2003;
Kortzinger, 2003). Recent global assessments of coastal carbon
ﬂuxes represent ambitious attempts to scale up limited coastal data
sets (Borges, 2005; Borges et al., 2005; Cai et al., 2006). However,
the authors of these assessments concede that limitations in both
the temporal and spatial density of data hamper efforts to
adequately capture the carbon variability inherent in these
complex coastal systems.
The degree to which extreme environmental conditions such as
hurricanes and anomalously high discharge affect mean coastal
carbon budgets has not been widely studied. However, such events
are known to elicit physical and biological responses that induce
rapid transformations in the carbon pools and large transfers
between terrestrial, oceanic and atmospheric reservoirs. For
example, mixing that occurs during high winds can rapidly ventilate already supersaturated waters causing an increase in sea-air
exchange of gases. Hurricanes have been reported to ventilate the
surface oceans signiﬁcantly in the sub-tropical North Paciﬁc
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(Kawahata et al., 2001), the sub-tropical North Atlantic (Bates et al.,
1998) the North Atlantic (Perrie et al., 2004), and in the Caribbean
(Wanninkhof et al., 2007). In the sub-arctic North Paciﬁc, the
occurrence of storms was shown to inﬂuence net CO2 dynamics via
coupled biological–physical processes that include nutrient injection, light limitation and increased air-sea exchange of CO2 (Fujii
and Yamanaka, 2008). High runoff events have also been cited as
having a dramatic effect on terrestrial ﬂuxes into coastal waters.
Depetris and Kempe (1993) found that the transport of total organic
carbon (TOC) doubled (from 4.43 to 8.43 Tg yr1) as a result of
major El Niño Southern Oscillation-induced ﬂooding of the Parana
River. Avery et al. (2004) reported that between one-third and onehalf of the annual river ﬂux of dissolved organic carbon (DOC) to
Long Bay in the southeastern US occurred as a result of hurricanes.
Yuan et al. (2004) estimated that the Mississippi’s plume,
augmented by the passing of Hurricane Lili and Tropical Storm
Barry in 2001, may have transported 0.54 Tg of DOC over a 2-week
period. This represents approximately one-fourth of the watershed’s average annual DOC ﬂux into the Gulf of Mexico.
In this paper we examine the comparative dynamics of surface
DIC along a cross-shelf transect in the Gulf of Maine during 2004
and 2005 and document the effects of freshwater mixing and
biology on DIC distributions. We then focus on changes in the
biologically mediated DIC (DICbio) pool, comparing differences in
DIC cycling in two different coastal salinity regions to identify the
effects of riverine discharge. The presence of an expansive lowsalinity surface layer due to anomalous high runoff during April–
July 2005 was associated with a more intense biological drawdown
of DIC compared to the same time period in 2004.
2. Site and methods
The Gulf of Maine (GOM) is a unique, productive continental
shelf sea bounded by Cape Cod to the south and Nova Scotia to
the northeast (Fig. 1). The entire Gulf is macro-tidal, with the
highest tides on earth found in its easternmost reach, the Minas
Basin. A key circulation feature in the GOM is the Maine Coastal
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Fig. 1. Gulf of Maine, area of interest, cruise track and stations. The Western Gulf of
Maine. The main area of interest is enclosed by the box which contains 49,805 km2 of
ocean surface. Monthly (ca) cruise track proceeds along Coastal Observation and
Analysis (COOA) station coordinates (dots). Virtual offshore endmember station
(square). A generalized circulation pattern in the Gulf of Maine is shown with arrows.
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Current (MCC) whose counterclockwise ﬂow typically delivers
freshwater and constituents from the rivers northeast to our
study region (Townsend et al. in Robinson and Brink, 2005). The
Kennebec–Androscoggin River System (henceforth referred to as
the Kennebec) is the largest river system entering the area of
interest and is its predominate source of local discharge.
However during upwelling-favorable winds, discharge from the
Merrimack River (Fig. 1) can spread over the region and
contribute signiﬁcant freshwater (Fong et al., 1997). There is
a strong seasonal signal in salinity and along-shore velocity of
the MCC caused by the freshwater inputs of the rivers entering
the western GOM. Surface salinity within the coastal current
during the spring freshet is typically 2 psu below ambient, and
along-shore currents in the surface layer are directed southwestward at speeds of 0.10–0.50 m s1. The thickness of the
plume is variable, but is generally 10–20 m over water depths of
50–150 m (Geyer et al., 2004), the approximate depth range
occupied by the plume (Fig. 1). The along-coast freshwater
transport within the region of coastal inﬂuence varies considerably due to variations in wind stress, but on time scales of
weeks to months it follows the variations of riverine input with
a time lag that is consistent with the advective velocity (Geyer
et al., 2004). Precipitation and discharge regimes during the
April–June (2004–2005) sampling periods were not typical.
Based on USGS discharge data (USGS), combined discharge of
the Merrimack, Saco and Kennebec Rivers were approximately
7% and 70% above the 20-year mean during April–June 2004 and
2005, respectively. Precipitation over the Gulf of Maine Watershed reﬂects this trend with an average precipitation anomaly of
þ9% during April–June 2004 and þ78% during April–June 2005,
based on a NOAA National Climatic Data Center 25-year mean
(Michael Rawlins, personal communication).
Beginning in April 2004, we have conducted cruises at
approximately monthly intervals. The cruises embark from Portsmouth, NH, cross over the Jeffrey’s Ledge ﬁshing grounds and
continue to Wilkinson Basin, one of 3 deep-water basins in the Gulf
of Maine (Fig. 1). This transect bisects the western half of the
w50,000 km2 study region in the Western Gulf of Maine (Fig. 1).
Our surveys are sponsored by the University of New Hampshire’s
(UNH) National Oceanic and Atmospheric Administration (NOAA)
Coastal Ocean Observation and Analysis Center (COOA). Cruises
took place aboard the UNH Gulf Challenger on 18 dates between 4/
19/04 and 12/17/05. Discrete surface samples for TA and pH were
taken at each station (Fig. 1) with Niskin bottles at 1-m depth
according to DOE protocols (DOE, 1994), and were analyzed within
two weeks. TA was analyzed by end-point titration at constant
ambient temperature with 0.1 N HCl to pH 4.5 using an automated
titrator (Radiometer ION 570; precision 3.2 mmol kg1). The mean
of three determinations is used. Certiﬁed reference materials
(CRMs) were used to ensure the precision of the TA determinations
(Dickson, 2001). pH was measured from the same sample using
a combination electrode (Radiometer ION 570) using a 3-point
calibration of Thermo-Orion NIST traceable pH buffers. The precision of the pH measurement (0.007 unit) was estimated from
periodic determinations of newly opened CRM. Estimates of
precision do not include the effects of sample storage or gas
exchange, which are assumed to be minimal.
Water was pumped continuously from w1.5 m depth at a rate of
3.5 L min1 to shipboard ﬂow-through systems that measured at
a frequency of 1 s1. Continuous measurements of salinity and sea
surface temperature (SST) were made using a Seabird (SBE 45)
instrument. To measure pCO2, intake water from the system was
split to a three-chamber equilibrator, similar to that described by
Wanninkhof and Thoning (1993). Sample air was dried with
a NaphionÒ drying system and pumped to a non-dispersive
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infrared gas analyzer (Li-corÒ, Li-6262). The gas analyzer was
calibrated twice-daily using ultra-pure nitrogen and two gas
mixtures with CO2 molar fraction of 340 and 812 ppm (ScottMarrinÒ). Corrections of the data for water vapor pressure and sea
surface temperature were carried out according to DOE protocols
(1994). Flow-through data, which were always taken during
daylight hours, were sub-sampled at 20 s. Atmospheric pCO2 was
periodically measured underway by drawing ambient air from the
ship’s bow through a length of Teﬂon tube directly into the gas
analyzer. Atmospheric pCO2 in dried air was converted to moist air
values using the methods of DOE (1994). Precision of pCO2
measurements is estimated to be w3 matm. TA was estimated
along each cruise track using empirical salinity–TA relationships.
Although a robust linear relationship between salinity and TA was
found for the entire transect dataset (n ¼ 224, r2 ¼ 0.97, RMSE ¼ 11),
we chose to ﬁt a more precise TA–salinity curve for each cruise
(linear or 2-degree polynomial, Table 1) in order to capture ﬁnerscale TA variability caused by processes such as calcite production
and dissolution, phytoplankton production, and respiration
(average cruise TA RMSE ¼ 6.0). We note that the zero intercept of
the entire salinity–TA regression was 358 mmol kg1, which is
consistent with the mean of all samples from the UNH database
taken in the Kennebec River at 0 psu (352 mmol kg1, n ¼ 27).
In addition to the sampled along-transect data, we used the
salinity ﬁelds from a continually run, operational ocean circulation
model (OCM) of the Gulf of Maine (Xue et al., 2005) to estimate the
spatial distribution of the river inﬂuence. This model is run and
maintained at the University of Maine, with realistic winds, river
discharge, heat and freshwater ﬂuxes, and boundary conditions
from a larger circulation model. The temperature, salinity and
velocity ﬁelds, saved at 3-h intervals, have been rigorously tested
against available observations (Xue et al., 2005). The extent of
riverine inﬂuence was estimated by comparing model salinity (S) in
each grid cell, against the mean model salinity Smean, for the entire
Gulf of Maine. A simpler approach using a ﬁxed salinity value as
a threshold to differentiate between riverine and oceanic dominance was tried, but rejected due to the large seasonal and interannual variability of allochthonous freshwater entering from
outside the Gulf of Maine (Petrie, 2007). Instead, we calculated the
‘‘effective freshwater height, HFW’’ as the height of freshwater
needed to lower the salinity from Smean to the modeled value S in
each column of grid cells, where the depth of water/column height
is H, i.e. HFW ¼ H(S  Smean)/Smean. HFW, calculated in this way and
shown in Fig. 2, evolves in space and time and is thought to provide

Table 1
Equations used to estimate TA for each cruise.
Cruise date

TA equation (x ¼ salinity)

4/22/04
5/21/04
6/16/04
6/17/04
7/21/04
8/16/04
10/29/04
12/6/04
1/30/05
3/18/05
4/6/05
5/10/05
6/17/05
7/12/05
8/16/05
9/13/05
10/21/05
12/19/05

59.5x þ 270
0.14x2 þ 61.7x þ 348
56.1x þ 377
56.3x þ 361
0.6x2 þ 75.1x þ 392
0.7x2 þ 77.0x þ 382
55.8x þ 388
55.2x þ 414
57.9x þ 328
0.5x2 þ 73.9x þ 353
0.7x2 þ 83.3x þ 271
0.3x2 þ 68.4x þ 247
59.9x þ 255
55.8x þ 370
0.7x2 þ 32.3x þ 349
55.5x þ 397
55.2x þ 401
55.0x þ 408

a more effective estimate of the extent of local riverine inﬂuence on
the coastal ocean than surface salinity alone. However we note that
our methods will produce a slight underestimate of the extent of
riverine inﬂuence, as both the much smaller plume regions are
included with the offshore regions in the estimate of Smean. Since
Smean is a time-dependent mean, salinity modulations in the entire
Gulf of Maine resulting from changes in offshore salinity can offset
or intensify the riverine signal. For example, the extent of riverine
inﬂuence estimated from HFW during September–November 2005
is lower than in April–May 2005 even though both periods have
similar discharge, because Smean was lower in April–May 2005.
Indeed the position and spatial extent of riverine inﬂuence is not
necessarily correlated with discharge and is probably more strongly
affected by wind-induced and residual tidal currents (Fong and
Geyer, 2002).
DIC was estimated using measured pCO2, temperature, salinity
and estimated TA as inputs into the carbonate equilibrium equations given in CO2SYS (Lewis and Wallace, 1998) with pK values and
alkalinity constants as reported in Cai and Wang (1998). More
recently published pK values were tested (Millero et al., 2006), but
the difference in the resultant DIC estimates was insigniﬁcant at the
salinities we encountered (w27–32). The estimation of DIC using
pCO2 and estimated TA, henceforth referred to as observed DIC
(DICobserved), has an average estimated error of 7 mmol kg1.
Variability in the DICobserved ﬁeld is the in-situ concentration of DIC
arising from perturbations of air-sea exchange, biological activity,
calcite dynamics and mixing of the landward endmember into the
ocean.
The air-sea CO2 ﬂux ðFCO2 Þ was estimated using



FCO2 mol C m2 d1 ¼ kSm ðpCO2sw  pCO2atm Þ

(1)

where k is the gas transfer (or piston) velocity, Sm is the dissolved
gas solubility in seawater as function of salinity and temperature,
and the difference term is between the partial pressures of carbon
dioxide in the surﬁcial air and sea boundary layers. The gas transfer
velocity parameterization is from Wanninkhof (1992). Our implementation of ðFCO2 Þ utilizes the hourly wind option in the k algorithm and hourly wind measurements obtained from NDBC station
IOSN3 located centrally within this study region where these wind
estimates are interpolated in time onto each shipboard seawater
estimate (20 s sample rate) of pCO2, salinity, and temperature. We
do not use our single day shipboard pCO2atm data to extrapolate to
a monthly mean atmospheric estimate for the air-sea ﬂux. Instead,
we use a monthly average for the free troposphere northern
hemisphere atmospheric pCO2atm obtained from NOAA’s Mauna
Loa continuous observing station. This choice is made because
sporadic estimates of observed local episodic daily variability of
w10–20 matm in atmospheric levels, arising due to air advected
from the continent, would lead to large uncertainty in a monthly
estimate (cf. Padin et al., 2007). It is also made because this NOAA
data record represents a readily accessible continuous tropospheric
dataset for our study period. This assumption that a Mauna Loa
monthly mean lies near the regionally-observed mean value has
been checked using the hourly CO2 buoy atmospheric data and
a data-informed free tropospheric model estimate at a latitude of
44 deg. N (pers. communication, P. Tans). We ﬁnd that discrepancies are less than 3–5 matm in any month of the year and of
negligible impact on this study.
For each cruise biologically mediated DIC (DICbio) was estimated
as the difference between a curve assumed to mix conservatively
with salinity (DICmix), and the sum of DICobserved, plus the daily
mass of DIC added or removed by air-sea exchange (Fig. 3a, Table 2).
This method of analysis provides additional detail over SST
normalizations used to remove the thermal modulation of in-water
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Fig. 2. Comparing the average height of freshwater column in the top 10 m, April 20–June 19, 2004 and 2005. The OCM was used to estimate freshwater column height (see text).
The colored area signiﬁes the plume region, which has the threshold of at least 5 cm freshwater in the surface 10 m. The ﬁgure shows the average height for April 19–June 18, 2004
(a) and 2005 (b). Based on an 80-year USGS record, the spring of 2005 was among the wettest on record for the drainage basins discharging into the region of interest. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 3. Estimated DIC products. DIC parameters used in the paper estimated using
a combination of discrete determinations and continuous ﬂow-through measurements. (a) DICbio estimated as the difference between a DIC curve assumed to mix
conservatively with salinity (DICmix) and the sum of observed DIC plus the daily mass
of DIC added or removed by air-sea exchange DICbio ¼ DICmix  (DICobserved þ
DICair-sea). The DICair-sea is the estimated daily mass of DIC exchanged from the top 10 m
(i.e. DICair-sea ¼ air-sea ﬂux  10 m/water depth). DIC mixing anomaly (DICmix) is
produced by mixing fresh and oceanic DIC endmembers across the salinity gradient.
(b) Daily DICbio estimate using piecewise cubic hermite interpolating polynomial
spline (pchip, MatlabÔ). A daily time step was employed across the (ca) monthly data
at longitudinal intervals of 0.01 degrees (Fig. 2c).

CO2 (e.g. Takahashi et al., 2002), as the solubility of CO2 and the
dissociation of carbonic acid in seawater are modulated not only by
temperature, but also by changes in ionic strength and instantaneous air-sea exchange (Weiss et al., 1982). The magnitude of DICbio
is mainly related to the uptake or release of DIC attributable to the
processes of phytoplankton production and heterotrophic respiration. However the estimate will also incorporate the effects of CO2
consumption associated with calcite dissolution, a much smaller
component of net carbon dynamics in this region, which is related
to the biological production rate of calcite (Graziano et al., 2000;
Balch et al., 2008).
To calculate DICmix, we required estimates of riverine and
oceanic endmember DIC values. Riverine DIC endmembers were
estimated from in-situ pH and TA measurements taken at 0 salinity
in the Kennebec (estimated precision 5.0 mmol kg1). Riverine
samples were taken within 3 days of each cruise at times corresponding to 11 of the 18 cruises. For the cruise periods when no
river samples were taken, we assume a linear interpolation of DIC
values between sample dates. This assumption is not expected to
introduce signiﬁcant error at the salinities for which DICbio and
DICmix are reported (>26), as the average absolute difference in (ca)
monthly TA samples at the Kennebec endmember is 37 mmol kg1.
Ocean DIC endmember concentrations corresponding to each
cruise date were estimated at a location w65 km southeast of our
most distal station (at 42.8N 68.2W, Fig. 1). For this work,
a desirable ocean endmember would exhibit comparatively low
biological activity and be located away from the inﬂuence of local
river mixing. Thus the ocean endmember was selected on the basis
of relatively low surface chlorophyll values and weak river inﬂuence. The mean satellite derived chlorophyll value (MODIS OC3, 7/
2002–6/2006) at this site was w0.2 mg m3, which is low compared
to the mean of all inshore stations, w2.4 mg m3 (http://www.cooa.
unh.edu/data/SR/SR.jsp?tab ¼ collection). While chlorophyll
concentration cannot be considered a measure of biological
processes that mediate DIC, it nonetheless is a proxy for living
biomass and also weighs strongly in routine satellite productivity
models (e.g. Behrenfeld and Falkowski, 1997). Advective tracer
studies using the OCM show minimal inﬂuence from the coastal
plume at this location relative to the inshore stations. DIC at the
ocean endmember was estimated with the CO2SYS carbonate
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Table 2
Summary of DIC products used in this work.
Product

How produced

Notes

DICobserved
(mmol kg1)

Estimated from
TA and pCO2;
Riverine endmembers
estimated from TA and pH
Conservative mixing
of land and ocean DIC
endmembers, f(salinity)
Wanninkhof (1992) algorithm

Carbonate system
constants from Cai
and Wang (1998)

DICmix
(mmol kg1)
DICair-sea
(mmol kg1)
DICbio
(mmol kg1)

¼DICconserve  (DICobserved
þ DICair-sea)

Measured river
endmember. Estimated
ocean endmember
Mass of daily air-sea ﬂux
for surface 10 m
Stock of DIC mediated by
biological processes within
surface 10 m

equilibrium equations using modeled SST and salinity at the station
location, estimated TA and average regional in-water pCO2 as
inputs. Ocean endmember TA was modeled as a function of salinity
using a relationship derived from our entire dataset
(TA ¼ 56.1(S) þ 358). Mean regional pCO2 (363 matm, standard
deviation 21.1) is the average of all data from the COOA and Carbon
Dioxide Information Analysis Center (CDIAC, http://cdiac.ornl.gov/)
databases that falls within 0.25 degrees of the distal station
(n ¼ 4893). The effects of temporal variability of pCO2 at this site are
assumed to be a small fraction of the total DIC budget. For example,
the variability imparted to a water parcel from a pCO2 perturbation
of 21.1 matm at 34 psu, 20  C, would be 9.9 mmol kg1 DIC. A
summary of the DIC products is shown in Table 2. Daily DICbio
values were estimated so that the OCM operating on a daily time
step could be used for daily assessments of net DICbio uptake in the
region. Daily DICbio was estimated by placing a piecewise cubic
hermite interpolating polynomial spline (pchip, MatlabÔ) with
a daily time step across the (ca) monthly DICbio data at each
longitudinal interval of 0.01 degrees (Fig. 3b).
In addition to endmember variation discussed above, estimates
of DICbio could be compromised by mixing at time scales different
than our sampling interval, or by the introduction of a third
(upstream) endmember. For example, if a sampling interval
between two successive cruises is considerable longer than the
water residence time, initial conditions from which results of the
second survey develop may not be properly characterized during
the ﬁrst cruise. Because our region is inﬂuenced by advection
attributable to the MCC, we used the OCM with a Lagrangian
particle-tracking module to estimate the median time for surface
waters to ﬂow through the study domain. Since the estimated
median lifetime of w26 days is close to our sampling frequency, we
assume that errors arising as a result of ignoring advective losses
and gains in the calculation of DICbio will not signiﬁcantly alter our
results or conclusions. We also assume that water entering from the
northeast will be inﬂuenced by endmembers that are similar to
those in our region. Although this assumption has not been thoroughly tested, we note that the mean TA value for a large river
northeast of our region (Penobscot, 301 mmol kg1, n ¼ 12) is similar
to the Kennebec.
2.1. Distribution of DIC: the impact of dilution
Temporal variability of salinity and DIC along our cruise track
(Fig. 4) suggests the importance of freshwater input as a mechanism driving the variability (see composite hydrograph on Fig. 4,
left). Both salinity and DIC followed a seasonal pattern of lower
values when discharge was higher. These effects tend to be stronger
nearer to the coast. Likewise, the highest salinity and DIC were
observed during the late summer when discharge was low, and

during the winter when freezing temperatures typically conﬁne
discharge to base ﬂow. In addition to simple dilution, freshwater
can induce a shift in the carbonate system equilibrium via heating
or cooling, and also through the mixing of low-alkalinity river
water with higher-alkalinity ocean water. Thus the variability in
carbonate parameters across the salinity gradient is based both on
the mixing of DIC endmembers and variability attributable to
changes in SST.
The image in Fig. 5a shows a seasonal pattern of riverine inﬂuence with the largest DIC depletion occurring during the spring
freshet and persisting into the beginning of the summer, presumably consistent with advective time scales of river discharge to the
region (Geyer et al., 2004). The most noteworthy feature is the large
DIC depletion occurring during wMarch–July of 2005 when integrated discharge of the Saco, Kennebec and Merrimack Rivers was
highest over a 25-year record. During this depleted DIC period, the
region of freshwater inﬂuence and the corresponding depression in
DICmix extended throughout the measured domain. The broad
pattern of higher DICmix during the later summer through winter
2004 can be explained by the lower discharge. However, during
2005, the discharge that occurred in October and November was
also among the highest for that time period in the USGS 25-year
record, at a time when the depletion of DIC was more modest. The
frequency of cruises was lowest between October and December of
2005, as a cruise scheduled for November had to be cancelled due
to bad weather. As such, we have less conﬁdence in the interpolated
values during this period. Nevertheless, the circulation model
shows that this was a time in which copious amounts of allochthonous freshwater lowered the salinity in the entire Gulf of Maine.
This suggests that the ocean endmember used to calculate DICmix
would have already been diluted by sources of freshwater well
upstream of our observation site. Thus the relative contribution of
mixing from local sources may have been more difﬁcult to detect
using the methods presented above.
2.2. The inﬂuence of biology
In addition to mixing, a host of biological processes mediate DIC.
These include primary productivity, aerobic and anaerobic respiration, and the precipitation of calcite during shell formation. We
assume that in a biologically inert ocean, the primary control of DIC
would be from mixing and heat exchange, and that surface water
pCO2 would be close to equilibration with the atmosphere over (ca)
monthly time scales. Biological activity represents a perturbation to
this mixing ﬁeld, which is captured as DICbio. It is estimated as the
difference between DICobserved and that inferred from a mixing of
oceanic and terrestrial endmembers for which air-sea exchange of
DIC has been removed (Fig. 3, Table 2). We assume negative DICbio
values to be the result of biological uptake, primarily from net
phytoplankton production, while positive values are the result of
net microbial respiration (Raymond et al., 2000; Wang et al., 2005;
Schiettecatte et al., 2006).
The generalized pattern of DICbio (Fig. 5b) follows the seasonality of productivity and respiration in the Gulf of Maine with highs
and lows presumably corresponding to the availability of light,
nutrients and labile carbon. Productivity-related uptake in the
DICbio ﬁeld was observed during the spring and early summer of
both years and corresponds roughly to the spring blooming of Gulf
of Maine waters. The main difference between years is the strong
uptake of DICbio initiated during late winter–early spring of 2005
that persisted into early summer and coincided with the anomalous river discharge phenomena. The weak uptake observed
offshore during late summer-fall was likely stimulated by nutrient
delivery via upwelling events, as suggested by the offshore movement of the surface ﬁelds in the circulation model. Higher offshore
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discharge during the Spring–Summer of 2005 was observed to correspond to depressions both the salinity and DIC ﬁelds. Approximate cruise dates are shown as black crosses at the
right of the ﬁgure.

DICbio values were observed from late summer into winter. By late
summer, the subsidy of limiting nutrient is usually depleted and
respiration of previously ﬁxed organic matter dominates the status
of community metabolism (Townsend, 1991). Heterotrophy will
also dominate through late fall and winter as the availability of light
severely limits autotrophic activity. During times of adequate
incident light in which DICbio was positive (Spring Fall), a crossshore gradient in DICbio was observed (Fig. 5b). This phenomenon
was believed to be the result of respiration of organic matter of
terrestrial or near-coastal origin dominating over autotrophic
production (e.g. Salisbury et al., 2008).
Biological processes will perturb the DIC ﬁeld as to increase the
difference (delta) between the air and in-water pCO2 values, facilitating the exchange of CO2 between the air and sea. The mapped
air-sea ﬂux is shown in Fig. 5c. Note that this has been calculated
over the entire water column, whereas when estimating DICair-sea,
we account only for the fraction of the air-sea exchange within the
10 m lens of interest (Fig. 3a). The pattern of air-sea CO2 ﬂux
roughly follows the pattern of DICbio indicating that biology is an
important factor in modulating delta pCO2. However since CO2 ﬂux
is also a function of wind speed (Equation (1)), notable departures
from this pattern are seen during periods of higher wind speeds
(e.g. October–December, 2005).
2.3. Differences in DICbio between plume and non-plume waters
The proximity of the region to substantial riverine inﬂux offers
an opportunity to examine the effect of riverine inﬂuence on the
behavior of DICbio. To segregate our region into plume-inﬂuenced
and non-plume waters, we arbitrarily chose the plume threshold
as a parcel of surface water 10 m in depth having a freshwater
equivalent column (HFW) of greater than or equal to 5 cm (see
Fig. 2). Non-plume areas were deﬁned as waters adjacent to the
plume within the region of interest, with an equivalent freshwater height of less than 5 cm over the surface 10 m. To compare
DICbio behavior within each region, equal volumes of plume and
non-plume water were analyzed based on the modeled area of
the plume. For this work the upper limit of the Geyer et al. (2004)
mean plume thickness (10 m) was chosen as the depth of integration and we assume this lens to be homogeneously mixed in
terms of salinity, temperature and the various surface DIC

estimates. Homogeneity of the cruise-averaged DICbio was also
assumed throughout the individual plume and non-plume
volumes. In other words, the average values estimated within
each region along the cruise track were treated as indicative of
the average throughout the spatial extent for each of the plume
and non-plume regions.
For each cruise date, average surface DICbio was calculated for
plume and non-plume regions based on the plume threshold. To
determine whether the data fell into the plume or non-plume
region, all DICbio data subtended by modeled HFW freshwater
anomaly (5-cm freshwater in 10-m) along the cruise track were
compiled. These data were averaged and a single DICbio value was
assigned to the entire 10 m plume column. All other DICbio data
were averaged and assigned to the non-plume region. Daily average
DICbio values were estimated by interpolation of the (ca) monthly
cruise data (Fig. 6a). These in turn were multiplied by concurrent
plume volume calculated from the circulation model (plume
area  10 m) to produce daily 10 m-integrated DICbio within each
region (Fig. 6b). Daily-interpolated DIC values capture the variability provided by the daily-modeled plume volume estimate.
Although it is not possible to completely assess the errors
involved in using interpolated daily estimates based on monthly
data, an examination of a daily time series of in-water pCO2 from
the PMEL-UNH Coastal Observatory’s CO2 buoy within the study
region provides insight (http://www.pmel.noaa.gov/co2/coastal/
NH/data_070w_14d.htm). A simple simulation using 186 days of
buoy data was run in order to estimate the range of errors that
could be attributed to sampling the daily pCO2 data at increasing
time intervals. We found a nearly linear relationship between the
time interval of sampling (2–32 days) and the error between an
estimate based on interpolation and the average daily measured
value. For an average 32-day time interval between repeat cruises,
the average absolute error of a daily value (interpolated estimate
versus observed) was 5.4%, standard deviation ¼ 21.2 matm (data
range 278–519 matm). For our DICbio estimate, we assume that
percentage errors in DICbio are similar to those of pCO2 since both
are modulated by biological processes and were highly correlated
(r2 ¼ 0.89) in the dataset used for this paper. While the daily DICbio
estimate can be considered a reasonable proxy for regional DICbio
status, it must be bound by these temporal interpolation errors (see
Fig. 6b and c).
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Fig. 5. Interpolated time–space plots from COOA cruise track. Time range (4/19/04–12/17/
05); cruise track from approximately: 43.1N, 70.7W, to 42.8N, 69.8W, a distance of
w81 km. (a) DICmix, (b) DICbio, (c) air-sea CO2 ﬂux (see text for methods). Approximate cruise
dates are shown as black crosses at the left of the ﬁgure.

Differences in the temporal evolution of DICbio between the
plume and non-plume regions are apparent (Fig. 6a). The plume
region was more variable with higher average values during the
summer through winter of 2004 and a notable decline in values
(absent in the non-plume region) during the spring of 2005. Both
regions exhibited a dramatic drop in DICbio values during the
extensive discharge events of late spring–early summer 2005.
Other than this period, however, the non-plume region had a much
smaller range of average values (19.4 to 12.7 mmol kg1) and
standard deviation (8.4) compared to the plume region (range
34.4 to 36.1 mmol kg1, standard deviation ¼ 13.7). When multiplied by daily plume volume model estimates, the integrated daily

J J A S O N D J F M A M

J J A S O N D

2005

Fig. 6. DICbio estimations for equal plume and non-plume volumes. Plume and nonplume volumes were set as equal by plume area (i.e. freshwater anomaly >5 cm per
10 m depth  10 m plume depth). Density estimates necessary for converting mass of
seawater to volume (v ¼ 1/r) are derived from Millero and Possion (1981), using in-situ
SST and surface salinity data. (a) Average DICbio for plume and non-plume regions of
the area of interest. (b) Integrated DICbio within equal plume and non-plume volumes.
These data were estimated as plume volume (daily area estimate
(m2)  10 m)  average DICbio (mmol m3). (c) Cumulative curve of daily-integrated
DICbio for equal plume and non-plume volumes. The blue curve is the sum of DICbio for
plume and non-plume curves. Error bounds (in Fig. 6b and c) are a function of the time
interval between cruises and are based on the assumption that sampling errors within
the DICbio ﬁeld would be similar to pCO2 measured at the PMEL-UNH buoy (see text).
(For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

stock of DICbio for equal plume and non-plume volumes (Fig. 6b)
resembled the average DICbio curves (Fig. 6a). However, the variability imparted by using the daily model plume volumes is obvious
and shows the effect of changes in the plume extent on the estimated stock of DICbio.
Comparative net accumulation plots (Fig. 6c) made from
continuous summing of the daily DICbio values (Fig. 6b) also show
differences between the plume and non-plume regions. Both
curves start as sinks for DICbio but by late fall of 2004 the cumulative distribution curves have separated due to high DICbio accumulation in the plume region. The intense productivity events of
2005 (period of DICbio uptake) drive both regions into net sinks,
with the non-plume region becoming a slightly stronger sink. This
shift, which occurs over a time period of less than 3 months,
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demonstrates the dramatic effect that a single annual productivity
cycle can have on the net annual carbon dynamics of a region. At
the end of the observation period (w20 months) the plume region
was a modest source of DICbio (3.7  107 mol C) while the nonplume province was a modest sink (4.1 107 mol C). Interestingly,
for the entire time series the region was apparently balanced in
terms of DICbio, and thus was neither a signiﬁcant source nor sink
(blue curve).
2.4. Comparative DICbio budgets during the spring freshets of 2004
and 2005
The major anomaly features in Figs. 3 and 4 are associated in
time with the high discharge periods of April–June 2005, and allude
to the importance of terrestrial freshwater ﬂuxes in the control of
DIC and DICbio. Here we focus on two seasonal periods April 20–
June 19 of 2004 and 2005. The cruise time series started in April of
2004 and thus we do not have information on the time of the
initiation of the 2004 DICbio drawdown. Nevertheless, the chosen
time intervals were very different in terms of local freshwater ﬂux
and associated DICbio dynamics within the region. Fig. 2, showing
the average freshwater heights over these periods, demonstrates
this point and suggests the considerable differences in the local
freshwater stocks. The ﬁgure shows that both the circulation
model-estimated extent and volume of the plume-affected region
were substantially greater during the 2005 period. Calculations
based on the circulation model (Table 3) indicate that the volume of
freshwater in 2005 exceeded 2004 by a factor of w6 and that the
average areal extent of the plume was 34% larger during 2005. The
behavior of DICbio between the two periods (for the entire region)
also showed major differences in terms of averages and net
cumulative values (Table 3). The surface lens was estimated to have
an average DICbio value that was much lower during the anomalous
discharge period of 2005 than it had during the same period of
2004. Although a biological drawdown of DIC was observed during
both periods, 2005 was a stronger sink for DICbio, with the 2004
period sequestering only w1/3 as much carbon as the 2005 period.
3. Discussion
These observations point to conditions where local freshwater
inputs contributed to the cycling of DIC both in terms of mixing and
biological processing. Although the effects of mixing are obvious,
logical questions arise concerning the speciﬁc processes related to
the presence of freshwater that would impart such variability to the
DICbio ﬁelds. Rivers are sources of labile carbon, which will drive
heterotrophic respiration, and discharged nutrients that will
stimulate autotrophic production. In regions proximal to discharge,
higher concentrations of particulate and colored dissolved matter
scatter and absorb light, minimizing its availability to phytoplankton thus reducing autotrophic production (Trefry et al., 1994;
Cloern, 1996; Lohrenz et al., 1999). Abundant reduced carbon in
dissolved and particulate phases can lead to intense heterotrophic
respiration (e.g. Zhai et al., 2005). The declining cross-shore
gradients with highest DICbio values proximal to the coast (Fig. 3)
Table 3
Comparison of conditions during April 19–June 18 (2004 and 2005).
Estimate

2004

2005

Average plume (HFW) area (km2)
Average freshwater volume (km3)
Average DICbio depletion (mmol kg1)
Net DICbio accumulation (mol) in region of interest
(plume and non-plume)

17 630
6.8
1.27
0.48E8

23 596
39.5
13.97
1.33E8
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are suggestive of these conditions. Indeed, for the entire time series
the plume region was an overall net source of DICbio, in spite of its
much higher sink terms during the productive seasons. This is not
unexpected as prevailing arguments lead to the concept that shelf
regions strongly inﬂuenced by terrestrial ﬂuxes are likely to be net
heterotrophic, as labile terrestrial carbon along with a fraction of
autotrophic production, is respired (Smith and Hollibaugh, 1993;
Cai and Wang, 1998; Zhai et al., 2005; Borges et al., 2008).
Conversely, phytoplankton productivity tends to be greatest at the
distal reaches of plumes where nutrients may still be adequate, but
light penetration depth increases after particle settling has
occurred (Cloern, 1996; Smith and Demaster, 1996; Lohrenz et al.,
1999). Assuming that these conditions existed in regions directly
adjacent to the more turbid plume, they likely contributed to the
sustained DICbio uptake during spring–summer periods.
Variation in pCO2 within the Kennebec and Merrimack estuaries
and adjoining plumes was studied by Salisbury et al. (2008).
Although variation was highest in the Merrimack estuary–plume
system, both systems changed seasonally between inferred net
autotrophic and heterotrophic conditions. The authors concluded
that watershed attributes, namely ﬂuxes of labile carbon and
nutrients, were responsible for shifts in trophic status within the
estuaries and near shore plumes. Since the region of study receives
direct input from these systems, and the timing of maximum DICbio
uptake corresponded to the freshet discharge, we were curious if
the watershed nutrient ﬂuxes could be an important driver of the
spring DICbio depletions. To test this idea we calculated the ﬂux of
the presumed limiting nutrient, dissolved inorganic nitrogen (DIN),
to our study region from the Kennebec and Merrimack rivers over
the productive periods of April 19–June 18, 2004 and 2005. The
calculation was made as the product of integrated discharge (USGS)
and DIN concentrations (m3  mol m3), using the mean of recent
DIN determinations for the Merrimack (2004 data, USGS) and Kennebec (Hunt et al., 2005). These estimates show that if the entire DIN
ﬂux of these rivers was processed into biomass within our study
area (using a C:N ratio of 6.6:1 (Redﬁeld, 1958)), then
w6.8  108 mol C was produced in 2004 compared to 12.7  108 mol
C during the same period in 2005. Scaled to annual production
throughout the plume region, this amounts to only 1.32 gC m2 y1
for 2004 and 2.42 gC m2 y1 for 2005. While these estimates
represent a very small fraction of the annual net primary productivity (NPP) measured in the Gulf of Maine, 250–400 gC m2 y1
(O’Reilly and Busch, 1984; O’Reilly et al., 1987; Townsend, 1998), it is
interesting to note that the carbon sequestered by river DIN is of the
same magnitude as the annual estimate of DICbio within the surface
10 m lens (Table 3). Although this may imply that the riverine DIN
could support the net production available for export, this notion is
inconsistent with the prevailing model of productivity in the Gulf of
Maine that suggests that deep mixing during winter provides the
bulk of the nutrients required to fuel seasonal productivity (Townsend, 1992, 1998; Townsend et al., 1994).
The differences in springtime depletion of DIC between the
plume and non-plume regions (notably during 2005, Fig. 6a and b)
must be a function of availability of light and inorganic nutrients, of
which DIN is likely limiting (Townsend, 1998). The ubiquitous tidal
mixing of shallow waters in the Western Gulf of Maine is one likely
source of DIN that may have a greater inﬂuence on the shallower
plume waters (e.g. Townsend, 1991; Rogachev et al., 2001). We
surmise that storm-driven mixing is also a source of nutrients,
although data to support this are sparse in the western Gulf of
Maine. However, logic dictates that shallow coastal mixing
processes that increase resuspension of particulate matter would
also reduce light availability, suppressing autotrophic productivity
and subsequent net DIC uptake (e.g. Cloern, 1996). Strong land–
ocean gradients in atmospheric DIN deposition (Alexander et al.,
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2001) or remineralization of terrestrial organic nitrogen (Mayer
et al., 1998) could explain an unknown portion of the difference
observed. Periodic coastal upwelling also provides nutrients to the
euphotic zone (Townsend, 1991). It has been hypothesized that this
region of the Gulf is a ‘‘trap’’ for regenerated nutrients (Townsend
and Christensen, 1992). The expression of this trap can be found in
numerous observations of anomalous low salinity-high nitrate
water, with the highest number of such observations found in the
southwestern Gulf. Mixing of the spring freshet with Maine Intermediate Water, which has a characteristic NO3 concentration of
14.5 mmol, is thought to be responsible for much of the anomalous
salinity-nitrate values observed near the coast (Garside et al., 1996).
However we assume processes contributing to such values would
inﬂuence both domains. Indeed such anomalously low salinityhigh nitrate values appear to be widely distributed throughout our
entire region of interest (Garside et al., 1996, Fig. 4).
A potential explanation for the differences in biological DIC
uptake between the regions invokes the role of riverine discharge
as a source of buoyant stability. While speculative, it is possible that
the inﬂuence of river freshwater could suppress mixing during
times of high nutrient concentration, hastening the onset of autotrophic production even during less than optimal light conditions.
Higher surface nutrient concentrations and discharge both occur in
the early spring, the coincidence of which may provide an opportunity for earlier and more persistent productivity in the plume
region versus the non-plume region. Possible mechanisms for
phytoplankton blooming in the Gulf of Maine in the absence of
stratiﬁcation were discussed in Townsend et al. (1992). Later, Durbin et al. (2003) reported that freshwater from the Scotian Shelf
helped to promote water column stability, which in turn aided the
onset of an anomalous (pre-spring) bloom in the central Gulf of
Maine during February of 1999. We note that the sustained biological DIC uptake event of 2005 actually began in early March at
a time when mean cruise SST was less than 3  C (SST data not
shown). It has been suggested that lower temperatures can actually
enhance the net productivity in the Gulf of Maine by suppressing
microbial and grazing pressures (Townsend et al., 1994). During this
time, biological DIC uptake was highest within 25 km of the coast
and clearly associated with the river plume (Fig. 5).
Regardless of the nutrient sources and coupled riverine
processes fueling productivity, it is clear that community respiration related to consumption of autotrophic production and/or labile
terrestrial organic subsidies must be an important control on
overall carbon metabolism throughout the region. This notion is
supported through the spatio-temporal distribution of positive
DICbio values, and also by contrasting high Gulf of Maine NPP rates
(O’Reilly et al., 1987; Townsend, 1998), with the much lower net
biological DIC uptake rates reported here. Although a direct
comparison of NPP and net biological DIC uptake (i.e. NPP –
community respiration) rates are not possible, it follows that if NPP
is high and the rate of net biological DIC uptake is low, then
community respiration must also be high. For illustration, we
contrast reported NPP rates with our biological DIC uptake rate for
the 4-month April–July period of 2005. We note that our values are
estimated over the surface 10 m only, whereas NPP rates are typically integrated to the 1% light level. Here we assume a Gulf-wide
euphotic depth of 50 m, and scale the DICbio values to 50 m for
comparison. Four months (i.e. 1/3) of the annual productivity
reported by O’Reilly et al. (1987) would yield 83.3 gC m2 versus our
net biological DIC uptake of 22.4 gC m2. Thus even during the most
productive period of our study, it appears that much autotrophic
production is rapidly lost, assuming the NPP value used is realistic.
The actual difference is related to particulate organic matter
consumed by the heterotrophic community combined with losses
attributable to sinking, and also to unknown errors inherent in the

two productivity determinations. Assuming the errors were
reasonable, it would imply that a large fraction of autotrophic
production is lost over short time scales, with little available for
export as POC.
While the mechanisms driving DICbio variability are not fully
explained, considerable differences in its temporal distributions
between seasons and regions were observed. Questions arise
about how DICbio variability would be affected if the timing and
magnitude of local freshwater ﬂuxes were to shift as the result of
climate-induced changes in temperature and precipitation. Such
changes have recently been reported in New England and the
Canadian Maritimes (Hodgkins et al., 2003). Over a 90-year time
series of several rivers, the onset of the main freshet is now
occurring 4.4–8.6 days earlier, and on average, more of the annual
discharge is delivered in March with less in May. Presently the
timing of the subsidy of buoyancy, terrestrial carbon, and nutrients
delivered through the spring freshet follows on the heels of the
spring bloom in the Gulf of Maine, perhaps allowing periods of
autotrophic and/or heterotrophic activity to persist beyond the
initial spring bloom. A high percentage (w50–60%) of annual
riverine nutrient ﬂux (Hunt et al., 2005; Oczkowski et al., 2006),
and presumably much of the carbon ﬂux, occurs during the w2–3
month period of snowmelt. The nature of changes imparted onto
coastal ecosystems by changes in the discharge regime as well as
anthropogenic forcing (e.g. land use, nutrient enhancement) is an
open question. Work on these subjects are limited and we must
ﬁrst seek a better understanding of the connection between
coastal productivity and the timing and nature of land-sea ﬂuxes,
before we can predict the effects of climate perturbations on
riverine inﬂuenced coastal ecosystems.
Finally, because of such high variability in the estimates of
DICbio, characterization of an ecosystem in terms of carbon
dynamics cannot be done using extrapolations based on short time
series. If we assume that 2004 was a year in which DIC behavior
was closer to a long-term mean, the anomaly of 2005 highlights
possible issues that can arise when tallying coastal carbon budgets
based on a limited set of observations. We urge caution when
interpreting such budgets. Longer time series of relevant
measurements in coastal regions are needed to understand the
dynamics of land–ocean interaction, as are buoy arrays that would
provide data for coastal carbon budget closure.
4. Conclusions
Our study highlights differences in the temporal dynamics of
DIC in plume and adjacent non-plume regions over a 20-month
time series. In both regions, conservative mixing of river and saline
ocean endmembers had the greatest seasonal inﬂuence on surface
DIC distributions. However, biological processes were important in
both regions especially during the spring and summer of both
years. Within the plume region the average biological DIC uptake
was much larger (14.0 mm l kg1) during the anomalous discharge
period of April 19–June 18, 2005 compared to the same period for
2004 (1.3 mm l kg1). Integrated over the 10-m surface layer of the
study region, biological DIC uptake was (0.5  108 mol C) during
April–July of 2004 compared to (1.3  108 mol C) during April–July
of 2005. Integrating throughout the 20-month observation period,
the plume region was a modest source of DIC (3.7  107 mol C)
while the non-plume region was a modest sink (4.1  107 mol C).
Within the dataset, it was difﬁcult to resolve processes responsible
for the differences observed in the two regions. However, we
suggest that this is due in part to the combined effects of nutrient
and labile organic subsidies from the rivers, coupled to the additional buoyant stability provided through freshwater ﬂuxes. Since
we observed DIC dynamics that were considerably different in
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2004 and 2005, we recommend caution when interpreting coastal
carbon budgets based on short time series of observations.
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