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Scientific Significance Statement

Photochemical remineralization of dissolved organic carbon (DOC) is considered an important DOC sink in the aquatic envi-
ronments, and previous studies revealed that photochemical reactions enrich the heavy carbon isotope (13C) in the residual
DOC pool. To date, few studies have examined the significance of photomineralization in subtropical estuaries, particularly
those subject to eutrophication and high DOC levels. We found that photomineralization plays an important role in not only
removing DOC, but also shifting the stable isotopic composition of residual DOC to be more 13C-depleted, contrary to find-
ings in other coastal and open ocean environments.

Abstract
The effect of photomineralization on the carbon cycle in a eutrophic, semiarid estuary (Baffin Bay, Texas) was
investigated using closed-system incubations. Photochemical production rate of dissolved inorganic carbon
ranged from 0.16 to 0.68 μM hr−1, with a daily removal of 0.3�1.5% of the standing stock of dissolved
organic carbon (DOC). The photomineralization rate was negatively correlated with chlorophyll a concentra-
tion, suggesting that plankton-derived DOC was less photoreactive to solar radiation. The stable carbon iso-
tope composition (δ13C� −18.6‰) of degraded DOC, as calculated using the DIC “Keeling” plot, further
indicated high photochemical lability of 13C-enriched DOC in this semiarid environment. Our finding
showed that photomineralization of 13C-enriched DOC is an important component of carbon cycle in this
system, and this process does not necessarily remove 13C-depleted organic carbon as observed in other coastal
systems.
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Past studies showed that photomineralization of dissolved
organic carbon (DOC) in the aquatic environment is a major
removal mechanism for terrestrially derived DOC (Miller and
Zepp 1995; Hernes and Benner 2003; Aarnos et al. 2018). For
example, at least 15% of Rio Negro (a tributary of the Amazon
River) DOC is photoreactive after sunlight exposure for 27 h,
and the photomineralization rate of DOC (�4.0 μM hr−1) is
approximately sevenfold greater than that of bacterial DOC
utilization in Rio Negro surface waters (Amon and Benner
1996). Similarly, Congo River DOC is also shown to be highly
photoactive, with over 95% decrease in lignin phenol concen-
tration after a �38-day natural sunlight exposure equivalence
(Spencer et al. 2009). Overall, photomineralization of DOC
accounts for 70–90% of total DOC processed in the water col-
umn of Arctic lakes and rivers (Cory et al. 2014). Photo-
mineralization that converts DOC into dissolved inorganic
carbon (DIC) is also an important sink for organic carbon
(OC) in both coastal and open ocean environments (Vodacek
et al. 1997; Tracy and Sybil 2001; Brinkmann et al. 2003;
Nieto-Cid et al. 2006; Stubbins et al. 2006; Wang et al. 2009;
Xie et al. 2009; White et al. 2010; Stubbins et al. 2011; Reader
and Miller 2012; Fichot and Benner 2014). In addition to
photodegradation induced direct mineralization, Fichot and
Benner (2014) reported that photomineralization can signifi-
cantly enhance biomineralization (�50%) in the mixed layer
in a large river-influenced ocean margin in the northern Gulf
of Mexico.

Past studies have shown that DOC of different origins may
have different photoreactivities. For example, Opsahl and
Benner (1998) reported rapid photochemical degradation of
terrestrially derived lignin phenols in seawater. This finding
was supported by the changes in DOC stable carbon isotopic
composition before and after photochemical alterations of soil
solutions, river water, and estuarine water. Furthermore, 13C-
depleted DOC is selectively removed due to preferential photo-
mineralization of lignin-derived and aromatic-rich com-
pounds, as demonstrated by strong correlation between the
loss of lignin phenol and increase in δ13CDOC during irradia-
tion (Spencer et al. 2009). Thus, photochemical reactions gen-
erally increase δ13CDOC (2–3‰) in the residual DOC pool
(Opsahl and Zepp 2001; Spencer et al. 2009; Lu et al. 2013),
and this increase was reported to be up to 6‰ after a 459-day
exposure to surface solar irradiation (Vähätalo and
Wetzel 2008).

Baffin Bay is located on the semiarid south Texas coast in
the northwestern Gulf of Mexico. Since 1989, Baffin Bay and
adjacent Upper Laguna Madre have experienced large, pro-
longed blooms of the “brown tide” phytoplankton species,
Aureoumbra lagunensis (Wetz et al. 2017). A previous study
showed that Baffin Bay has exceptionally high DOC concen-
trations compared to other estuaries on the Texas coast and
elsewhere (Wetz et al. 2017). However, the reason for this
high DOC concentration is not entirely clear. It is likely that
ephemeral loadings from the watershed, in-situ biological

production, and evaporation-induced concentrating effect all
play some role (Wetz et al. 2017; Montagna et al. 2018).

There are a few OC sources in Baffin Bay including phyto-
plankton, seagrasses, terrestrial OC, algal mats, epiphytes, and
benthic algae. Among them, δ13C of in situ produced OC (phy-
toplankton), including the brown tide (Aureoumbra lagunensis)
bloom, is � −20.3‰ (Buskey et al. 1999). Seagrass in lower Baf-
fin Bay with an average δ13C of ~ −10‰ (Lebreton et al. 2016).
δ13CPOC in streams draining into Baffin Bay was generally
� −23‰ (Wang et al. 2018). Despite the potentially different
OC sources, the more negative δ13CPOC (−25.8‰ to −29.0‰)
observed after a period of prolonged drought (November 2014
to March 2015) remains to be explained (Wang et al. 2018).

Given that Baffin Bay is subjected to strong solar irradia-
tion and warm water temperature most of the year, our exper-
iment was designed to address two main hypotheses:
(1) photomineralization could be an important OC sink;
(2) photomineralization could change δ13C of the residual
DOC overtime. To test these hypotheses, we quantified DIC
production rates and measured δ13C of DIC overtime using a
series of closed-system incubations under natural sunlight.
The cumulative number of estuaries in semiarid/arid regions is
close to that of classic river-dominated estuaries. As a result,
these semiarid/arid estuaries can have a significant areal foot-
print (Largier 2010; Potter et al. 2010). Therefore, findings
presented here highlight a critically important process in the
estuarine OC cycle.

Method
Near-surface (<0.5 m) water samples were collected from

two stations along the main channel of Baffin Bay (BB3 and
BB6 in Fig. 1) on 11 August 2017. Both near-surface and near-
bottom (<0.5 m above the sediment) water samples were col-
lected at these two stations on 18 September 2017. For the

Fig. 1. Sampling stations in Baffin Bay. Note the inserted panel shows
the relative location of Baffin Bay in the northwestern Gulf of Mexico.
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August 2017 experiment, both filtered (through precombusted
Whatman GF/F filters, pore size = 0.7 μm) and whole water
samples were distributed into ground-neck 1000-mL quartz
bottles. Only filtered water was used in the September 2017
experiment. There was no duplicate bottle for all incubations.

DOC and chlorophyll a samples were collected at the begin-
ning of the incubation. DOC concentration was determined
using a Shimadzu TOC-V with self-contained magnetic stirrers.
Laboratory check standards were used in conjunction with Cer-
tified Reference Material Program deep seawater standards of
known DOC concentration (43.5 � 2.2 μmol L−1). For chloro-
phyll a analysis, a known volume of water sample was gently fil-
tered through Whatman GF/F filters (pore size =0.7 μm), which
were then stored frozen at −20�C until analysis. Chlorophyll
a was extracted from the filters by soaking them for 18–24 h in
90% HPLC-grade acetone at −20�C, after which the concentra-
tion was determined fluorometrically with a Turner Trilogy fluo-
rometer without acidification, using an excitation wavelength
of 430 nm and an emission wavelength of 663 nm.

Microbial activity in all incubating bottles was stopped by
adding 400 μL saturated HgCl2 solution, and the bottles were
then closed and exposed to natural sunlight outdoors. The bot-
tle stoppers were secured with Parafilm® and placed in a plastic
tray (89.9 cm × 42.5 cm × 14.9 cm) filled with tap water. The
water level in the tray was maintained near the bottle neck,
which was about 14.5 cm in height. Water temperature was
not controlled and varied with air temperature. Aliquots of
water samples (�12 mL) were extracted every 4–5 d using syrin-
ges from the 1000 mL quartz bottles for DIC analyses (both
concentration and stable carbon isotope, or δ13CDIC). Care was
taken to minimize the opening time (60�90 s) of bottle stop-
pers during sample extraction. δ13CDIC samples were saved in
2 mL borosilicate autosampler vials (Restek®) with natural rub-
ber septa lined open-top aluminum caps. DIC samples were
stored in 4 mL borosilicate vials, which were tightly closed
using phenolic screw caps with PTFE-faced rubber liner.
δ13CDIC and DIC analyses were finished in 2 weeks after the
experiment. The δ13CDOC samples were collected at the begin-
ning and the end of each filtered water incubation and pre-
served in 40 mL Fisher brand borosilicate glass EPA vials with
Teflon-lined silicone septa.

The analytical methods for DIC, δ13CDIC, and δ13CDOC were
the same as those used in Wang et al. (2018). Briefly, DIC was
measured with an infrared CO2 detector-based DIC analyzer
(AS-C3, Apollo SciTech Inc.). Certified Reference Materials
from A. G. Dickson, Scripps Institution of Oceanography were
used as an independent data quality control. The precisions
for DIC was within �2 μmol L−1 (�0.1%, Chen et al. 2015).
δ13CDIC samples were analyzed in J. Brandes’ lab at Skidaway
Institute of Oceanography, University of Georgia. They were
determined on a Thermo Fisher Delta V isotope ratio mass
spectrometer (IRMS) with a GasBench II preparation module
for trace gas samples. The analytical precision was �0.1‰
(Brandes 2009). δ13CDOC samples were preserved at pH�2 by

adding one drop of concentrated HCl. The δ13CDOC samples
were analyzed by C. Osburn’s lab at North Carolina State Uni-
versity. They were measured with a combination of an Aurora
1030C high-temperature catalytic conversion DOC analyzer, a
molecular sieve trap, and a continuous-flow IRMS. The preci-
sion of the δ13CDOC analysis was �0.2‰ (Lalonde et al.
2014a).

Because the gaseous photoproducts of DOC are dominated
by DIC (CO2 production was about 15 to 22 times larger than
carbon monoxide production) (Miller and Moran 1997; Powers
and Miller 2015), we only measured DIC concentration in this
study. Only daylight hours were considered in the photo-
mineralization rate calculations.

Results and discussion
Organic carbon photomineralization rates

In the August experiment, exposure to sunlight resulted in
an increase in DIC in both whole and filtered waters (Figs. 2A,B,
Table S1). The whole water incubations only resulted in slightly
higher DIC accumulation compared to the filtered water at both
Station BB3 (222 vs.191 μM) and BB6 (275 vs. 254 μM), indicat-
ing that the majority of photoreactive OC was in the DOC pool
(Fig. 2). This result was consistent with a previous study in
which the contribution of particulate organic carbon (POC)
accounts for 11% DIC photoproduction in the lower
St. Lawrence Estuary (Xie and Zafiriou 2009). Note, this experi-
ment was temporarily interrupted between 23 August and
31 August 2017 as the incubating bottles had to be moved
indoors prior to Hurricane Harvey. Neither DIC nor δ13CDIC

changed during this lightless period (Figs. 2A,B), indicative of
gas-tightness of our incubation bottles and effectiveness of
adding HgCl2 in arresting biological activities. The average daily
irradiation time was 13.0 h from 11 August to 16 September
based on the solar radiation data collected from 1977 to 1994 at
Corpus Christi International Airport (CCIA, http://rredc.nrel.
gov/solar/old_data/nsrdb/1991-2005/tmy3/). Therefore, the
DIC production rate (total DIC accumulation/ [28 d×13 h d−1])
for the filtered and whole water was 0.52�0.70 μM hr−1, and
0.61�0.76 μM hr−1, respectively. These rates were close to the
photomineralization rate (0.84 μM hr−1) based on 38 d’s natural
light incubation in Congo River, and the average photochemi-
cal DIC production rate (0.75 μM hr−1) measured from Sapelo
Islandmarsh, Mississippi River plume and Suwanee River within
<200 h of irradiation (Miller and Zepp 1995).

In addition to oxidizing DOC to DIC and carbon monoxide
(CO), solar irradiation can also alter spectral and molecular
properties of DOC by transforming it into biologically degrad-
able lower molecular weight carboxylic acids (oxalic, malonic,
formic, and acetic acid). For example, the photochemically
produced carboxylic acid carbon contributes up to 34% of DIC
production (Bertilsson and Tranvik 2000; Brinkmann et al.
2003). Assuming the ratio between photoproduced carboxylic
acids and DIC, and that between CO and DIC in Baffin Bay
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was the same as previous studies in other systems, the total
photomineralized DOC should be 1.4 times of DIC increasing
rate. Then, the percentage of initial DOC that was photoactive
based on the August experiment ranged from 29.2% to 54.9%.
This then suggests that about one third to a half of DOC pool
was photochemically reactive. The net productivity in surface
water of Station BB6 and Station BB3 was 2.7 μM C hr−1 in
August 2017 (Wetz, unpublished data). Therefore, photo-
mineralization of OC to DIC could remove as much as 40% of
the net productivity in surface water based on the August 2017
experiment.

DIC concentrations also increased in the filtered waters
from both surface and bottom during the incubation from
18 September to 25 October 2017, although the values
appeared to level off over time (Figs. 2C,D). In addition, DIC
accumulation in this incubation was much lower than in
August, ranging from 71 to 91 μM (vs. 191–254 μM DIC
increase during similar incubation span, Table S1). Photo-
mineralization rates were almost the same for both surface
and bottom waters (Figs. 2C,D). The average daily irradiation
time was 12.1 h from 18 September to 25 October (CCIA
data). Therefore, the photomineralization rate (total DIC
accumulation/[37 d ×12.1 h d−1]) ranged from 0.16 to
0.20 μM hr−1, which was about 29% of the rate measured in
August. Nevertheless, these lower DIC photoproduction rates
in the September experiment was still higher than the

maximum rate (0.04 μM hr−1) in the southeastern Beaufort
Sea (solar radiation <4 h, Xie et al. 2009), and close to the rate
(0.2 to 0.3 μM hr−1) in Delaware Estuary (solar radiation <8 h,
White et al. 2010). If we take the initial 5 d only, daily DIC
production rates were 0.47�0.55 μM hr−1, closer to the rates
observed in the August incubations. Similar to previous stud-
ies (Vodacek et al. 1997; Porcal et al. 2013; Vachon et al.
2016), our findings highlight the potential importance of
seasonal variability in photomineralization rates in Baffin Bay,
which merit further study.

We did not directly measure the solar irradiance during the
experiment, so we used the average daily solar irradiance from
NCEP/NCAR Reanalysis 1 in area between Baffin Bay and Cor-
pus Christi (27.6186�N, 262.5�E, https://www.esrl.noaa.gov/
psd/data/gridded/data.ncep.reanalysis.other_flux.html) to rep-
resent the average solar irradiation. The daily average Downward
Solar Radiation Flux during these two experiments were
292 W m−2 and 223 W m−2, respectively. With the daily light
time hours (13 h vs 12.1 h), the daily average solar irradiance
was 3.8 kWh m−2 and 2.7 kWh m−2 during our August and
September experiments, respectively. Therefore, the solar
irradiance-normalized photoproduction DIC rates were esti-
mated to be 0.14�0.20 and 0.06�0.08 μM hr−1 kWh−1 m2 dur-
ing these two periods, respectively. During these two
experiments, average ambient temperature was 27.1 � 2.4�C
and 25.4 � 3.5�C, respectively. This small temperature

(A) (B)

(C) (D)

03/8/17 13/8/17 23/8/17 02/9/17 12/9/17 22/9/17 03/8/17 13/8/17 23/8/17 02/9/17 12/9/17 22/9/17

12/9/17 22/9/17 02/10/17 12/10/17 22/10/17 01/11/1712/9/17 22/9/17 02/10/17 12/10/17 22/10/17 01/11/17

Fig. 2. DIC concentration changes in the filtered (DOC only) and whole water (DOC+POC) from BB3 and BB6 surface during the 11 August–16
September experiment (A, B); and DIC concentration changes in filtered surface and bottom waters from BB3 and BB6 during the 18 September–25
October experiment (C, D).
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difference (less than 2�C) should only have limited effect on the
DIC photoproduction rate because of the weak temperature
dependence (Zhang et al. 2006) of CO quantum yield (CO is
used as a proxy for CO2 photoproduction). As temperature is
likely of minor importance in the photomineralization rates in
the two experiments, the rates difference could be caused by the
difference in the DOC characteristics (i.e., photochemical labil-
ity). In fact, the photoreactive DOC% ranged only from 11.1%
to 16.7% based on September experiment, which was much
lower than that in August (29.2% to 54.9%).

Both normalized DIC production rate and photoactive DOC
% was negatively correlated with chlorophyll a concentration
(Fig. 3). This negative correlation suggests that DOC in Baffin
Bay was less photoreactive under high phytoplankton biomass
condition (as shown in the September experiment, Table S1).
This interpretation is consistent with previous studies that the
terrestrial DOC is susceptible to faster photomineralization rate,
while the plankton-derived DOC is more resistant to solar radia-
tion (Thomas and Lara 1995; Bertilsson and Tranvik 2000;
Obernosterer and Benner 2004). We should note that the nega-
tive relationship in Fig. 3 was limited by the small number of
observations (n = 8) and relatively narrow chlorophyll a range
(3.4�15.1 μg L−1, Table S2), thus more work is clearly needed to
further examine photomineralization rate at higher chlorophyll
a condition (>15 μg L−1) during algal bloom events, such as the
“brown tide”. Nonetheless, the results are consistent with previ-
ous work showing the importance of DOC quality to photo-
mineralization rate (Opsahl and Benner 1998; Obernosterer and
Benner 2004). Meanwhile, as the water residence time in Baffin
Bay is over 1 yr and there was no significant precipitation
between the two sampling events (Hurricane Harvey did not
affect this area significantly), the water sample collected for the
September experiment had been exposed to solar radiation for
an additional month. It is thus reasonable to speculate that part
of the photoactive fraction may have been decomposed in
September, which might have led to lower observed

photomineralization rate in the September experiment. How-
ever, this explanation would need further verification.

δ13C of CO2 produced in photochemical reaction
Using the “Keeling” plot, the δ13C of photoproduced DIC

during the August incubation was calculated as −9.1‰ and
−18.6‰ in BB6 and BB3 surface waters, respectively (Fig. 4A,B,
Table S2). The regressions between the whole and filtered waters
were not significantly different (analysis of covariance, p value
was 0.87 and 0.69 for BB3 and BB6, respectively). The δ13C of
photoproduced DIC in the September experiment (Fig. 4C,D)
ranged from −17.9‰ to −19.3‰. Note, BB6 bottom water had
the intercept of −23.5‰ if excluding the last three data points
(Fig. 4D). It is possible that gas leakage occurred for this single
incubation thus the result was not included in the discussion,
despite that the earlier incubations showed the overall gas-
tightness of these incubation bottles.

The initial δ13CDOC of this study was −19.9 � 0.7‰ in sur-
face Station BB3 and BB6 from August to September experi-
ments, then it decreased significantly after the incubation
(Fig. 5, paired t-test, p = 0.05), as a result of preferential removal
of heavy carbon during the sunlight exposure, if excluding the
BB3 bottom water in the September incubation in which the
ending δ13CDOC was heavier than the initial value (Fig. 5,
Table S2). Using DOC concentrations during each incubation
and stable isotopic mass balance, we calculated the δ13C of
photomineralized DOC, which averaged −18.1 � 0.8‰. This
value was statistically indistinguishable to the value calculated
using the Keeling method above (p = 0.8). Preferential photo-
mineralization of isotopically heavy OC (� − 18.6‰), in con-
trast to previous studies that found isotopically lighter OC is
more photochemical labile (Opsahl and Zepp 2001; Vähätalo
and Wetzel 2008; Lalonde et al. 2014b), may result from the
abundant C4 plants in Baffin Bay’s watershed.

A previous study showed that δ13CDOC and δ13CPOC values
are very similar in coastal or estuarine environment

(A) (B)

y x
R

R
y x

Fig. 3. (A) The relationship between normalized photochemical DIC production rate and chlorophyll a concentration. (B) The relationship between
photoactive DOC% and chlorophyll a concentration.
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(Raymond and Bauer 2001). Similarly, the δ13C of bulk DOC
(−22.6 � 2.6‰) in Baffin Bay was close to δ13CPOC after a
flooding event (Wang et al. 2018). If we took the average
DOC concentration in Baffin Bay (850 � 105 μM, Wetz et al.
2017) and δ13CDOC (−22.6 � 2.6‰, Wang et al. 2018) as the
starting conditions, and assume half of the total DOC was
photoreactive (Table S2), then the residual OC pool would
decrease from −22.6‰ to −26.6‰ by preferential photo-
mineralization of OC that has δ13C = −18.6‰. The calculated
δ13C of residual OC will be more negative if the photoactive
DOC% was higher, and was closer to the measured δ13CPOC

(−28.1 � 0.6‰, November 2014–March 2015, Wang et al.
2018) after an extended drought. Therefore, photo-
mineralization could be the reason for the mismatch between
the more negative bulk δ13COC and much isotopically heavier
OC sources delivered to this water body. This interpretation
then would imply the importance of photomineralization on
the carbon cycle in this system, which has sluggish water
exchange with the coastal ocean.

Implications and conclusions
Based on our estimates of DOC photomineralization rates,

it appeared that the photochemical reaction was an important
sink for DOC in Baffin Bay, and the daily removal rate was
�0.3% to 1.5% of bulk DOC in surface water. In contrast to
previous studies that revealed lighter carbon being preferen-
tially converted, we found that the photoreactive OC was more
δ13C-enriched compared to the bulk carbon (POC and DOC)
pool in Baffin Bay. Further investigation on stream/river
δ13COC and compound-specific δ13C will be helpful to better
define the carbon sources for photochemical reactions in this
system. Our incubations based on only two experiments also
showed that the photomineralization had strong seasonal vari-
ations, due mostly to DOC photoreactivity. DOC was less pho-
toreactive under high chlorophyll a condition (�15 μg L−1) in
Baffin Bay. One of the major features of Baffin Bay is prolonged

(A) (B)

(C) (D)

y x
R

y x
R

y x
R

y x
R

y x
R

y x
R

Fig. 4. The δ13CDIC change in filtered or whole water in the 11 August–16 September experiment (A, B), and in filtered surface or bottom water in the
18 September 18–25 October experiment (C, D). Note, the outliers in panels A, B, and D were defined as greater than five times of the mean Cook’s dis-
tance (Neter et al. 1996).

Fig. 5. δ13CDOC before and after water incubation. The result of
BB3-bottom-september (circled) were different from others for reasons
that are unclear (see text for details).
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(months-years) “brown tide”. However, our incubations did
not overlap with a brown tide bloom event. Future studies
should examine both photochemical and biological lability of
brown tide biomass, which can be a significant organic carbon
pool and should exert strong control on carbon cycle in this
system.
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