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Abstract

Studies of estuarine eutrophication have tended to focus on systems with continually flowing
rivers, while little is known about estuaries from semi-arid/arid regions. Here we report results
from an assessment of water quality conditions in Baffin Bay, Texas, a shallow (<2-3 m)
subtropical estuary located in a semi-arid region that has agriculture as the dominant (44%)
watershed land use. Chlorophyll a averaged 28-30 ug/l in Baffin Bay from 2003-2013 and total
Kjeldahl nitrogen (TKN) concentrations were also very high (116-120 uM), with concentrations
of both variables exceeding those of most other Texas estuaries by 2-5 fold. More recent field
sampling (2013-2015) showed that dissolved organic nitrogen concentrations in Baffin Bay (62 +
14 uM) were >2 fold higher than in three other Texas estuaries. In contrast, inorganic nitrogen
(ammonium, nitrate) and phosphate concentrations were relatively low. Statistically significant
long-term annual increases in chlorophyll a and salinity were observed in Baffin Bay, while
long-term seasonal increases were observed for water temperature and TKN. Overall, Baffin
Bay is displaying multiple symptoms of eutrophication, namely very high organic carbon,
organic nitrogen and chlorophyll concentrations, as well as symptoms not quantified here such as
fish kills and episodic hypoxia. Much of the increase in chlorophyll in Baffin Bay, at least since
~1990, have coincided with blooms of the mixotrophic phytoplankton species, Aureoumbra
lagunensis, which is thought to be favored under high proportions of organic to inorganic
nitrogen. Thus the high and possibly increasing organic nitrogen concentrations, coupled with a
long-term annual increase in salinity and a long-term seasonal increase in water temperature are

likely to promote additional brown tide blooms in this system in the future.



1. Introduction

Estuaries provide critical habitat for important fish and shellfish species and play a vital role
in the economy of coastal states, including Texas (Lacson and Lee 1997; Jones and Tanyeri-Abu
2001). Water quality is a major determinant of the health of estuaries, and consequently affects
the ability of these systems to support healthy fisheries (Whitfield and Elliott 2002; Eby et al.
2005). Texas has seven primary estuarine systems from its eastern border with Louisiana to its
southern border with Mexico, along with numerous smaller bays within these systems. Texas’
coastal counties have experienced human population growth over the past two decades, with
future growth expected to contribute to an additional 26-82% increase by 2050 (Texas State Data

Center, http://txsdc.utsa.edu/Data/TPEPP/Projections/Index.aspx). Along with this growing

urban footprint on coastal land use coverage, agriculture remains a significant land use in many
Texas watersheds (NOAA Coastal Change Analysis Program). Worldwide, both urban and
agricultural land uses have been shown to contribute to water quality degradation through
pollutant (i.e., nutrients, bacteria) inputs to receiving waterbodies (Hopkinson and Vallino 1995;
Handler et al. 2006).

Despite the pronounced presence of urbanization and agriculture in Texas coastal watersheds,
widespread negative effects on water quality have not been reported to date. Wetz et al. (2016)
found localized negative effects of municipal wastewater discharge on a small secondary bay
system (Oso Bay), but the ecosystem impacts were unclear. Thronson and Quigg (2008)
summarized fish kill records for Texas estuaries from 1970-2006 and found that low dissolved
oxygen during warmer months was believed to be an important cause of fish kills, yet the
driver(s) of this low dissolved oxygen, whether natural or human-induced, were not determined.

In the most recent National Estuarine Eutrophication Assessment, five of nine Texas estuaries



assessed had moderate or moderate to low eutrophication condition, while four others lacked
sufficient data for assessment (Bricker et al. 2007).

Although widespread water quality degradation is not apparent on the Texas coast, localized
concerns have arisen over the past few decades. One area of concern is the Baffin Bay-Upper
Laguna Madre complex. Since 1990, Baffin Bay and adjacent Upper Laguna Madre have
experienced large, prolonged blooms of the “brown tide” phytoplankton species, Aureoumbra
lagunensis (Buskey et al. 1998, 2001). The first reported bloom began in early 1990 in
tributaries of Baffin Bay, but eventually spread to both the Upper and Lower Laguna Madre
(Stockwell et al. 1993), resulting in seagrass die-off (Onuf 1996; Onuf 2000). Remnants of this
bloom persisted for nearly seven years in the Baffin Bay-Laguna Madre complex (Buskey et al.
2001). Since then, several additional brown tide blooms have occurred in the same area (unpubl.
Texas Parks & Wildlife reports; Wetz et al. unpubl. data). Previous studies have attributed
development of the 1990 brown tide bloom to both lack of top-down control and a concurrent
pulse of nutrients that stimulated growth. Microzooplankton grazer abundances as well as
benthic filter feeder abundances were very low during bloom development, coincident with a
period of drought and hypersaline conditions (Montagna et al. 1993; Buskey et al. 1997). As for
the nutrient pulse, it was speculated that this was derived from agricultural runoff and/or decay
of fish that died during the freeze (e.g., Stockwell et al. 1993; Whitledge et al. 1993), but the
main source has never been identified. Likewise, virtually nothing is known about the nutrient
source(s) that have allowed for brown tide bloom persistence and/or redevelopment in
subsequent years. Experimental studies have determined that A. lagunensis is a mixotroph that
relies on reduced nitrogen (ammonium, organic nitrogen) for growth, but it cannot utilize nitrate

(DeYoe and Suttle 1994; Muhlstein and Villareal 2007; Agostoni and Erdner 2011)



Brown tide is not the only issue of concern in terms of water quality in Baffin Bay. For
example, hypoxia has been documented, including on several occasions that coincided with large
fish kills over the past decade (unpubl. Texas Parks & Wildlife reports). In addition, a large fish
kill occurred in late 2010 coincident with hypoxia as well as a bloom of the dinoflagellate
Pyrodinium bahamense (unpubl. Texas Parks & Wildlife reports). P. bahamense is known to
produce toxins under certain conditions (Phlips et al. 2015), and has been implicated in low
dissolved oxygen events that led to fish kills elsewhere (e.g., Morrison and Greening 2011).
Recent studies suggest that P. bahamense is typically most competitive under relatively high
nutrient input conditions (Phlips et al. 2015). As with the prevalence of brown tide blooms, it is
unclear as to whether the hypoxic events as well as P. bahamense bloom represent symptoms of
larger-scale water quality degradation or simply natural variability.

Here we report results from an assessment of water quality conditions in Baffin Bay, Texas.
The primary focus is on the spatial extent of, and long-term changes in, select water quality
indicators. Differences are also highlighted between Baffin Bay and other estuarine systems
along the Texas coast that have not experienced brown tide blooms, offering new insight into

potential drivers of brown tide bloom formation and persistence.

2. Methods
2.1. Baffin Bay characteristics

Baffin Bay is a shallow (<2-3 m) subtropical estuary located in a semi-arid region (Figure 1).
Land use in the Baffin Bay watershed is dominated by agriculture (44 %), with urban
contribution limited to small cities such as Kingsville (pop. 26,213) and Alice (pop. 19,576)

(NOAA Coastal Change Assessment Program). The semi-arid climate coupled with high



evaporation rates in the region can lead to hypersaline conditions in Baffin Bay. Winds can be
relatively strong in the region and are thought to play a dominant role in hydrography of the
system (Tunnell and Judd 2002). The nearest inlets that allow for exchange between Baffin Bay
and Gulf of Mexico are Packery Channel (~41 km north of Baffin Bay), Aransas Pass (~70 km
north of Baffin Bay) and Port Mansfield (~80 km south of Baffin Bay). These distances, along
with diurnal tidal ranges of only ~2-3 cm, results in minimal overall tidal influence on Baffin

Bay. As such, Baffin Bay has a long mean residence time (>1 year).

2.2. Data sources

Data for this study were obtained from historic databases as well as ongoing sampling
programs. In order to quantify intra- or inter-estuary patterns in select water quality variables,
data were obtained from two sources; 1) Texas Commission on Environmental Quality’s Surface
Water Quality Monitoring (SWQM) program
(https://www.tceq.texas.gov/waterquality/monitoring, and 2) ongoing investigator-led sampling
programs. In order to examine long-term changes in select variables, data were utilized from the
SWQM program as well as from Ward and Armstrong (1997), who compiled historic data (ca.
1960’s-early 1990’s) from numerous sampling programs conducted in south-central Texas

estuaries.

2.3. Sampling procedures
The SWQM program involves water sample collection from numerous sites along the Texas
coast on a quarterly basis (Figure 1). Details on SWQM sampling procedures and analytical

methodologies are available at: https://www.tceq.texas.gov/waterquality/monitoring. Briefly,



current methods employed in SWQM include the following: Standard Methods 2520 (for
Salinity), Standard Methods 2500 B (for Water Temperature), EPA 446.0 (for Chlorophyll a),
Standard Methods 4500 (for Total Kjeldahl Nitrogen), EPA 350.1 (for Ammonium), EPA 365.3
(for Orthophosphate), and EPA 365.3 (for Total Phosphorus). Method detection limits for each
have changed over time and are dealt with appropriately in statistical approaches (see below).
For the historic data, Ward and Armstrong (1997) provide additional information on
methodological approaches and data sources.

Data collected from investigator-led field programs in Lavaca-Colorado, Guadalupe, Nueces
and Baffin Bay Estuaries were used to quantify broad-scale patterns in dissolved organic carbon
(DOC) and dissolved organic nitrogen (DON). Samples were collected from 4-9 sites along the
salinity gradient of each system from July 2013 to June 2015 (Figure 1). Surface water samples
were collected in acid-washed amber polycarbonate bottles. Bottles were stored on ice until
return to a shore-based facility where processing of samples occurred. Dissolved organic carbon
(DOC) and total dissolved nitrogen (TDN) were determined using the filtrate of water samples
that were passed through precombusted 25 mm GF/F filters and stored frozen (-20°C) until
analysis. Samples were subsequently analyzed using the High Temperature Catalytic Oxidation
method on a Shimadzu TOC-Vs analyzer with nitrogen module. Standard curves were run twice
daily using a DIW blank and five concentrations of either acid potassium phthalate solution or
potassium nitrate for DOC and TDN, respectively. Three to five subsamples were taken from
each standard and water sample and injected in sequence. Reagent grade glucosamine was used
as a laboratory check standard and inserted throughout each run, as were Certified Reference
Material Program (CRMP) deep-water standards of known DOC/TDN concentration. Average

daily CRMP DOC and TDN concentrations were 48.1 + 7.4 umol L and 31.9 £+ 2.7 pmol L-!



respectively. Dissolved organic nitrogen (DON) was determined by subtracting dissolved
inorganic nitrogen (ammonium, nitrate + nitrite (N+N)) from TDN. For Lavaca-Colorado,
Guadalupe, Nueces Estuaries, inorganic nitrogen (N+N, ammonium) was determined from the
filtrate of water that passed through a 0.4 um polycarbonate filter and stored frozen (-20° C) until
analysis, typically within one month of collection. Samples were analyzed with an O.1.
Analytical Flow Solution IV analyzer. Check standards of known concentration, as well as
matrix spikes and laboratory duplicates were run after every 10 samples. Method detection limit
for both ammonium and nitrate + nitrite was 0.25 uM. For Baffin Bay, inorganic nitrogen (N+N,
ammonium) was determined from the filtrate of water samples that were passed through a 25
mm GF/F filters and stored frozen (-20° C) until analysis. After thawing to room temperature,
samples were analyzed on a Seal QuAAtro autoanalyzer. Standard curves with five different
concentrations were run daily at the beginning of each run. Fresh standards were made prior to
each run by diluting a primary standard with low nutrient surface seawater. Deionized water
(DIW) was used as a blank, and DIW blanks were run at the beginning and end of each run, as
well as after every 8-10 samples to correct for baseline shifts. Method detection limit for both

ammonium and nitrate + nitrite was 0.02 uM.

2.4. Statistical analysis of long-term trends

Kendall's 7, (Kendall 1955) was used to measure the monotonic association between time
and variables. In cases where the SWQM data included time periods with collections that were
more frequent than quarterly, a seasonal (winter = DJF, spring = MAM, summer = JJA, autumn
= SON) average was computed from the existing data to avoid biasing towards a particular year

or season that may have higher frequency data. The SWQM database also contained censored



data for certain variables. In the aforementioned analysis, a comparison between a censored and
an uncensored value was treated as a tie if no specific ranking was possible, but was treated as
any other comparison if a ranking was possible. Comparisons between two censored values
were always treated as ties. The computation of the variance of 7, for the test statistic was
adjusted for all ties arising both from censored and uncensored data. The hypotheses tested were
Hy:t, =0
versus
Ho:t, # 0
Slopes for trend lines were computed using the method of Akritas et al. (1995). The slope m of
the trend line is chosen so that the association between x and the residuals y — m * x has
Kendall's 7, = 0. m is reported as the midpoint of all m's satisfying this criterion. The intercept
is chosen to be the median residual, where for censored data the residuals are computed using the
method of Turnbull (1976). All calculations and graphs were made in R version 3.3.0 (R Core

Team 2016), including the NADA package version 1.5-6 (Lee 2013).

2.5. Nutrient addition bioassays

Nutrient addition bioassays were conducted with water collected from the Alazan and Cayo
del Grullo tributaries of Baffin Bay on March 28, May 23, August 21, and November 20, 2015
(Figure 1). Surface water was collected in 10-20 L carboys (pre-washed with 10% HCL) and
covered with black bags until transferred into acid-washed 1 L Cubitainers (Hedwin Co.; ~80%
transparent to ambient photosynthetically active radiation, PAR) for nutrient amendments. Four
treatments were run per site in triplicate, including; 1) Control (no nutrient addition), 2) 10 uM-

N as ammonium chloride, 3) 0.6 uM-P as monopotassium phosphate, and 4) 10 uM-N and 0.6



uM-P. Cubitainers were subsequently incubated at the surface ~10 m from shore in the Cayo del
Grullo to maintain ambient temperature and light levels. These environmental conditions were
monitored with equipment secured to a nearby pier. PAR reaching the surface water was
monitored with a LI-COR LI-190SA quantum sensor at ~ 1 m above the water’s surface, and
surface water temperature was monitored with a Hydrolab DS5X submerged to ~0.5 m depth.
Subsamples (~100-250 ml) for chlorophyll a were taken immediately after experimental set-up,
at 24 hours, and at 48 hours. Results are presented from the 0 and 24 hour time points, as

phytoplankton growth (when stimulated) ceased after 24 hours.

3. Results
3.1. Spatial patterns

Broad spatial patterns in water quality variables along the Texas coast were determined by
calculating the 10-year average (from 2003-2013) of each relevant variable from all available
SWQM estuarine sites. There is a strong salinity gradient on the Texas coast, with lower
salinities in the northern estuaries and much higher salinities to the south (Figure 2). This
coincides with well-documented precipitation and freshwater inflow gradients (Montagna et al.
2013). Chlorophyll a concentrations averaged < 10 ug/l at many sites along the Texas coast.
Exceptions include two small secondary bays (Carancahua Bay, 29 pg/l; Oso Bay, 24 ug/l), a
site adjacent to the Arroyo Colorado outflow in the Lower Laguna Madre (18 pg/l), both sites in
Baffin Bay (28-30 ug/l) and an adjacent site in the Laguna Madre (24 ug/1) (Figure 2). Nitrate
plus nitrite (N+N) concentrations were < 5 uM along much of the coast, with the exception of
Carancahua Bay (12 uM), Oso Bay (14 uM) and a site in the lower Laguna Madre adjacent to

the Arroyo Colorado outflow (38 uM) (Figure 2). Ammonium concentrations were < 6 uM



along the entire coast (Figure 2). Total Kjeldahl Nitrogen (TKN) concentrations averaged > 24
uM at all sites along the Texas coast (Figure 2), and very high concentrations were noted in
Carancahua Bay (154 uM), Oso Bay (110 uM), Baffin Bay (116-120 uM) and adjacent sites in
the upper Laguna Madre (Figure 2). Given the low ammonium concentrations, it appears that
the majority of the TKN was as organic nitrogen. Total phosphorus (TP) concentrations were
generally <5 uM, with relatively low concentrations observed throughout much of the Laguna
Madre (Figure 2). Exceptions include Oso Bay (5.5 uM) and Carancahua Bay (9.6 uM).

Data from studies focused on the four specific estuarine systems confirm the
aforementioned pattern of very high organic matter concentrations in Baffin Bay. Mean DOC
concentrations were higher in Baffin Bay (850 + 105 uM) than in the Guadalupe (380 + 121
uM), Lavaca-Colorado (358 £ 117 uM), and Nueces (362 + 89 uM) Estuaries (Table 1).
Similarly, mean DON concentrations were higher in Baffin Bay (62 + 14 uM) than in the
Guadalupe (26 = 8 uM), Lavaca-Colorado (25 £ 7 uM), and Nueces (28 + 6 uM) Estuaries
(Table 1). Within Baffin Bay, the highest DOC and DON concentrations were found in the three
main tributaries and decreased towards the mouth (Figure 3).

Overall, chlorophyll a concentrations were strongly correlated with total nitrogen (TKN +
N+N) concentrations (m = 0.21, r?> = 0.89) along the Texas coast, whereas the relationship with
TP was not nearly as strong (m = 2.57, r> = 0.30) (Figure 4). Nutrient addition bioassays
conducted at two sites in Baffin Bay confirm that phytoplankton growth in this system is largely
nitrogen limited throughout the year. A statistically significant increase in chlorophyll occurred
in the ammonium and ammonium plus phosphate addition treatments compared to the control (t-
test, p < 0.01) at both sites in March and May 2015 (Figure 5). In contrast, the change in

chlorophyll in the phosphate addition was not different from that of the control treatment (Figure



5). It is important to note that the March experiment was conducted during an active brown tide
bloom (E. Cira, unpubl. data). In August 2015, chlorophyll decreased in the control and
phosphate treatments, whereas it remained elevated in the ammonium and ammonium plus
phosphate addition treatments at the Alazan site, and in the ammonium treatment at the Cayo del
Grullo site (Figure 5). In November 2015, a statistically significant increase in chlorophyll
occurred in the phosphate addition treatment compared to the control (t-test, p < 0.01) at the
Alazan site, but high variability in chlorophyll in the ammonium and ammonium plus phosphate
treatments rendered it impossible to reach any firm conclusion about their effect (Figure 5). No
statistically significant effect of ammonium and/or phosphate were observed at the Cayo del

Grullo site (Figure 5).

3.2. Temporal trends

Statistically significant long-term increases in chlorophyll a (p < 0.02; 0.2-0.3 ug L' yr'!') and
salinity (p < 0.02; 0.3 yr'") were observed at both Baffin Bay SWQM sites (Figure 6; Table 2).
Although a statistically significant long-term increase in water temperature was not detected
when using all SWQM data (Table 2), a seasonally significant increase was observed for station
13450 in spring (p < 0.01; 0.1°C yr™'"), and borderline significant increases were observed in
summer at station 13450 (p = 0.06; 0.03°C yr'!) as well as spring and summer at station 13452 (p
=0.07; 0.03-0.06° C yr'!) (Table 2). Detection of trends in TKN is complicated because of large
gaps in data prior to 1990. A significant increase was observed in spring at station 13450 (p =
0.02; 1.6 uM yr'!). When comparing pre-1990 (prior to onset of brown tide blooms in the

system) and post-1990 TKN data, pre-1990 TKN was significantly lower (t-test, p = 0.01; 99 +



19 uM) at station 13450 compared to 118 + 37 uM for post-1990 data. No significant trends
annual or seasonal trends were observed for ammonium, N+N, orthophosphate or TP.

In addition to analysis of SWQM data from within Baffin Bay, data were also analyzed from
two of the three streams that feed into Baffin Bay (San Fernando Creek, Petronila Creek). No
data were available from a third stream (Los Olmos Creek). A statistically significant long-term
increase (1989-2013) in chlorophyll a (p < 0.01; 1.8 ug L' yr'!) was observed in the tidal section
of Petronila Creek (Table 2), while no trends were observed for ammonium, TKN, N+N, TP or
orthophosphate. It should be noted that TKN data is only available from late 1993 onward in
Petronila Creek. San Fernando Creek exhibited a long-term increase in orthophosphate (p =
0.05; 1.0 uM yr!), a decrease in ammonium (p < 0.01; 0.2 uM yr!) and no change in TKN, N+N
or TP (Table 2). Overall, TKN (161 + 98 uM) and chlorophyll a (50 + 43 pg L") concentrations
were high but variable in the tidal section of the agricultural dominated Petronila Creek, whereas
inorganic nutrient concentrations were low over the period from 2003-2013. In the wastewater
influenced San Fernando Creek, relatively high concentrations of N+N (174 + 131 uM),
orthophosphate (90 = 74 uM) and TP (94 + 77 uM) were observed over the period from 2003-
2013, while chlorophyll a (24 + 24 pug L") and TKN (130 + 61 uM) concentrations were slightly

lower than in Petronila Creek.

4. Discussion

For the central-south Texas coast as a whole, symptoms of water quality degradation were
generally limited to a few small systems (e.g., Carancahua Bay and Oso Bay) and a site adjacent
to the Arroyo Colorado outflow in the Lower Laguna Madre. In fact, most of the estuarine

systems examined in this analysis displayed low nutrient and chlorophyll concentrations. Baffin



Bay was a notable exception, as it is displaying multiple symptoms of eutrophication including
very high organic carbon and organic nitrogen concentrations, high and increasing chlorophyll
concentrations, as well as symptoms not quantified here such as fish kills and episodic hypoxia.
Given the strong linkage between total nitrogen and chlorophyll along the Texas coast, as well as
the stimulatory effects of nitrogen on Baffin Bay phytoplankton growth in bioassays, it is
reasonable to conclude that nitrogen is an important driver of the eutrophication of Baffin Bay.
Furthermore, because of its long residence time, Baffin Bay is undoubtedly sensitive to nitrogen
inputs (Bricker et al. 2008). In contrast, the relationship between phosphorus and phytoplankton
growth in the system is less clear. Periods of very high (>16) inorganic nitrogen to phosphorus
ratios have been observed in the system (Rhudy et al. 1999; Wetz, unpubl. data), yet the brown
tide organism A. lagunensis has been shown to thrive under these otherwise phosphorus limiting
conditions (Liu et al. 2001; Cotner et al. 2004), presumably due to its ability to utilize organic
phosphorus (Sun et al. 2012). Thus effects of phosphorus limitation may not be expressed
equally across all phytoplankton taxa, and it would appear that A. lagunensis growth is not
controlled by phosphorus.

Based on SWQM data, inorganic nitrogen concentrations are low on average in Baffin Bay.
This is consistent with data from more intensive sampling programs in Baffin Bay (Wetz et al.
unpubl. data) and nearby systems (e.g., Mooney and McClelland 2012), which have shown only
ephemeral increases in inorganic nitrogen, typically as a result of high rainfall periods or storm
events. In contrast, organic nitrogen concentrations are consistently very high in the system
compared to not only other Texas estuaries but estuaries worldwide (this study; Berman and
Bronk 2003; Mulholland et al. 2009). Although limited by availability of data prior to 1990,

there are indications that TKN concentrations have also increased between the pre-1990 to post-



1990 period, most noticeably during the spring. Similarly, chlorophyll increased on an annual
basis at both sites, mainly during summer at station 13450 and during spring at station 13452. A
strong seasonal cycle in terms of chlorophyll is present in Baffin Bay, with chlorophyll typically
peaking in May-July coincident with seasonal water temperature increase (Cira and Wetz,
unpubl. data). One possible explanation for the temporal disconnect between the TKN increase
(spring) and chlorophyll increase (summer) at station 13450 is that, on a seasonal basis, the TKN
is retained until late spring-summer due to the system’s long residence time, and is ultimately
drawn down by phytoplankton as water temperatures warm and biomass accumulates. Ongoing
studies are underway to quantify the seasonal dynamics of nutrients and phytoplankton growth in
Baffin Bay, and should provide further insight into these dynamics. It is important to note that
much of the increase in chlorophyll concentrations in Baffin Bay, at least since ~1990, has
coincided with blooms of the mixotroph Aureoumbra lagunensis that is thought to be favored
under high proportions of organic to inorganic nitrogen (Mubhlstein and Villareal 2007; Gobler et
al. 2013; Kang et al. 2015).

One important consideration in terms of the role of organic nitrogen as a driver of
phytoplankton growth, and specifically that of brown tide, is the lability of the DON. We are
aware of no studies that have quantified the chemical makeup of the DON in Baffin Bay-Laguna
Madre, but this will undoubtedly affect its overall availability to the phytoplankton and their
subsequent growth rates (Bronk et al. 2007). For example, Muhlstein and Villareal (2007) found
that A. lagunensis exhibited growth rates using urea that were roughly 75% of those on
ammonium, suggesting that urea is relatively lability. Samples have been collected from Baffin
Bay for urea determination and will be reported in the future. In contrast to urea, the numerous

other organic nitrogen compounds that could conceivably make up the overall pool may exhibit a



wider range of labilities, in some cases being very difficult to utilize (Bronk et al. 2007).
External factors, such as light levels and water temperature, will play a role in terms of DON
availability and recycling. For example, Baffin Bay is subjected to very high light levels for a
large part of the year that could promote photo-oxidation of the DON to ammonium, as seen in
other systems (Vahatalo et al. 2003; Stedmon et al. 2007). Warm water temperatures are also
likely promote intensive bacterial remineralization of the DON to ammonium (Badr et al. 2008).
Studies are underway now to discern the lability of the DON pool, and also to determine the
influence of interannual variability in freshwater inflow on nitrogen forms/concentrations and
phytoplankton growth/composition.

In terms of the main sources of nitrogen to Baffin Bay, both external and internal sources
must be considered because the system often experiences prolonged (multi-year) drought
conditions that are punctuated by above average rainfall during El Nino events (Tolan 2007).
SPARROW model output suggests that, on average, fertilizers and atmospheric deposition are
the largest external nitrogen sources, followed by manure from pastures, urban runoff and
wastewater discharge (Rebich et al. 2011). Groundwater was not included in the model,
although two recent studies suggest that groundwater inputs to Baffin Bay are comparable to
other coastal regions, albeit possibly exhibiting considerable spatial-temporal variability (e.g.,
Breier et al. 2010; Uddameri et al. 2014). The relative contribution of each source will depend
on hydrologic conditions, as it is not uncommon for the agricultural-dominated streams in the
Baffin Bay watershed to become stagnant during drought conditions. Thus sources of more
consistent flows (i.e., wastewater or septic) may represent a larger fraction of external loadings
during drought conditions. Indeed, one of the three streams that flows into Baffin Bay (San

Fernando Creek) has 12 permitted wastewater facilities that discharge into it, and overall this



stream has very high nitrate and TKN concentrations. In contrast, during episodic rainfall events
and/or periods of above average rainfall, agricultural-dominated streams would represent
important contributors to loadings given the large areal extent of agriculture in the watershed
(Rebich et al. 2011).

As for organic nitrogen sources to Baffin Bay, Ockerman and Petri (2001) examined runoff
from agricultural land in the watershed and found that >70% of runoff-derived loadings to a
stream that flows into Baffin Bay (Petronila Creek) were in the form of organic nitrogen. They
further speculated that this organic nitrogen was derived from crop residue, as “no till” practices
are commonly employed in the area. Here we offer an alternative explanation for the high
proportion of organic nitrogen loadings from agricultural-dominated lands in the Baffin Bay
watershed. Petronila Creek has become highly enriched in terms of algal biomass since late
1989 when water quality monitoring began, with the SWQM data showing exceptionally high
and increasing chlorophyll levels as well as relatively high TKN levels. We speculate that
during episodic high rainfall periods, this labile, organic rich algal biomass and its degradation
products are flushed into Baffin Bay. However, it is difficult to make a firm judgement on the
relative importance of agricultural practices on the loadings of organic nitrogen to Baffin Bay, as
other external and internal sources (e.g., wastewater, septic, algal exudation, etc.) have yet to be
quantified. It is clear that the watershed sources of nitrogen, including but not limited to organic
nitrogen, and the conditions that facilitate loadings to Baffin Bay require more attention in order
to develop robust management strategies.

Regardless of external source, it seems likely that any nitrogen that is added to the system will
undergo multiple transformations and be retained for a prolonged period, a phenomenon that is

common to long residence time systems such as Baffin Bay (Cloern 2001; Pinckney et al. 2001).



As such, internal nitrogen loadings are likely to be important in Baffin Bay as well, especially
during the prolonged drought conditions. An and Gardner (2002) found evidence of high
potential rates of dissimilatory nitrate reduction to ammonium (DNRA) at the sediment-water
interface in Baffin Bay, leading to high potential rates of ammonium flux to the water column.
This, along with the overall high DON concentrations, may provide the reduced nitrogen
necessary to promote brown tide persistence once blooms are established. Other possible internal
nitrogen sources include algal exudation, release from biota such as fish, and nitrogen fixation.
Unfortunately, we are aware of no studies that have fully quantified internal nitrogen loading
rates in the system, including over the course of a drought-wet cycle.

Overall, the importance of the aforementioned symptoms of eutrophication on Baffin Bay
ecosystem health cannot be overstated. Baffin Bay has long been known for its ability to support
commercial and recreational fishing opportunities (Lacson and Lee 1997). Because of its
isolation from major population centers, it has traditionally been overlooked from a water quality
assessment standpoint due to a perception that human influence on the system is minimal. Data
presented in this study indicates that the system is currently experiencing symptoms of water
quality degradation, presumably due to human influence on the watershed. This trend toward
eutrophication may be the end product of even longer processes that have changed the system
and its watershed. For example, Besonen et al. (2016) presented data from sediment cores
collected throughout Baffin Bay. They observed an increase in chlorophyll concentrations that
began around ~AD 1860 when land use change first became pronounced in the watershed. Their
data also indicates a much sharper increase in chlorophyll over the past half-century, when
human influence on the watershed has accelerated. The long term water temperature and salinity

increases may also play a role in the recent water quality changes, as phytoplankton growth rate



typically increases with water temperature increase (Eppley 1972), while high salinities are
particularly important for brown tide dominance by eliminating grazers (Buskey et al. 1998).
Overall, the high and possibly increasing organic nitrogen concentrations, coupled with a long-
term annual increase in salinity and a long-term seasonal increase in water temperature are likely
to promote additional brown tide blooms in this and similar systems in the future (see also
Buskey et al. 1998; Koch et al. 2014; Kang et al. 2015).

Evidence from previous brown tide events suggests that the ability of the ecosystem to
support the aforementioned fisheries may eventually be compromised by multiple stressors,
namely those associated with eutrophication (hypoxia; food web collapse due to brown tide, e.g.,
Gobler and Sunda 2012), climate change (i.e., long-term water temperature increase), and
hypersaline conditions that develop during drought periods. Aside from the previously
mentioned fish kills involving important species (i.e., trout, red drum, black drum) over the past
decade in Baffin Bay, anecdotal evidence suggests that a dramatic decline in abundances of the
dominant filter-feeding clam (Mulinia lateralis) occurred during the most recent drought that
ended in 2013-2014 (S. Murray, pers. comm.), similar to events that occurred just prior to the
first brown tide bloom in 1989 during drought (Montagna et al. 1993). The cause of the recent
decline is unclear, though an ongoing study of benthic macrofauna biomass and diversity has
demonstrated strong negative relationships with both dissolved oxygen and salinity (Pollack et
al., unpubl. data). Regardless of the cause, the loss of benthic filter feeders, which are an
important food source for the commercially-important black drum (Pogonas cromis), has been
speculated to play a role in a recent (2012-2013) decline in the health of black drum (Pogonas

cromis) in the system (J. Pollack, pers. comm.). Additional work is clearly needed to



characterize the ecological consequences of water quality degradation in the system, especially
in light of the temperature and salinity increases.

On a broader scale, process studies of estuarine eutrophication have tended to focus on
systems with continually flowing rivers from which nutrients and organic matter are derived. In
contrast, little is known about estuaries from semi-arid/arid regions. Estuaries in these regions
only receive freshwater input via episodic rainfall and flow from ephemeral streams, implying
that traditional views of nutrient management may not be fully applicable in them. In addition,
these systems can also be hypersaline at times, and typically have a long residence time which
allows for prolonged retention and cycling of nutrients. Despite the lack of attention from the
research community, the cumulative number of these systems approaches that of classic river-
dominated estuaries and they can have a significant areal footprint (e.g., Largier et al. 2010;
Potter et al. 2010). Most importantly, climate models suggest that there will likely be a
significant expansion of arid regions in the near future (Chan and Wu 2015), which when
coupled with increasing freshwater demands due to human population growth in coastal
watersheds, may lead to more estuarine systems demonstrating characteristics typical of those in
present day arid/semi-arid region. As demonstrated in this study, these systems can still be
susceptible to the process of eutrophication and its associated symptoms (Bricker et al. 2008).
Thus additional emphasis should be placed on quantifying and understanding water quality and

nutrient-phytoplankton dynamics in similar systems.
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Table 1. Mean + SD for dissolved organic carbon (DOC) and dissolved organic nitrogen (DON)

concentrations (UM) measured in four estuaries of the Texas coast from July 2013 to June 2015

(Figure 1).

Estuary DOC DON
Lavaca-Colorado 358 £ 117 25+7
Guadalupe 380 £ 121 26+ 8
Nueces-Corpus Christi 362 + 89 28+6
Baffin Bay 850 £ 105 62 + 14




Table 2. Temporal trends of water quality parameters in Baffin Bay where statistically

significant annual or seasonal trends were observed. Bold, italicized values are significant (p <

0.05).
Site Parameter Time period | Year of first | p-value Annual
collection trend
13450 (Baffin | Salinity Annual 1968 <0.01 0.3
Bay) Winter 0.36 0.2
Spring 0.06 0.4
Summer 0.07 0.4
Autumn 0.24 0.2
Water Annual 1968 0.12 0.05
temperature Winter 0.68 -0.02
°C) Spring <0.01 0.10
Summer 0.06 0.03
Autumn 0.27 0.05
Chlorophyll @ | Annual 1973 <0.01 0.3
(ng/) Winter 0.19 0.3
Spring 0.71 0.1
Summer 0.01 0.5
Autumn 0.06 0.4
TKN (uM) Annual 1975 0.61 0.0
Winter 0.44 -0.7
Spring 0.02 1.6
Summer 0.33 -0.8
Autumn 0.56 -0.3
13452 (Baffin | Salinity Annual 1968 0.02 0.3
Bay) Winter 0.51 0.2
Spring 0.33 0.2
Summer 0.49 0.2
Autumn 0.18 0.3
Chlorophyll @ | Annual 1973 0.02 0.2
(ng/h Winter 0.46 0.3
Spring 0.02 0.4
Summer 0.72 0.1
Autumn 0.33 0.2
13090 Chlorophyll @ | Annual 1989 <0.01 1.8
(Petronila (ng/ Winter 0.09 3.8
Creek) Spring 0.13 1.8
Summer 0.05 2.2
Autumn 0.03 1.3
13033 (San Ammonium Annual 1969 <0.01 -0.2
Fernando (LM) Winter <0.01 -0.6
Creek) Spring 0.01 -0.2




Summer 0.16 -0.1
Autumn 0.20 -0.1
Orthophosphate | Annual 1973 0.05 1.0
(M) Winter 0.71 -0.6
Spring 0.42 0.5
Summer <0.01 4.2
Autumn 0.19 1.4
TP Annual 1969 0.13 0.5
Winter 0.44 -0.5
Spring 0.29 0.8
Summer <0.01 2.1
Autumn 0.96 0.0
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Figure 1. Location of SWQM long-term sampling locations (red dots) and investigator-led

sampling locations (blue dots).
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Figure 2. Mean concentrations of select water quality parameters in Texas estuaries, based on

SWQM data from samples collected on a quarterly basis from 2003-2013.



DOC

DON
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Baffin Bay, July 2013-June 2015.
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Figure 4. Relationship between Chlorophyll a (ug/l) and Total Nitrogen (uM) or Total P based

on 2003-2013 mean for all Texas coast SWQM stations.
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Figure 5. Results from nutrient addition bioassays conducted at two sites in Baffin Bay in 2015.

Shown are the 0 and 24 hour chlorophyll a concentrations (pg/l). “C” = Control, “A” =



ammonium addition, “P” = phosphate addition, and “A+P” = ammonium + phosphate addition.
Asterisk above a treatment indicates that chlorophyll in that treatment was significantly different

from chlorophyll in the control at 24 hours.
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Figure 6. Change in chlorophyll a over time at station 13450 (A) and 13452 (B) in Baffin Bay,
Texas. Periods of known “brown tide” blooms, as corroborated by peer reviewed publications or

Texas Parks & Wildlife reports, are denoted by brown shaded areas.





