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A twelve year (2000 −2011) study of three coastal lagoons in the Gulf of Mexico was conducted to assess the
impacts of local watershed development and tropical storms on water quality. The lagoons have similar physical
and hydrological characteristics, but diﬀer substantially in the degree of watershed urban development and
nutrient loading rates. In total the lagoons experienced 22 storm events during the period studied. Speciﬁcally,
we examine (1) whether there are inﬂuences on water quality in the lagoons from watershed development, (2)
whether there are inﬂuences on water quality in the lagoons from storm activity, and (3) whether water quality
is aﬀected to a greater degree by watershed development versus storm activity. The two urbanized lagoons
typically showed higher water-column nitrate, dissolved organic nitrogen, and phosphate compared with the
non-urbanized lagoon. One of the urbanized lagoons had higher water-column chlorophyll a concentrations than
the other two lagoons on most sampling dates, and higher light extinction coeﬃcients on some sampling dates.
The non-urbanized lagoon had higher water-column dissolved oxygen concentrations than other lagoons on
many sampling dates. Our results suggest long-term inﬂuences of watershed development on coastal water
quality. We also found some evidence of signiﬁcant storm eﬀects on water quality, such as increased nitrate,
phosphate, and dissolved oxygen, and decreased salinity and water temperature. However, the inﬂuences of
watershed development on water quality were greater. These results suggest that changes in water quality induced by human watershed development pervade despite the storm eﬀects. These ﬁndings may be useful for
environmental management since they suggest that storms do not profoundly alter long-term changes in water
quality that resulted from human development of watersheds.

1. Introduction
Human development of coastal watersheds leads to increased nutrient (i.e., nitrogen and phosphorus) inputs into receiving coastal
waters, a process known as anthropogenic eutrophication (NRC, 2000;
Smith et al., 2006). Anthropogenic nutrient inputs into coastal waters
usually come from agriculture, urban development, and other human
related activities in watersheds (Correll et al., 1992; Vitousek et al.,
1997; Carpenter et al., 1998). In shallow coastal ecosystems, anthropogenic eutrophication may contribute to ecological transitions from
seagrass-dominated to macroalgae-dominated, and then to phytoplankton-dominated systems (Lee and Olsen, 1985; Wazniak et al.,
2007; Cebrian et al., 2014) or from canopy-forming algae to turfforming algae habitats (Gorgula and Connell, 2004; Gorman et al.,
2009). Algal blooms may occur as a result of increased nutrient
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delivery, which in turn may negatively aﬀect communities of seagrasses, macroinvertebrates, and ﬁshes through oxygen depletion and
drastic reductions in water transparency (Duarte, 1995; Lerberg et al.,
2000; Breitburg, 2002; Armitage et al., 2005). Along with increased
nutrient delivery, urbanized coastal watersheds impose other kinds of
stress on the biota of bays and estuaries, such as chemical pollution and
increased frequency of dredging and ﬁshing (Short and Burdick, 1996;
Morrisey et al., 2003; Cebrian et al., 2009).
Storms can also aﬀect the water quality and biotic components (i.e.,
algae, seagrass, marshes, macroinvertebrates, and ﬁshes) of coastal
ecosystems through physical disturbance (Valiela et al., 1998; Paerl
et al., 2006; Hagy et al., 2006) and timing and delivery of freshwater
inﬂow (Borsuk et al., 2004; Murrell et al., 2007). Urban developmentinduced stressors may interact with storms to synergistically aﬀect
coastal ecosystems. For example, rainfall events increase run-oﬀ into
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coastal systems, which may alter the residence time of freshwater in
these systems. This in turn, aﬀects nutrient availability and algal biomass, potentially cascading impacts on the benthic biota (Valiela et al.,
1998; Paerl et al., 2001). In addition, sustained storminess may cause
substantial physical damage on benthic organisms, thereby exacerbating losses induced by urban related development processes (Paerl
et al., 2006; Cebrian et al., 2008; Anton et al., 2009).
Those previous studies were primarily either focusing on eﬀects
from coastal watershed development or from storms. However, few
studies have examined both the eﬀects of watershed development and
storms on the structure and function of coastal ecosystems, particularly
over time scales that span many years. Long-term monitoring data sets
capturing storm events and gradients in urban development provide a
powerful tool to ﬁll this gap. And results from the current study can
have some broader applications beyond the systems studied as many
other coastal systems are experiencing similar multiple stressors.
We have been collecting water quality data in three coastal lagoons
located in Big Lagoon Sound, Perdido Bay (Florida, USA) since 2000.
The lagoons are shallow (< 1.0 m in depth) and have similar conditions of water-column salinity and temperature. Conversely, the three
lagoons feature contrasting degrees of watershed development, from
relatively non-urbanized to urbanized (Stutes et al., 2007; Cebrian
et al., 2009; Ferrero-Vicente et al., 2011). Here we describe metrics of
water quality in the lagoons from 2000 to 2011. During that period, a
total of 22 major storms made landfall, thereby potentially impacting
the lagoons.
Speciﬁcally, our goals were to assess: (1) whether there are inﬂuences on water quality (from 2000 to 2011) in the lagoons from watershed development, (2) whether there are inﬂuences on water quality
(from 2000 to 2011) in the lagoons from storm activity, and (3) whether water quality is aﬀected to a greater degree by watershed development versus storm activity.

Table 1
Loading rates to the lagoons studied. DIN = dissolved inorganic nitrogen;
DON = dissolved organic nitrogen; PS = point source (only for Gongora);
P = precipitation; and GW = groundwater. The lagoons are SP = State Park;
G = Gongora; and KB = Kee's Bayou. All units are in mmol m− 2 year−1. Loading rates
were calculated for the period July 1, 2003 to June 30, 2004. Detailed explanations and
calculation of loading rates are provided in Lehrter and Cebrian (2010).
DIN

DON

Phosphate

Lagoon

PS

P

GW

PS

P

GW

PS

P

GW

SP
Total
G
Total
KB
Total

–

11.7

–

27.4

0.55

34.4

0.90

25.2

0.01

0.31

–

62.7

–

26.5

0.95
28.35
41.4
67.5
32.2
58.7

–

0.21

0.31
12.01
13.6
48.41
10.6
73.3

–

2.32

0.01
0.56
0.47
0.79
0.37
2.69

Signiﬁcant P values (P < 0.05) are highlighted in italics and bold.

2.3. Hydrographic measurements
We used a YSI 85 multiprobe meter to measure in situ water-column
dissolved oxygen (DO, surface and bottom, mg/L), salinity (surface and
bottom, ppt), and temperature (surface and bottom, °C). We used a pair
of Li-Cor 193sa spherical underwater quantum sensors and a data
logger to measure photosynthetically active radiation (PAR) (Stutes
et al., 2007). The light attenuation coeﬃcient (k, m− 1) was calculated
from surface and bottom light intensity and water depth according to
the Beer-Lambert equation (McPherson and Miller, 1987). These measurements were taken at four ﬁxed locations of each lagoon during each
sampling visit.
2.4. Nutrients and chlorophyll a
Water column samples for nutrients and chlorophyll a were collected at the same locations where hydrographic measurements were
taken, and additionally at two extra random locations in each lagoon.
Samples were collected from the mid water-column. The samples were
transported to the laboratory on ice and ﬁltered through 47 mm diameter glass microﬁber ﬁlters (Whatman GF/F, pore size of 0.45 μm)
using vacuum ﬁltration. Filters for chlorophyll a analysis and ﬁltrate
were frozen at − 20 °C until processed. The ﬁltrate was analyzed for
nutrient species such as nitrate (μM) and phosphate (μM) using colorimetric techniques on a Skalar auto analyzer (Pennock and Cowan,
2001). Then, dissolved organic nitrogen (DON, μM) was calculated.
Two diﬀerent methods were used to assay chlorophyll a. From 2000 to
2009, chlorophyll a were extracted for 24 h with 90% acetone, and its
concentration (μg/L) measured ﬂuorometrically with a Turner Designs
Model TD-700 ﬂuorometer using acidiﬁcation (1 N HCl) (Strickland and
Parsons, 1972). From 2009 to 2011, we used a non-acidiﬁcation protocol thereafter (Welschmeyer, 1994). We compared measurements
obtained with both protocols to ensure that they yielded no signiﬁcant
diﬀerence (i.e., paired t-test: n = 13, t = − 1.23, P = 0.243).

2. Methods
2.1. Study site
We studied three shallow lagoons in the Perdido Bay system of the
northern Gulf of Mexico. Mean depths ( ± SD) for the period examined
were 0.54 ± 0.22 m for State Park (SP), 0.61 ± 0.20 m for Gongora
(G), and 0.74 ± 0.21 m for Kee's Bayou (KB). The lagoons feature
diﬀerent degrees of watershed urban development. State Park is located
in Big Lagoon State Park (Florida), has almost no urban development in
its watershed and is completely surrounded by marsh and maritime
forest. Gongora is fringed by houses on the northeast side, a road on the
northwest tip of the lagoon, and marsh on the southeast side. The lagoon is also connected to an 18-hole golf course through a culvert that
runs underneath the road. Kee's Bayou is fringed by houses (several of
them with fertilized lawns) on the east side, a road on the north side,
and marshes and maritime forest on the south and west sides. A map
and additional description of the lagoons is provided in Stutes et al.
(2007) and Cebrian et al. (2009). The areas of upland watershed, marsh
and open water in SP were 629 m2 (3%), 1523 m2 (6%), and 22,659 m2
(91%), respectively. The areas of upland watershed, marsh and open
water in KB were 26,570 m2 (40%), 9736 m2 (15%), and 30,208 m2
(45%), respectively. The areas of upland watershed, marsh and open
water in G were 14,443 m2 (41%), 10,800 m2 (31%), and 9841 m2
(28%), respectively. Due to these diﬀerences in watershed development, the lagoons also receive diﬀerent nutrient loading rates (Table 1).

2.5. Major storms covered
We considered all tropical storms or hurricanes that made landfall
along the coast of the northern Gulf of Mexico during 2000–2011. This
consideration was to make our analysis as inclusive as possible, which
included all the storms that could potentially impact the studied lagoons. Thus, during the monitoring period, a total of 22 storms were
analyzed (Table 2). Some of these storms were originally hurricanes but
weakened to tropical storms at landfall. The 22 storms were: Tropical
Storms Gordon and Helene in 2000; Tropical Storms Allison and Barry
in 2001; Tropical Storms Hanna and Isidore, and Hurricane Lili (category 1) in 2002; Tropical Storm Bill in 2003; Tropical Storms Bonnie
and Frances, and Hurricanes Ivan (category 3) and Jeanne (category 3)

2.2. Field monitoring and laboratory analyses
For the current study, we tried to sample about 6 times a year from
2000 to 2011. However, data gaps exist during this long-term monitoring period. Hydrographic, nutrient, and chlorophyll a samples were
collected during each sampling event.
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Gordon
Helene
Allison
Barry
Hanna
Isidore
Lili
Bill
Bonnie
Frances
Ivan
Jeanne
Arlene
Cindy
Dennis
Katrina
Tammy
Alberto
Fay
Claudette
Ida
Lee

2000

209

2011

2006
2008
2009

2005

2003
2004

2002

2001

Storm name

Year

Tropical storm
Tropical storm
Tropical storm
Tropical storm
Tropical storm
Tropical storm
Hurricane 1
Tropical storm
Tropical storm
Tropical storm
Hurricane 3
Hurricane 3
Tropical storm
Hurricane 1
Hurricane 3
Hurricane 3
Tropical storm
Tropical storm
Tropical storm
Tropical storm
Tropical storm
Tropical storm

Storm category

Cedar Key, FL (29°8′44″N 83°2′30″W)
Fort Walton Beach, FL (30°25′13″N 86°37′0″W)
Morgan City, LA (29°42′03″N 91°11′50″W)
Santa Rosa Beach, FL (30°23′45″N 86°13′43″W)
Border of AL and MS (30°20′56″N 88°23′34″W)
Grand Isle, LA (29°13′40″N 90°00′44″W)
Intracoastal City, LA (29°47′03″N 92°20′22″W)
Terrebonne Parish, LA (29°03′18″N 90°48′01″W)
Apalachicola, FL (29°43′31″N 84°59′33″W)
Aucilla River, FL (30°09′06″N 83°57′38″W)
Gulf Shores, AL (30°14′20″N 87°41′59″W)
Stuart, FL (27°12′02″N 80°15′03″W)
Pensacola, FL (30°25′06″N 87°12′59″W)
Grand Isle, LA (29°13′40″N 90°00′44″W)
Santa Rosa Island, FL (30°20′55″N 87°02′37″W)
Border of LA and MS (29°19′37″N 89°39′20″W)
Atlantic Beach, FL (30°20′18″N 81°23′42″W)
Adams Beach, FL (29°55′09″N 83°39′45″W)
Carrabelle, FL (29°51′26″N 84°40′16″W)
Fort Walton Beach, FL (30°25′25″N 86°37′17″W)
Border of AL and MS (30°20′56″N 88°23′34″W)
Intracoastal City, LA (29°47′03″N 92°20′22″W)

Landfall location

446 E
77 E
368 W
113 E
96 W
278 W
460 W
345 W
245 E
333 E
29 W
788 E
22 E
278 W
35 E
214 W
588 E
371 E
276 E
78 E
96 W
460 W

Dis. to study area (km)

Sep-18
Sep-22
Jun-11
Aug-6
Sep-14
Sep-26
Oct-3
Jun-30
Aug-12
Sep-6
Sep-16
Sep-26
Jun-11
Jul-6
Jul-10
Aug-29
Oct-5
Jun-13
Aug-23
Aug-17
Nov-10
Sep-4

Landfall date

Sep-5
Sep-21
May-22
Jul-18
Aug-20
Aug-20
Aug-20
Jun-25
Jun-27
Jun-27
Jun-27
Jun-27
Mar-30
Jun-19
Jun-19
Jun-19
Sep-27
May-12
Apr-29
Jun-6
Sep-30
Aug-15

Sep-5
Sep-21
May-22
Jul-18
Aug-19
Aug-19
Aug-19
Apr-15
Jun-28
Jun-28
Jun-28
Jun-28
Apr-14
Jun-16
Jun-16
Jun-16
Sep-19
May-24
Apr-16
Jun-7
Oct-1
Aug-4

Sep-5
Sep-21
May-22
Jul-18
Aug-22
Aug-22
Aug-22
Apr-16
June-29
June-29
June-29
June-29
Apr-21
Jun-14
Jun-14
Jun-14
Sep. 16
May-18
Apr-17
Jun-1
Oct-3
Aug-3

Sep-21
Nov-1
Jul-18
Aug-28
Oct-16
Oct-16
Oct-16
Sep-5
Jan-26
Jan-26
Jan-26
Jan-26
Jun-19
Sep-27
Sep-27
Sep-27
Oct-17
Jul-18
Aug-28
Sep-30
Nov-14
Sep-30

Sep-21
Oct-23
Jul-18
Aug-28
Oct-19
Oct-19
Oct-19
Jul-2
Feb-12
Feb-12
Feb-12
Feb-12
Jun-16
Sep-19
Sep-19
Sep-19
Oct-19
Jul-27
Aug-29
Oct-1
Nov-18
Oct-3

KB

Sep-21
Oct-25
Jul-18
Aug-28
Oct-21
Oct-21
Oct-21
Jul-9
Feb-4
Feb-4
Feb-4
Feb-4
Jun-14
Sep. 16
Sep. 16
Sep. 16
Oct- 20
Jul-13
Aug-30
Oct-3
Nov-12
Oct-1

G

SP

G

SP

KB

First sampling date after landfall

Last sampling date before landfall

Table 2
Major storms considered during the study period (i.e. landfall within 800 km of the lagoons). Data were obtained from the NOAA National Hurricane Center (NHC). Distance to the study area is the distance from the landfall location to the geometric
central point for the three lagoons (E = east, W = west). Storm category corresponded to that at landfall. SP = State Park, KB = Kee's Bayou, G = Gongora.
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(a)

(b)
Fig. 1. Surface (a) and bottom (b) salinity in the coastal lagoons studied (SP: State Park; KB: Kee's Bay; G: Gongora). Dashed lines correspond to the storms that made landfall within
800 km of the lagoons (i.e. geometric central point along the lagoons). Storm initials are depicted at the top of the lines (see Table 2). Asterisks (*) denote signiﬁcant diﬀerences
(P < 0.05) among lagoons during each event.

all the water quality parameters except water temperature and salinity,
and have all the three lagoons presented in a PC plot (i.e., PC1 versus
PC2) to show their relationships with corresponding water quality
variables.
Finally, to detect possible storm eﬀects, we conducted post-hoc
comparisons among sampling dates for each lagoon separately (since
we always found a signiﬁcant interaction between lagoon and time).
Namely, for each lagoon and storm (or group of storms) with at least
ﬁve sampling times before storm landfall, we compared the ﬁrst sampling date after landfall with the last sampling date before landfall, the
last and second-to-last dates before landfall (going back in time before
landfall), the second-to-last and third-to-last dates before landfall, the
third-to-last and fourth-to-last dates before landfall, and ﬁnally the
fourth-to-last and ﬁfth-to-last dates before landfall. We only concluded
a signiﬁcant impact due to the passage of the storm if the magnitude of
the diﬀerence observed between the last date before landfall and ﬁrst
date after landfall was larger than the temporal variability observed
before the storm passed as represented by the last ﬁve sampling times
before landfall. That is, we detect storm impacts that are larger than the
variability, natural or caused by previous storms, found during ﬁve
sampling events prior to landfall. This approach has been used in the
past to successfully distinguish major storm impacts from other temporal dynamics in coastal ecosystems (Cebrian et al., 2008; Anton et al.,
2009). PCA analysis and related plots were conducted in R software
(The R project for statistical computing, https://www.r-project.org/).
All other statistical analysis was conducted by using SAS statistical
software version 9.2 (SAS, Cary, North Carolina) and signiﬁcant difference was determined when P < 0.05. The two-way mixed ANOVAs
were conducted by running the PROC MIXED procedure with the

in 2004; Tropical Storm Arlene, Hurricanes Cindy (category 1), Dennis
(category 3), and Katrina (category 3), and Tropical Storm Tammy in
2005; Tropical Storm Alberto in 2006; Tropical Storm Fay in 2008;
Tropical Storms Claudette and Ida in 2009; and tropical storm Lee in
2011 (NOAA National Hurricane Center). Detailed information about
these storms and hurricanes is presented in Table 2.
2.6. Data analysis
First, we used two-way mixed ANOVAs to analyze the diﬀerences
across lagoons and sampling times (Underwood, 1997; Zar, 1999), with
lagoon (SP, KB and G) being the ﬁxed factor and sampling time being
the random factor. Due to weather, our sampling was not following a
ﬁxed time schedule. Thus, our time sampling design is just meant to
sample the lagoons at varying times throughout the year, with disregard for any speciﬁc month or set of conditions, and then time is
clearly a random factor. In the current study, we only considered
sampling rounds with all three lagoons sampled within a two-week
period. Before running the ANOVAs, the data were log-transformed to
approximate normality and equal variance.
Then, post-hoc Tukey tests comparing lagoons were done for each
sampling time separately when we found a signiﬁcant interaction between lagoon and time. Comparisons among lagoons allowed us to
examine diﬀerences in water quality across the gradient covered in
watershed urban development, and how such diﬀerences were aﬀected
by the passage of storms (e.g. whether diﬀerences across lagoons due to
urban development are exacerbated or dampened by storms). To explore the overall pattern of the water quality during the whole monitoring period, we conducted a principal components analysis (PCA) on
210
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3.2. Water quality

Table 3
Two-way mixed ANOVAs comparing environmental and water quality parameters across
lagoons and sampling times during 2000–2011. “S” and “B” represent water surface and
bottom, respectively (e.g., salinity-S = surface salinity). “d.f.” is degrees of freedom.
Signiﬁcant P values are highlighted in italics.
Parameter

Source of variation

d.f.

F

P

Salinity-S (ppt)

Lagoon
Time
Lagoon × time
Lagoon
Time
Lagoon × time
Lagoon
Time
Lagoon × time
Lagoon
Time
Lagoon × time
Lagoon
Time
Lagoon × time
Lagoon
Time
Lagoon × time
Lagoon
Time
Lagoon × time
Lagoon
Time
Lagoon × time
Lagoon
Time
Lagoon × time
Lagoon
Time
Lagoon × time
Lagoon
Time
Lagoon × time

2
49
98
2
50
100
2
49
98
2
50
100
2
49
98
2
30
60
2
50
100
2
52
104
2
38
74
2
47
94
2
48
96

12.40
10.42
22.12
19.49
10.53
34.12
0.30
24.15
38.39
0.68
31.89
31.75
2.80
4.19
6.28
2.30
3.38
9.70
28.22
4.12
9.31
58.99
2.60
8.71
4.19
1.77
2.50
23.24
8.36
11.30
24.11
8.15
10.40

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.741
< 0.0001
< 0.0001
0.508
< 0.0001
< 0.0001
0.065
< 0.0001
< 0.0001
0.109
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.05
< 0.05
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

Salinity-B (ppt)

Temperature-S (°C)

Temperature-B (°C)

NO3− (μM)

DON (μM)

PO43 − (μM)

Water Chla (μg/L)

k (1 / m)

DO-S (mg/L)

DO-B (mg/L)

3.2.1. Nutrients
Nitrate concentrations varied across lagoons and sampling dates,
and the interaction between these two factors was signiﬁcant (Fig. 3,
Table 3). Out of the 24 sampling dates where signiﬁcant diﬀerences
were found among lagoons, KB had highest nitrate on 9 dates, G on 11
dates, and SP on 4 dates (Appendix S1 Table S5). Tropical Storms
Hanna and Isidore and Hurricane Lili increased nitrate concentrations
signiﬁcantly in all the three lagoons, and Tropical Storm Fay in 2008
increased nitrate concentration in G (Fig. 3, Appendix S2).
We obtained similar results for DON and phosphate (Figs. 4 and 5)
regarding diﬀerences across the lagoons. Both DON and phosphate
varied across lagoons and sampling times, with a signiﬁcant interaction
between these two factors (Table 3). Signiﬁcant diﬀerences across lagoons in DON were found on 27 dates, out of which KB had highest
DON on 11 dates, G on 10, and SP on 6 (Appendix S1 Table S6). For
phosphate, we found signiﬁcant diﬀerences across lagoons on 30 dates,
out of which KB had highest phosphate on 2 dates, G on 24, and SP on 4
(Appendix S1 Table S7). Tropical Storm Lee signiﬁcantly increased
DON in SP. Tropical Storms Hanna and Isidore and Hurricane Lili increased phosphate in G (Fig. 5, Appendix S2).
3.2.2. Chlorophyll a and light extinction coeﬃcient (k)
Water-column chlorophyll a concentration varied across lagoons
and sampling times (Fig. 6), and the interaction between these two
factors was signiﬁcant (Table 3). G had higher chlorophyll a concentrations compared with other lagoons. Out of 49 dates with signiﬁcant diﬀerences across lagoons, KB had the highest chlorophyll a on
4 dates, G on 44, and SP on 1 (Appendix S1 Table S8). Tropical storm
Fay signiﬁcantly increased chlorophyll a concentrations in SP and KB,
and the same eﬀect for Tropical Storm Lee in KB (Appendix S2).
The light extinction coeﬃcient also varied across lagoons and
sampling times (Fig. 7), with a signiﬁcant interaction between these
two factors (Table 3). Signiﬁcant diﬀerences among lagoons were found
only on 10 sampling dates, out of which KB had highest light extinction
on 1 date, G on 6, and SP on 3 (Appendix S1 Table S9). We did not ﬁnd
any signiﬁcant storm impacts on this variable (Appendix S2).

Signiﬁcant P values (P < 0.05) are highlighted in italics and bold.

RANDOM statement in SAS.

3.3. Dissolved oxygen concentration

3. Results

Surface and bottom dissolved oxygen concentrations oscillated
widely over the study period (Fig. 8a–b, Table 3). However, higher
oxygen concentrations were often found in SP, and to a lesser extent in
KB, in relation to the other lagoons. Out of the 40 sampling dates where
signiﬁcant diﬀerences were found in surface oxygen concentration
among the lagoons, KB had largest dissolved oxygen on 10 dates, G on
2, and SP on 28 (Appendix S1 Table S10). For bottom oxygen concentrations, KB had highest dissolved oxygen on 8 dates, G on 2 and SP
on 22 (Appendix S1 Table S11). Tropical Storms Bonnie and Frances
and Hurricanes Ivan and Jeanne signiﬁcantly increased surface oxygen
concentrations in SP and KB, and bottom concentrations in all three
lagoons. Tropical Storms Allison in 2001 and Fay reduced surface and
bottom oxygen concentrations in KB (Appendix S2). Tropical Storms
Hanna and Isidore and Hurricane Lili, and Tropical Storm Lee increased
surface and bottom oxygen concentrations in KB (Appendix S2).

3.1. Hydrographic measurements - salinity and temperature
Large oscillations in surface and bottom salinity were found among
the study period for all three lagoons (Fig. 1a–b, Table 3). However,
salinity values were often higher in State Park (SP) when compared to
the other lagoons (Appendix S1 Tables S1–2). Out of 44 sampling times
with signiﬁcant diﬀerences among lagoons, Kee's Bayou (KB) had
highest salinity values on 3 dates, Gongora (G) on 10, and SP on 31 for
both surface and bottom salinity. Tropical Storms Hanna and Isidore
and Hurricane Lili, which occurred within 19 days of each other in
2002, signiﬁcantly reduced both surface and bottom salinity in all three
lagoons. Tropical Storm Lee in 2011 also signiﬁcantly aﬀected both
surface and bottom salinity, but only in SP and KB (Appendix S2).
Surface and bottom temperature showed typical seasonal oscillations (Fig. 2a–b), with small but signiﬁcant diﬀerences among lagoons
occurring on most sampling dates (Table 3). Out of 45 sampling dates
with signiﬁcant diﬀerences among lagoons for surface temperature, KB
had the highest temperatures on 16 dates, G on 12, and SP on 17
(Appendix S1 Table S3). For bottom temperature, KB had highest values
of temperature on 16, G on 10, and SP on 18 sampling dates (Appendix
S1 Table S4). Tropical Storms Bonnie and Frances and Hurricanes Ivan
and Jeanne, which occurred within 45 days of each other in 2004,
signiﬁcantly reduced surface and bottom temperature in KB and G
(Appendix S2).

3.4. Water quality pattern
The PCA condensed the 6 water quality variables into several
principal components (PCs). The ﬁrst two PCs had eigenvalues of 2.12
and 1.38, respectively, which explained a total of 58.26% variance of
the data. The PC loadings of water quality variables water-column
chlorophyll a, DO, light attenuation (k), phosphate, nitrate, and DON
for PC1 were 0.618, −0.576, 0.767, 0.220, 0.501, and 0.718, and for
PC2 were −0.581, −0.460, −0.055, − 0.800, 0.153, and 0.153,
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(a)

(b)
Fig. 2. Surface (a) and bottom (b) water temperature in the coastal lagoons studied (SP: State Park; KB: Kee's Bay; G: Gongora). Dashed lines correspond to the storms that made landfall
within 800 km of the lagoons (i.e. geometric central point along the lagoons). Storm initials are depicted at the top of the lines (see Table 2). Asterisks (*) denote signiﬁcant diﬀerences
(P < 0.05) among lagoons during each event.

Fig. 3. Water column nitrate in the coastal lagoons studied (SP: State Park; KB: Kee's Bay; G: Gongora). Dashed lines correspond to the storms that made landfall within 800 km of the
lagoons (i.e. geometric central point along the lagoons). Storm initials are depicted at the top of the lines (see Table 2). Asterisks (*) denote signiﬁcant diﬀerences (P < 0.05) among
lagoons during each event.

between the two lagoons (Stutes et al., 2007). Water temperature had
small but signiﬁcant diﬀerences among lagoons on most sampling
dates. However, these diﬀerences did not follow any speciﬁc pattern,
and likely reﬂect short-term variability over multi-day sampling periods. Overall, these hydrographic diﬀerences among lagoons were
small, particularly in relation to the diﬀerences found in nutrient
loading rates due to contrasting levels of watershed development
(Table 1, also see Stutes et al., 2007; Lehrter and Cebrian, 2010).
We found that over one third (around 20 dates) of the sampling
dates had higher concentrations of nitrate, DON, and phosphate in the
urbanized lagoons KB and G than the non-urbanized lagoon SP. In

respectively. Compared with the other two lagoons, the developed lagoon G showed distinct pattern with higher nutrients, chlorophyll a,
and light attenuation, but lower DO (Fig. 9).

4. Discussion
During the monitoring period we often found relatively high salinity
values in State Park (SP), and to a lesser extent in Gongora (G). This
could reﬂect the distance of the lagoons to the mouth of Perdido Bay,
where Perdido River discharges. Indeed, Kee's Bayou (KB) is the closest
and SP is the farthest from the mouth of Perdido Bay, with G lying in
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Fig. 4. Water column DON in the coastal lagoons studied (SP: State Park; KB: Kee's Bay; G: Gongora). Dashed lines correspond to the storms that made landfall within 800 km of the
lagoons (i.e. geometric central point along the lagoons). Storm initials are depicted at the top of the lines (see Table 2). Asterisks (*) denote signiﬁcant diﬀerences (P < 0.05) among
lagoons during each event.

Fig. 5. Water column phosphate in the coastal lagoons studied (SP: State Park; KB: Kee's Bay; G: Gongora). Dashed lines correspond to the storms that made landfall within 800 km of the
lagoons (i.e. geometric central point along the lagoons). Storm initials are depicted at the top of the lines (see Table 2). Asterisks (*) denote signiﬁcant diﬀerences (P < 0.05) among
lagoons during each event.

Fig. 6. Water column chlorophyll a in the coastal lagoons studied (SP: State Park; KB: Kee's Bay; G: Gongora). Dashed lines correspond to the storms that made landfall within 800 km of
the lagoons (i.e. geometric central point along the lagoons). Storm initials are depicted at the top of the lines (see Table 2). Asterisks (*) denote signiﬁcant diﬀerences (P < 0.05) among
lagoons during each event.

quality in the lagoons studied. These watershed development inﬂuences
were observed in other coastal studies as well (McClelland and Valiela,
1998; Handler et al., 2006; Nixon et al., 2007; Boesch et al., 2009).
Similar to nutrients, the greatest chlorophyll a concentrations were
observed primarily in the urbanized lagoon G. Out of the 54 sampling
times, we found 44 instances with high values in G. This is consistent
with other studies that increased nutrient loads led to higher

addition, the relatively highly urbanized system G had the most sampling dates with the higher concentrations of these nutrients during the
monitoring period. This may indicate the urban related driving force for
the increased nutrients in the lagoons. Further, dates with higher nutrient concentrations in the urbanized lagoons than in the non-urbanized lagoon spread throughout the 11-year long sampling period. This
indicates long-term inﬂuences of watershed development on water
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Fig. 7. Light attenuation in the coastal lagoons studied (SP: State Park; KB: Kee's Bay; G: Gongora). Dashed lines correspond to the storms that made landfall within 800 km of the lagoons
(i.e. geometric central point along the lagoons). Storm initials are depicted at the top of the lines (see Table 2). Asterisks (*) denote signiﬁcant diﬀerences (P < 0.05) among lagoons
during each event.

(a)

(b)
Fig. 8. Surface (a) and bottom (b) dissolved oxygen (DO) in the coastal lagoons studied (SP: State Park; KB: Kee's Bay; G: Gongora). Dashed lines correspond to the storms that made
landfall within 800 km of the lagoons (i.e. geometric central point along the lagoons). Storm initials are depicted at the top of the lines (see Table 2). Asterisks (*) denote signiﬁcant
diﬀerences (P < 0.05) among lagoons during each event.

the diﬀerence of chlorophyll a response in the two lagoons.
There were fewer diﬀerences in the light extinction coeﬃcient
among lagoons. We only found 10 dates with signiﬁcant diﬀerences
among lagoons, and G showed high values in relation to the other lagoons in 6 of those dates. This suggests that light attenuation in the
lagoons studied is driven by factors (e.g., total suspended solids) other
than chlorophyll a, which is in accordance with results from other
coastal waters (e.g., Zimmerman, 2003; Gallegos, 2005; Gallegos et al.,
2011).
Our measurements suggest water column oxygen concentrations

chlorophyll a concentrations in coastal waters (Valiela et al., 2000;
Livingston, 2007; Cebrian et al., 2014). The lack of a chlorophyll a
response in KB could be due to lagoon diﬀerences in water exchange
rates and residence times (Oberg, 2005; Xu et al., 2010). However,
preliminary calculations based on water and salt budgets for the lagoons suggest water residence time values of 1.4, 0.9 and 0.5 days for
KB, G and SP respectively (Lehrter et al., unpublished). Thus, diﬀerences in water residence time may not exclusively account for the observed chlorophyll a patterns. Seagrass patches occur in KB but not in G
(Stutes et al., 2007; Christiaen et al., 2016), which may contribute to
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each of the systems under diﬀerent watershed development conditions.
In reality, it is really diﬃcult to have other lagoons available to match
the studied systems. Moreover, there is substantial temporal variability
masking these diﬀerences. We found nutrient concentrations were enhanced with the passage of some storms, but they did not alter the longterm watershed development inﬂuences on coastal waters. These results
help put the long-term eﬀects of these two coastal drivers (watershed
development and major storms) in perspective, and may help managers
with the development of coastal environmental policies. Many coastal
systems beyond the current study area are facing similar multiple
stressors such as watershed urban development and storms. Results
from the current study can be applied to those areas with similar levels
of watershed development and storms for management purposes. The
current study can also serve as a reference for other areas with totally
diﬀerent levels of these stressors. Short-term impacts of major storms,
however, may be predominant for certain water quality and other
coastal processes, and the relative importance of short- vs. long-term
coastal processes deserves more attention.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marpolbul.2017.06.038.

Fig. 9. Principal components analysis (PCA) of water quality variables and their relationships with the two major components (PC 1 and PC2) for the coastal lagoons studied
(SP: State Park; KB: Kee's Bay; G: Gongora).

were impacted by watershed development, as it has been found elsewhere (Livingston, 2007; Boesch et al., 2009). SP, the non-urbanized
lagoon with lowest nutrient loading rates, typically showed high
oxygen concentrations in relation to the other lagoons during the study
period. The lagoon has high seagrass cover. G, which received high
nutrient loading rates and had high water chlorophyll values, typically
showed low oxygen concentrations in relation to the other lagoons.
High respiration fueled by elevated chlorophyll concentrations could
partially explain reduced oxygen concentrations in relation to the other
lagoons (Stutes et al., 2007; Murrell et al., 2013). KB, which received
high nutrient loading rates but did not feature high water chlorophyll
values, typically showed intermediate oxygen concentrations.
We also found storm impacts on the lagoons. Some of the storms (or
groups of storms) in our study impacted all three lagoons, but others
only a subset of the lagoons. This could be the results of lagoon resilience to speciﬁc storms. Nevertheless, signiﬁcant storm eﬀects typically resulted in lowered values of salinity and temperature, possibly
due to associated rainfall. Signiﬁcant storm eﬀects resulted in increased
water column concentrations of nitrate, DON, phosphate and chlorophyll a, possibly due to associated rainfall runoﬀ and sediment resuspension. Signiﬁcant storm eﬀects resulted in increased dissolved
oxygen in most cases though few opposite eﬀects were observed. Other
studies have also found signiﬁcant storms eﬀects on estuarine and
coastal water quality (e.g., Steward et al., 2006; Paerl et al., 2006;
Rodgers et al., 2009).
If the diﬀerence between the last sampling date before landfall and
the ﬁrst sampling date after landfall is larger than the natural variability observed before landfall as characterized by the four pre-landfall
sampling periods sampled, then the storm should be responsible (at
least partially) for such diﬀerence. Nevertheless, our test is conservative
because we may miss true storm impacts that are not large enough to
exceed the maximum pre-landfall natural variability. In addition, our
approach did not consider short-term storm impacts (i.e. within two
weeks from landfall). Some sampling events were conducted either
more than three months prior to or after the storm, which may have
potential confounding eﬀects. One more point needs to mention is the
separate Tukey's tests on individual pairwise comparisons, which may
not control the family-wise type I error rate well due to numerous
comparisons.
In conclusion, we show apparent long-term inﬂuences of watershed
development on coastal water quality. Our results suggest that higher
development often results in higher water-column nutrient concentrations in coastal lagoons, and this inﬂuence propagates somewhat to
chlorophyll a and oxygen concentrations. One limitation of the current
study we need to acknowledge is the lack of true replicate lagoons for
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