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1.  INTRODUCTION

Estuaries are some of the most productive eco -
systems in the world (McLusky & Elliott 2004). How-
ever, physical processes in estuaries result in severe
environmental gradients, particularly for salinity.
De pending on factors such as the volume of fresh-
water inflow, tidal range, wind velocity, and geo -
morpho logy, environmental conditions can vary not
only among different bay systems but also within
a single estuary (McLusky & Elliott 2004). In a ‘typi-
cal’ estuary, salinities range from near 0.5 psu at the
head to 35 psu at the lower reaches and flux diur-

nally depending on factors such as tidal phase or
bay circulation. In estuaries with high levels of
evaporation and low inflows, such as the Laguna
Madre of Texas, USA, salinities may range even
higher (e.g. 40−50+ psu). In response to this con-
stantly changing environment, organisms living in
the estuary must either move to avoid these extreme
conditions or adapt in order to survive, grow, and
reproduce. Species and community responses to
these stressors are reflected in changes to the biotic
as semblage (community composition or structure as
mediated through species diversity, spatial distribu-
tion, or relative abundance).
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Various indices or metrics have been developed
over the years to help monitor ecological conditions
in estuaries. Some of these include using the phyto-
plankton community (Paerl et al. 2003, 2010, Lacou-
ture et al. 2006), benthic assemblages (Weisberg et
al. 1997, Pollack et al. 2009), and fish guilds (Hughes
et al. 2002, Sheaves et al. 2012). Other estuarine con-
dition indices have involved using habitat indicators,
community indicators, economic indicators, protected
species, and/or sensitive species (Warwick 1993,
Thompson & Gunther 2004, Gilliers et al. 2006, Sta-
chelek & Dunton 2013).

In Texas, there have been several studies using in-
dicator species to investigate estuarine ecological
conditions. Most indices were developed in relation to
freshwater inflows or the salinity of the system.
Through the mid-1990s to mid-2000s, Texas Parks
and Wildlife Department (TPWD) and the Texas
Water Development Board jointly published fresh-
water inflow recommendations for all of Texas’ 7
major bays, using fishery species that were judged to
be economically or ecologically important indicators
for each bay system (e.g. Longley 1994, Lee et al.
2001, Kuhn & Chen 2005). In more recent years, at the
direction of the Texas Legislature, a number of expert
science teams and basin and bay stakeholder commit-
tees were established to make recommendations to
the state of Texas on the amount of freshwater inflow
needed for Texas’ 7 major bays. Nearly all these stud-
ies also chose various indicator species as part of their
analyses (e.g. Nueces River and Corpus Christi and
Baffin Bays Basin and Bay Expert Science Team
2011). Other studies such as Pollack et al. (2009) fo-
cused on benthic species to develop a freshwater in-
flow indicator of biotic integrity (FIBI), which reflected
the ecological condition in the Lavaca-Colorado estuary
(Matagorda Bay). Additionally, at the Nueces Delta
preserve of Texas, Stachelek & Dunton (2013) chose 3
emergent plants for study and determined that
Spartina alterniflora could serve as a good indicator of
ecosystem condition, because its abundance closely
tracked variations in freshwater inflow in this highly
saline system. In most, if not all of these examples
from Texas estuaries, indicators were derived from
species subjectively chosen by the investigators using
their own reasoning, interests, or value judgements.

Unlike these previous studies, we utilized statisti-
cal methods to objectively choose, from an entire
fisheries community, the indicator species most cor-
related with and sensitive to the environmental con-
ditions measured in the estuary. San Antonio Bay,
TX, was chosen as the test case for this new method-
ology, with the null hypothesis being that there was

no correlation between the biotic assemblage (fish
community) in the bay and the environmental vari-
ables measured (water salinity, temperature, turbid-
ity, dissolved oxygen, and depth). This 2-step multi-
variate method first provides managers with a way to
impartially identify indicators particularly sensitive
to the environmental variable of interest (using
PRIMER). The second step involves relating these
indicators to the environmental variables such that
the variable(s) that is the main driver of the species
response is identified and the nature of the relation-
ship revealed (using Canoco). Knowing this relation-
ship, managers may then monitor the response of
these indicators to verify the effect and effectiveness
(i.e. success) of their management actions for the eco-
logical community.

2.  MATERIALS AND METHODS

2.1.  Study area

Along the nearly 600 km coastline of Texas, there
are 7 major bays and estuaries. San Antonio Bay is lo-
cated in the mid-region between Matagorda Bay and
Aransas Bay and is the home and feeding area to a
wide range of ecologically and economically impor-
tant fish and wildlife. The San Antonio Bay system
 encompasses the bay itself and several extensions, in-
cluding Hynes Bay, Guadalupe Bay, and Espiritu
Santo Bay (Fig. 1). At the bay’s southwest edge lies
the Aransas National Wildlife Refuge, which is the
primary wintering ground (along with the surrounding
bays and marshes) for one of the rarest birds in North
America, the endangered whooping crane Grus am -
ericana. The bays making up the San Antonio Bay
system are generally shallow, averaging 2 m in depth,
and cover an area of approximately 530 km2 (Diener
1975). Tides for this area are mixed with a mean tidal
range of 0.06−0.09 m, and bay salinity from river to
sea typically ranges from 0.5−25 psu; the major source
of freshwater inflow comes from the San Antonio and
Guadalupe Rivers, which converge only a few miles
upstream of their mouth. Seawater exchange with the
Gulf is relatively small and mainly via the Matagorda
Jetties to the north with some exchange also possible
through Pass Cavallo and Aransas Pass.

2.2.  Trawl community data

The trawl data employed in this study come from
the TPWD resource monitoring program which
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started in 1982 and continues to the present time. A
total of 20 trawl samples are collected monthly in
each major bay system in Texas. These trawls are
taken in a stratified random fashion based on a grid
system defined by 1 min latitude by 1 min longitude
lines, such that each month 10 are taken from the
upper and lower portions of the bay. These samples
are also split evenly across the first and second half of
the month. In cases where a trawl station is too shal-
low (<1 m at mean low tide) or has obstructions and
cannot be sampled, an adjacent grid is chosen to col-
lect the sample. At each station, the trawl is towed
behind the boat at 3 mph (~5 km h−1) for 10 min in a
circular manner. The otter trawl net measures 5.7 m
wide along the headrope at the mouth, 7.0 m wide
along the footrope, and is made of 38 mm nylon mul-
tifilament mesh throughout. Each 10 min tow covers
an area of roughly 0.46 ha. These TPWD bay trawls
sample juveniles and sub-adults of fishery species
utilizing Texas estuaries. All specimens (>5 mm)
 collected in each sample are identified, measured,
counted, and then standardized to catch per unit
effort (CPUE), i.e. number of animals caught per
hour. At each station, water sample variables are also
measured ~0.3 m off the bay bottom prior to trawl
collection. Environmental variables recorded include
temperature (°C), salinity (psu), dissolved oxygen

(ppm), turbidity (NTU), and depth (m)
(TPWD 2002). These data are publicly
avail able by making a public information
request to TPWD (https://tpwd.texas.gov/).

2.3.  Data analysis

Biological (i.e. CPUE) and environmental
data collected by the TPWD resource mon-
itoring program from 1 January 1987 to 31
December 2015 were used for this study
(n = 6960 sampling events). Species caught
in less than 15% of trawl samples over this
entire study period were excluded from the
study, with 115 (of 240) species remaining
for further analysis. CPUE values for each
monthly sampling event were averaged
by year to provide a single, annual mean
CPUE for each of these remaining species.
Environmental variables were processed in
a similar manner and expressed as annual
mean values for each individual variable.
In addition, a categorical variable was added
to the environmental data table to indicate
the annual freshwater inflow condition, as

proposed by Tolan (2013). ‘Dry’ years were those
where the mean annual salinity was ≥85th percentile
of all annual salinity values over the 29 yr study
period, years with values ≤15th percentile were clas-
sified as ‘wet’, and values in between these 2
extremes were classified as ‘normal’ years.

Two software packages, PRIMER (v.6.0) and Canoco
(v.5.0), were employed in this study. PRIMER’s
‘BEST’ routine was used to carry out a full search of
all possible subsets of species/taxa which exhibited
the best match in their multivariate among-sample
patterns with that of the associated environmental
variables (Clarke & Warwick 2001). This subset of
species will be referred to as ‘indicators’, ‘indicator
species’, or ‘indicator assemblages’ of environmental
conditions. It is generally assumed that the degree
to which these 2 patterns match reflects the extent
to which environmental conditions impact or explain
the indicators’ biotic patterns (Clarke & Warwick
2001). In the BEST procedure, the biotic data were
(log10 +1) transformed to down-weight the more
abundant taxa and then converted into a Bray-Curtis
dissimilarity matrix. The environmental variables
were normalized (mean = 0; SD = 1) and the Euclid-
ean distances among samples were calculated. The
mea sure of correlation between these 2 matrices,
Bray-Curtis dissimilarity and Euclidean distance, was
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eval uated by a Spearman correlation coefficient,
which ranges from −1 to +1.

The BEST routine identifies the indicators most
closely correlated with the pattern in the environ-
mental variables, but it does not identify which envi-
ronmental variables from the suite considered may
be the most influential. Therefore, after the indicator
species were identified using BEST, the 2 matrices
were then used to perform a redundancy analysis
(RDA) in Canoco to explore the relative importance/
influence of the environmental variables used and
identify which, if any, were the main drivers of the
relationship with the indicator assemblage identified.
The indicator species assemblage served as the re -
sponse variables for the RDA organized as year-by-
species (case-by-species). The matrix of environ -
mental data (salinity, temperature, depth, dissolved
oxygen, and turbidity) served as explanatory vari-
ables and were arranged in the format of year-by-
variable (case-by-variable). RDA is a linear model
and often considered an extension of principal com-
ponent analysis (PCA). RDA was chosen instead of a
unimodal canonical correspondence analysis (CCA)
because the ordination diagnostics from a pilot CCA
run indicated that the relationship between the re -
sponse and explanatory variables was nearly linear.
These diagnostic tests also showed a short environ-
mental gradient of <3 SD, hence the linear context
was deemed most appropriate.

RDA output consisted of (1) ordination diagrams
and a summary of total variation explained, (2) iden-
tification of the relative importance of the explana-
tory variables, and (3) a parsimonious RDA model
explaining the variation in response variables (Ter
Braak & Smilauer 2012). The ordination diagrams
(biplot or triplot) graphically provide information on
the main structure of the indicator assemblages, and
their links to each environmental variable and the
constrained ordination axes. The significance value
calculated from the overall RDA analysis was not of
interest, since the BEST analysis already identified
the indicator species with the most significant overall
relationship to the environmental variables. How-
ever, since BEST does not determine the relative sig-
nificance of individual environmental variables as
mentioned earlier, the RDA was used to elucidate
their relative importance.

Additionally, the significance of salinity (a proxy for
freshwater inflow) as an environmental driver was
further investigated using a partial RDA for variation
partitioning (VP). VP allows for further investigation
of the relative contribution of subject environmental
variables to the total variation seen in the biotic

 (indicator species) data. This method allows for an
analysis of the unique explanatory power of each in-
dependent (environmental) variable separately (Bor-
card et al. 1992, Peres-Neto el al. 2006, Bienhold et al.
2012). For this purpose, the environmental data were
divided into 2 groups: group ‘a’, which included only
salinity, and group ‘b’, which consisted of turbidity
and temperature (see explanation below). Group ‘c’
was also included to display the shared effects of
these 3 variables. Two partial RDA models were run
to calculate the variance uniquely contributed by
each group (a and b) and their joint effect (a + b). The
variance explained by salinity alone can be retrieved
from a partial model controlling for the group b vari-
ables. A similar process controlling for salinity can be
re peated to find the variance exclusively contributed
by group b variables. The joint effect in which salinity
and group b variables cannot be separated, possibly
due to collinearity, can then be calculated by sub-
tracting the unique effects from the total explained
variance available from the full model run.

3.  RESULTS

3.1.  Environmental conditions of the estuary

Over the 29 yr of trawl samples studied, 240 unique
taxa were identified. Variations in the annual values
of the 5 environmental variables including salinity,
temperature, turbidity, sampling depth, and dissolved
oxygen are shown in Fig. 2. Of those variables, values
for turbidity and salinity varied the most, followed by
temperature, dissolved oxygen, and depth. Annual
mean salinities fluctuated from 7.42−27.91 psu (mean
± SD: 17.81 ± 6.52 psu), while turbidities ranged from
8.55−38.37 NTU (22.54 ± 8.24 NTU). Annual mean
values for the remaining 3 environmental variables
(temperature, dissolved oxygen, and depth) were
22.5 ± 0.65°C, 7.91 ± 0.40 ppm, and 1.87± 0.08 m, re-
spectively. Based on the 29 yr of salinity data, annual
salinities ≥26.58 psu were categorized as ‘dry’ (≥85th

percentile) and occurred in 2009, 2011, 2013, and
2014, and salinities ≤10.66 psu were categorized as
‘wet’ (≤15th percentile) and occurred in 1987, 1992,
2003, and 2004. The remaining 21 yr between these
2 extremes were classified as ‘normal’ years.

3.2.  Indicator assemblage

Based on the environmental characterization of the
estuary using PRIMER, the ‘best’ minimal set of fish-
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ery species that closely tracked changes in environ-
mental conditions over the 29 yr study period was
composed of spot Leiostomus xanthurus, silver perch
Bairdiella chrysoura, black drum Pogonias cromis,
iridescent swimming crab Portunus gibbesii, lesser
blue crab Callinectes similis, blue catfish Ictalurus
furcatus, scaled sardine Harengula jaguana, Atlantic
threadfin Polydactylus octonemus, Atlantic brief squid
Lolliguncula brevis, Ohio shrimp Macrobrachium ohi -
one, Atlantic thread herring Opisthonema oglinum,
and longnose spider crab Libinia dubia. Further-
more, since TPWD bay trawls typically sample mostly
juveniles or sub-adults, this indicator assemblage can

be further understood to be composed of younger
age classes of these species. This suite of species had
a rank matrix correlation coefficient of Rho = 0.563
(p < 0.001). Of these 12 species, 7 (Atlantic brief squid,
Atlantic threadfin, Atlantic thread herring, lesser
blue crab, longnose spider crab, iridescent swimming
crab, and scaled sardine) are considered to prefer
higher salinities. They are typically found in the open
Gulf or in high salinity areas of lower bays. In con-
trast, blue catfish and Ohio shrimp are more oligoha-
line, mainly found in the upper or more freshwater
portions of the estuary. The remaining 3 (black drum,
silver perch, and spot) are euryhaline organisms
common or endemic over a wide range of salinities in
estuaries.

3.3.  Indicator species−environment relationship

The significant relationship between the indicator
species and environmental variables established
above using the BEST procedure was then followed
up with the use of a RDA model to clarify which, if
any, particular environmental variables were driving
the relationship. Based on the full RDA model, total
variation in indicators was 103.33 and the environ-
mental variables accounted for 55.2% of this varia-
tion. The first 2 RDA axes explained almost 75% of
this fitted (explained) variation.

Graphic outputs for the RDA were displayed as
ordination biplots. They summarize not only the
 species−environment relationships, but also the cor-
relations among variables including those between
the indicator species and those between explanatory
variables. The ordination diagram for the analysis
(Fig. 3) includes 3 major components: (1) the ex -
planatory variables (red vector lines), (2) the indica-
tor species (blue vector lines), and (3) the hydrologi-
cal conditions (wet, dry, normal; red, solid triangles).
The projection of environmental variables shown in
Fig. 3 reveals that the first RDA axis was mainly
related to salinity, and affected both stenohaline spe-
cies (e.g. Atlantic brief squid, Atlantic threadfin,
longnose spider crab, and lesser blue crab) and oligo-
haline species (e.g. blue catfish and Ohio shrimp).
The second RDA axis was most strongly related to
turbidity and was seen to negatively impact euryha-
line species such as spot and silver perch. Since the
cosine of the angle between vector lines (for the spe-
cies variables or environmental variables), approxi-
mates the correlation between the corresponding
variables, the close to right angle relationship
between salinity and turbidity vectors suggests that
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these 2 environmental variables have independent
effects on the structure of the indicator assemblage.
Similarly, the positions of indicator species in the
ordination diagram supported the known relation-
ships for how these species cluster and relate to envi-
ronmental gradients for the age classes sampled. For
example, the diagram clearly displays that Atlantic
brief squid, longnose spider crab, and lesser blue
crab were positively correlated with each other and
increased in relative abundance (i.e. CPUE) with
increasing salinity.

3.4.  Building a parsimonious RDA model

In addition to establishing the overall relationship
between environmental variables and the indicator
assemblage, 2 additional questions were of interest:
(1) which environmental variable in the model was
the most important, and (2) were there simpler mod-

els (with fewer explanatory variables) that still suffi-
ciently explained the biotic pattern? Table 1 shows
the effects of the various simple and conditional
explanatory (environmental) variables arranged in
decreasing order of importance. Simple term effects
denote the amount of variation each environmental
variable individually explains in the indicator species
matrix if all other variables are excluded from the
model. Conditional term effects denote the amount
of variation explained when the particular environ-
mental variable listed is added to the variable (or
variables) above it in the model equation. Condi-
tional terms are added in such a way that the envi-
ronmental variable that explains the most additional
variance is added in next. Both simple and condi-
tional effects suggest that salinity and turbidity were
the most dominant factors, respectively, driving the
indicator response, and only those 2 variables (salin-
ity and turbidity) qualified for the final, more parsi-
monious model with an α ≤ 0.05 threshold based on
the conditional effects analysis. Note that the percent
of variation explained for turbidity’s conditional ef -
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% Variation pseudo-F p-value
explained

Simple term effects
Sal 25.3 9.1 0.002
Tur 15.1 4.8 0.006
DO 11.1 3.4 0.008
Dry 9.8 2.9 0.018
Wet 9.0 2.7 0.032
Tem 6.6 1.9 0.072
Dep 3.5 1.0 0.448
Normal 3.2 0.9 0.478

Conditional term effects
Sal 25.3 9.1 0.002
Tur 12.0 5.0 0.002
DO 5.0 2.2 0.074
Dry 4.9 2.2 0.066
Dep 4.1 1.9 0.104
Wet 3.0 1.5 0.212
Tem 0.9 0.4 0.846

Table 1. Relative importance of environmental variables to
indicator species based on results of redundancy analysis.
Simple term effects denote the amount of variation each en-
vironmental variable individually explains in the indicator
species matrix if all other variables are excluded from the
model. Conditional term effects denote the amount of varia-
tion explained when the particular environmental variable
listed is added to the variable (or variables) above it in the
model equation. Sal: salinity, Tur: turbidity; DO: dissolved
oxygen; Tem: temperature; Dep: depth. Dry, wet, and nor-
mal denote the individual years where annual mean sal -
inities were ≥85th percentile, ≤15th percentile or in between 

these values for the 29 yr study period, respectively
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fect does not decrease much compared to its simple
term effect. This is because of the roughly orthogonal
(independent) relationship between salinity and tur-
bidity noted for Fig. 3 above. Temperature played a
minor role in explaining variation in the indicator
species in this study; however, Tolan (2013) observed
that community structure was significantly different
across seasons in Texas estuaries. Therefore, temper-
ature was also included in the final, parsimonious
model. Compared with the full model, the final one
had 4 fewer variables, explained 40.3% of the total
variation in indicator species (versus 55.2% for full
model), and was significant (p = 0.002).

3.5.  Variation partitioning

Results from the VP are displayed in Table 2. The
shared portion, c, is not an interaction term, so it can-
not be tested for significance. Salinity alone con-
tributed roughly 19% of the total variation in indica-
tor species, which was nearly twice what group b
explained (10.6%). Furthermore, on a per-variable
basis (compare the mean square values in the last
column), salinity was a much stronger predictor
(0.200 vs. 0.075). Mean square values estimate the
relative strength of the unique effects (groups a and
b) and are obtained via dividing the variation by the
corresponding number of predictors.

4.  DISCUSSION

The main purposes of this study were to present a
unique, 2-step analysis method for impartially select-
ing biological indicators that provides an accurate
reflection of the environmental conditions of the eco-
system, and to show how to identify which of these
environmental variables is the main driver for the
indicator assemblage overall as well as for each indi-
vidual indicator species. Indicators best reflecting the

response to the environmental variable of interest
can then be used by managers as a check to verify
whether management actions are having the ex -
pected or desired effect on abiotic conditions. In
order to demonstrate the usefulness of this methodol-
ogy, we presented a relatively simplified version of
the analysis using fisheries and environmental data
from a long-term data set for San Antonio Bay, Texas.

Many indicators have been developed to assess the
condition of estuarine habitats (Gilliers et al. 2006),
ranging from those based on biological resources to
those based on human use and governance (Thomp-
son & Gunther 2004). Investigators must clearly
establish what the candidate indicator being consid-
ered will actually be measuring. In many cases, the
chosen indicator may be subject to human bias and
may not truly be an effective measure of the con -
dition(s) being monitored. However, in his review
of analytical methods for best estimating freshwater
inflow needs, Estevez (2002) noted the importance of
clearly identifying how these indicators respond to
the environmental variables of interest. The National
Research Council (NRC 2000) has provided sugges-
tions to help in choosing appropriate indicators and
determining whether the chosen candidate satisfies
their suggested criteria.

Investigators must also consider whether a single
indicator or a suite of indicators would best represent
the desired conditions to be monitored. In recent
years, there has been a trend of moving away from a
simple index towards more complex, multivariate
approaches (Harrison & Whitfield 2004, Love & May
2007, Sheaves et al. 2012). One example of this is the
index of biotic integrity, which has been applied to
the assessment of benthic conditions or the ecologi-
cal condition of estuaries (Weisberg et al. 1997, Engle
& Summers 1999, Pollack et al. 2009).

Regardless of which index is used, the chosen indi-
cator should respond to changes in the condition of
interest in the estuary, preferably contemporane-
ously, rather than lagging behind ecosystem changes

(Gunther & Jacobson 2002). Fish
assemblage structure has proven
to be a useful tool both for moni -
toring (Whitfield & Elliott 2002)
and evaluating the condition of es -
tuarine systems (Ley & Halliday
2003, Sheaves 2006). Working on
fish community-level responses to
freshwater inflows in Texas estuar-
ies, Tolan (2013) suggested that
either lower trophic level fish, such
as Gulf menhaden Brevoortia pa -
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Group Variation % of explained % of all df Mean 
variation variation square

a 0.189 57.1 18.9 1 0.200
b 0.106 32.1 10.6 2 0.075
c 0.036 10.8 3.6 − −

Total explained 0.331 100.0 33.1 4 0.134
All variation 1 − 100.0 28 −

Table 2. Variation partitioning results for 2 subgroups of environmental variables
(group a: variation explained by salinity; b: variation explained by turbidity + 

temperature; c: shared variation). –: no value calculated
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tro nus, bay anchovy Anchoa mitchilli, and Gulf killi-
fish Fundulus grandis, or fish showing a definite
salinity response (e.g. Atlantic croaker Micropogo-
nias undulatus, pinfish Lagodon rhomboides, and
white mullet Mugil curema) should be utilized in
freshwater needs studies. Using fish assemblages,
Gelwick et al. (2001) identified (1) indicators for dif-
ferent wetland habitats in a Texas estuary, and (2)
the associated indicator species optima for salinity,
oxygen, and sampling depth. For example, the indi-
cators selected for the lower brackish zone of Mata -
gorda Bay were Gulf menhaden, bay anchovy, silver
perch Bairdiella chrysoura, and spotted seatrout
Cynoscion nebulosus at salinities >15 psu, dissolved
oxygen of 7−10 ppm, and depth <0.5 m (Gelwick et
al. 2001).

The present study shows how the PRIMER BEST
routine can be used to identify an unbiased subset of
indicator species from the community sampled. This
methodology, by design, picks indicators that are the
most sensitive to change in the environmental vari-
ables measured, thus directly addressing the concern
mentioned above about choosing indicators that are
most likely to respond to changes in ecosystem con-
dition. The use of RDA thereafter allows for identifi-
cation of the main environmental drivers of the
 biological response, and of the species from the indi-
cator assemblage that are most responsive to those
drivers.

A total of 12 indicator fishery species were identi-
fied through the multivariate analysis presented
here, and they strongly responded to variation in
environmental gradients as represented by the 2
canonical axes (Fig. 3), which are linear combina-
tions of the 5 environmental variables measured.
Furthermore, the sampling method targeted fairly
mobile juvenile or sub-adult age classes, so the indi-
cators identified in this analysis had the added bene-
fit of being capable of responding near instanta-
neously to changes in environmental conditions and
avoiding the issues with time lags mentioned above.
Additionally, since data for this study came from a
long-term trawl sampling program (1987−2015) col-
lected in San Antonio Bay, changes—such as those
driven by dry and wet year conditions or other distur-
bances—should be captured by this study effort.

Using annual means for the CPUE and environ-
mental variable data simplified analysis, making the
data set more manageable and also had the benefit of
making the results more intuitive and understand-
able (i.e. a single annual value is simpler to present
and understand than a multitude of year × season
combinations, etc.). If an investigator desires a more

detailed analysis, a shorter time period (e.g. monthly)
can be employed for finer scale review of environ-
mental patterns. For the purposes of the present
study, a simplified data set was used in order to
focus on presenting the methodology; however, it is
acknowledged that using mean annual values neces-
sarily muted variation in the data which may be of
interest, such as any within-year variation in CPUE
or environmental variables. The authors caution
other individuals using the techniques outlined here
to weigh the relative costs and benefits of using the
many different options available to them in structur-
ing their data sets and to realize the limitations of any
structure chosen.

Additionally, individuals using this methodology
should be aware that the indicator species identified
could include those that are relatively less common
and therefore judged to not be as ecologically impor-
tant. The indicators identified by the present analysis
ranged from some of the most abundant and most
commonly caught species in this bay system to some
that were fairly common but relatively less abundant
and less frequently caught. For example, spot Leios-
tomus xanthurus was the most common of the indica-
tor species identified. Sampling showed it to have the
3rd highest annual CPUE overall compared to all
other species in this bay system (240 total species
caught), and it was caught in all 29 yr. Iridescent
swimming crab Portunus gibbesii was the least com-
monly caught of the indicator species identified. It
had the 71st highest annual CPUE overall compared
to all other species in this bay system and was caught
in 23 of 29 study years. Six of the 12 indicator species
identified were among the top 27 most common spe-
cies captured in this bay system (spot 3rd, Atlantic
brief squid Lolliguncula brevis 7th, black drum Pogo-
nias cromis 19th, silver perch 20th, lesser blue crab
Callinectes similis 21st, and blue catfish Ictalurus fur-
catus 27th). Interestingly, 2 other species typically
considered to be among the most ecologically or eco-
nomically important fishery species in Texas bays,
spotted seatrout and red drum Sciaenops ocellatus,
were 39th and 77th highest (respectively) in terms of
their annual CPUEs and were caught in 27 and 17
of the 29 sampling years (respectively). In order to
avoid major concerns about the ecological impor-
tance of the indicators chosen when using this
methodology, managers would be wise to place some
constraints (as we did) on the range of species that
can be considered for the analysis in order to ensure
that extremely rare (and thus hard to regularly
 monitor) species are not considered as possible indi-
cators. We would argue that as long as steps are
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taken to remove rare species from consideration as
possible indicators using our methodology, the
 species that are identified by the procedure should
be considered ecologically important, because they
have been shown to be highly sensitive to, and
indicative of, the environmental conditions in the
ecosystem.

It is also worth pointing out that the indicator spe-
cies determined for this system are definitely not
flexible and are likely not applicable to other even
nearby estuaries. Sheaves & Johnston (2009), work-
ing on fish data collected from 21 tropical Australian
estuaries (spanning over 600 km), observed that fish
assemblages from adjacent estuaries may not be the
most similar when compared with those 50 or 100 km
apart. As a result, the chance for the same set of indi-
cator species to be selected in 2 neighboring estuar-
ies or in nearby biogeographical regions seems to be
very low. In addition, estuarine fish are believed to
be site-specific; they are adapted locally to the de -
manding environmental conditions (Elliott & Quintino
2007). Therefore, even if the same set of indicator
species were identified in 2 adjacent estuaries, they
might still differ in their response to a similar envi-
ronmental gradient or set of stressors.

Even so, the graphical output of the RDA analysis
summarized well both the patterns and the indicator
species−environment relationships in San Antonio
Bay. The biplots (Figs. 3 & 4) clearly answer several
underlying questions, such as what was (1) the re -
lationships between indicator species and environ-
mental variables, (2) the correlations among indica-
tor species, (3) the correlations among explanatory
variables, and (4) the relationships among the 29 yr
of samples (Zuur et al. 2007, Borcard et al. 2011).

It is worth mentioning again that the individual
RDA axes are a linear combination of environmental
variables and represent different levels of environ-
mental conditions in the bay system. For example,
when salinity increases (from left to right in Fig. 3),
the abundance of higher salinity species, such as the
lesser blue crab and Atlantic brief squid, should also
increase. On the contrary, when salinity declines,
species that prefer lower salinities, such as blue cat-
fish and Ohio shrimp Macrobrachium ohione, should
increase in relative abundance. Interestingly, it was
noted that higher salinities appeared to negatively
affect Atlantic thread herring Opisthonema oglinum,
which are typically thought to prefer high salinities
as adults. However, this result is explained by the
fact that TPWD bay trawls typically sample juveniles
and sub-adults, and younger age classes of Atlantic
thread herring are known to have more of an affinity

for fresher estuarine conditions (Finucane & Vaught
1986, Vega-Cendejas et al. 1997).

The relationship for the euryhaline species, spot
and silver perch, to RDA axis 2 can be understood in
a similar manner (Smilauer & Leps 2014). These 2
species increase in abundance under low turbidities.
Fig. 4 illustrates how the annual samples collected
under different hydrological conditions are posi-
tioned in the ordination space. Dry years with low
inflows/high salinity are located on the right side of
RDA axis 1; wet years with high inflows/low salinity
aggregate at the left side of axis 1. The remainder of
the normal years generally lie between the dry and
wet groups.

Another benefit of the 2-step method presented
here is that once sensitive indicator species and their
main environmental drivers have been identified,
they can be used for other analyses as well. For
example, if there is a desire to develop a predictive
model for a given indicator species (Porter & Scanes
2015), a Poisson or negative binominal model can be
used to display how an identified indicator species’
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abundance fluctuates with the environmental driver.
An example of this secondary analysis from this
study is presented in Fig. 5, which illustrates the
lesser blue crab−salinity relationship, and the blue
catfish−salinity relationship over the study period of
1987−2015. Note that these 2 examples agree well
with what the biplot displays regarding how the 2
species respond to the first RDA axis—a strong sal -
inity gradient.

In conclusion, the 2-step, multivariate approach
presented here efficiently related an indicator spe-
cies assemblage to the environmental conditions
measured in its ecological system. Step 1 impartially

identified the subset of species which were most sen-
sitive to changes in the environmental variables
measured, and step 2 identified how these indicators
responded to the environmental variables as a group
and individually. The value of this method for man-
agers is that it helps them to impartially identify indi-
cator species that have been shown to truly respond
to their measured environmental variable of interest,
and thus also allows the manager to use these species
to determine whether management actions are  having
the expected or desired effect. The present analysis
identified a unique indicator species assemblage for
the San Antonio Bay system that showed measurable
variations in abundance based on changes in environ-
mental conditions in the bay system, thus refuting
our null hypothesis. For the present study, this would
mean that if managers increased freshwater inflows
into the San Antonio Bay system, they should see a
corresponding increase in the relative abundance of
blue catfish and Ohio shrimp in bay trawl samples
and a decrease in the relative abundance of Atlantic
brief squid, longnose spider crab Libinia dubia, and
lesser blue crab. Verifying these patterns in the indi-
cators species’ responses would thus provide valida-
tion of the success and effectiveness of management
actions on the biological community.
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