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ABSTRACT 
 
The main difference between the Guadalupe and Lavaca-Colorado Estuaries relate to both 
size and Gulf exchange.  Freshwater inflow has a larger impact on the smaller-restricted 
Guadalupe Estuary than in the Lavaca-Colorado.  Both the smaller size and restricted 
inflow have synergistic effects, thus the Guadalupe is generally fresher and has higher 
carbon content than the Lavaca-Colorado.  These conditions lead to higher benthic 
productivity in the Guadalupe Estuary.  On the other hand, higher salinities and invasion of 
marine species is responsible for a more diverse community in Lavaca-Colorado Estuary.  
There is long-term, year-to-year variability in inflow.  Higher inflow introduces higher 
values of dissolved inorganic nitrogen, which in turn stimulates primary production.  The 
higher primary production, which is ephemeral and changes on very short time scales (days 
to weeks) drives benthic production, which changes over longer times scales (three to six 
months).  Typically, nitrogen (which is derived from inflow and processed by estuarine 
organisms) is lost within the top 20 cm of sediment.  Inflow also drives benthic community 
succession, due to different salinity tolerances of fresh, brackish, estuarine, and marine 
species.  Due to the species changes and time scales of effects, the signal of inflow effects 
is easiest to measure and monitor using benthos as indicators.  It is also apparent that long-
term changes may be related to global climate cycles, e.g., El Niño events in the western 
Pacific Ocean.  This study has benefitted by a statistical quirk (or trend) in climate data.  
There have been 11 El Niños in this century, three occurred in the first half and 8 have 
occurred in the second half.  This short study (only 12 years) has captured three events.  
Because the long-term global cycles can vary from three to 20 years in length, long-term 
monitoring data will be required to develop reliable quantitative estimates of productivity 
versus inflow.  Because the last few decades have been unusually wet, estimates based on 
the current study are likely to be over-estimates of the long-term average. 
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I. Objectives:  
 
The main objective of this project is to use benthic infaunal invertebrates as bioindictors of 
ecosystem response to long-term changes in freshwater inflow to Texas bays.  This 
objective is accomplished by collecting quarterly samples in four bays, analyzing archived 
samples, and relating benthic abundance, biomass, and diversity to salinity changes over 
time.  There are two tasks associated with the project: 
 
Task 1: Analyze archived benthic community data for association with large-scale and 

long-term changes in freshwater inflow. 
 
Task 2: New field monitoring of benthic communities at fixed stations. 
 
 
II. Background:  
 
The benthic community is unique among estuarine organisms for three reasons: 1) they are 
predominantly permanent residents of the bay, unlike more visible but migratory, nekton; 
2) they are relatively long-lived compared to plankton, and 3) are relatively immobile, 
unlike nekton and plankton that move freely or with currents.  This combination of 
characteristics means that benthic communities integrate dynamic changes in aquatic 
ecosystems over long time scales.  Benthos are therefore the best sentinel group, 
responding to changes in external conditions without the complication of movement to 
different regions of the estuary or the adjacent coastal zone (Montagna and Kalke 1991, 
1992, 1995).  Macrofauna are composed primarily of polychaetes, mollusks and peracarid 
crustaceans (mainly amphipods).  Typically, benthic macrofauna are good indicators of 
environmental effects because of known community responses to organic enrichment and 
contaminant gradients (Montagna and Harper 1996).  Nearly all ecological monitoring 
programs use benthic abundance, biomass, and diversity as ecological indicators of 
productivity and health with respect to changes in the environment.  Yet, this has not been 
a traditional part of the Texas Parks and Wildlife Coastal Fisheries monitoring Program. 
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Since 1987, Dr. Paul Montagna, Texas A&M University at Corpus Christi, has occupied a 
series of stations distributed along the salinity gradients within the central Texas estuaries 
of Matagorda, San Antonio, Aransas, and Corpus Christi Bays (Figure 1).  Location of 
stations is designed to determine the spatial and temporal effects of freshwater inflow on 
bay health.  Two ecosystems (Matagorda and San Antonio Bays) have medium inflow and 
two ecosystems (Aransas, and Corpus Christi Bays) have low inflow, thus replicating the 
main experimental effect at the treatment level.  There are four to six stations in each bay 
system (depending on size) to measure spatial responses (Table 1).  Through a variety of 
supporting agencies (City of Corpus Christi, Lower Colorado River Authority, Texas Water 
Development Board, Texas Sea Grant, National Oceanic and Atmospheric Administration) 
Dr. Montagna has sampled these stations for many years, but lacked funds to analyze the 
samples.  Analysis of these archived samples would provide data for predictive models of 
the response of benthic organisms that live in and on the sediments of the bay bottom to 
quantity of freshwater inflow needed to maintain bay productivity and health (Montagna 
and Li 1996). 
 
An important objective of many resource agencies in the State of Texas is to quantify the 
relationship between bioindicators of marine resource populations and freshwater inflows 
to the State’s bays and estuaries.  However, there is year-to-year variability in population 
densities and successional events in estuarine communities.  This year-to-year variability is 
apparently driven by long-term, and global-scale climatic events, e.g., El Niño, which 
affects rates of freshwater inflow (Tolan 2007).  Therefore, the approach taken here is to 
document long-term changes in populations and communities that are influenced by 
freshwater inflow.  The best indicator of productivity is the change in biomass of the 
community over time (Banse and Moser 1980).  Based on initial sampling of one to four 
years of data, it was concluded that inflow does increase benthic productivity (Kalke and 
Montagna, 1991; Montagna and Kalke, 1992; 1995).  However, later analysis of the data 
set over a 5-year period demonstrated that the largest effect may not be on productivity, but 
may be on community structure (Montagna and Li, 1996).  This implies that reduced 
inflows may not only reduce productivity but may also change the composition of species 
in an estuary.  The complete long-term record now extends over 15 years.  The completion 
of this research will take up to 20 years, because the trends are driven by long-term climatic 
events controlled by global climate patterns, e.g., El Niño. 
 
 
III. Procedures:  
 
There are seven major estuarine systems along the Texas coast.  Each system receives 
drainage from one to three major rivers.  The northeastern most estuaries receive more 
freshwater inflow than the southwestern estuaries.  The bays in the central coast are 
connected by lagoons on the continental side of barrier islands.  There are Gulf inlets 
through the barrier islands, which connect the sea with the lagoon behind the island.  The 
lagoon opens to a large primary bay.  There is a constriction between the primary bay and 
the smaller secondary bay.  The river flows into the secondary bay.  Primary bays have 
greater marine influence and secondary bays have greater freshwater influence.  So, as well 
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as a latitudinal climatic gradient, there is a longitudinal salinity gradient within each 
estuary.  This geography is the prime motivation for the sampling design. 
 
The similarity of the Texas estuaries allows us to design a sampling program where we can 
use statistical control on confounding factors, e.g., Gulf exchange, circulation patterns, and 
alterations by man.  Four to six stations were chosen in each estuary (Table 1, Fig. 1) 
employing the same spatial sampling design that has been employed in previous studies of 
Texas estuaries (Montagna and Kalke 1992. 1995).  Two replicate stations (A and B) are in 
the secondary bay where freshwater influences are greatest.  Two replicate stations (C and 
D) are in the primary bay where marine influences are greatest.  By using two stations in 
the freshwater influenced zone and two stations in the marine influenced zone we are 
replicating effects at the treatment level and avoiding pseudoreplication (Hurlbert, 1984).  
In 1993 a diversion of the Colorado River into the east arm of Matagorda Bay was created, 
so two additional stations (E and F) are located in the northeastern arm of Matagorda Bay 
to examine the influence of the Colorado River.   
 
Hydrographic Measurements:  Salinity, conductivity, temperature, pH, dissolved oxygen, 
and redox potential were measured at the surface and bottom at each station during each 
sampling trip.  Measurements were made by lowering a multi-parameter sonde.  Salinities 
levels are automatically corrected to 25°C. 
 
Biological Measurements:  Sediment was sampled with core tubes held by divers.  The 
macrofauna were sampled with a tube 6.7 cm in diameter, and sectioned at depth intervals 
of 0-3 cm and 3-10 cm.  Three replicates were taken within a 2 m radius.  Samples were 
preserved with 5% buffered formalin, sieved on 0.5 mm mesh screens, sorted, identified to 
the lowest taxonomic level possible, and counted.  Each macrofauna sample was also used 
to measure biomass.  Individuals were combined into higher taxa categories, i.e., 
Crustacea, Mollusca, Polychaeta, Ophiuroidea, and all other taxa were placed together in 
one remaining sample.  Samples were dried for 24 h at 55 °C, and weighed.  Before drying, 
mollusks were placed in 1 N HCl for 1 min to 8 h to dissolve the carbonate shells, and 
washed with fresh water. 
 
The scientific names of all the species were verified and made to be consistent across all 
data sets.  In addition, the full taxonomic description was verified.  The convention for 
species names and taxonomy used in the current study is based on the Species 2000 and 
Integrated Taxonomic Information System (ITIS) Catalogue of Life: 2006 Annual 
Checklist (Bisby et al. 2006; http://www.sp2000.org). 
 
Statistical analyses for this report were performed on summary datasets.  For abundance 
and biomass, the samples were pooled by section, averaged by station, and then averaged 
by bay so that a estuary-wide average was calculated for each sampling date.  For diversity, 
the samples were pooled bay-wide by species per sampling date, then the total species 
richness (S) was calculated, as was Hill’s N1.  Hill’s N1 is the exponential form of the 
Shannon diversity index (N1 = exp(H′) and is a representation of the number of dominant 
species in a sample.  
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Community structure of benthic invertebrate species was analyzed by non-metric multi-
dimensional scaling (MDS).  In the current study, the MDS was performed on family level 
data.  The abundances of individuals of each family were pooled for each station, and then 
stations were average estuary-wide for each sampling date.  The species data were 
aggregated for two reasons: 1) there were a very large number of species, and 2) many past 
studies have show aggregating benthic species at the family level yield the same results of 
species level analysis (Bayne et al. 1988, Heip et al. 1988, Warwick 1988).  MDS analysis 
was completed using a Bray-Curtis similarity matrix on log-transformed (ln + 1) data.  The 
distance between estuary-date combinations in the MDS plot can be related to community 
similarities or differences between estuaries at each given date.  Differences and 
similarities among communities were highlighted based on cluster analysis calculated from 
the similarity matrix.  A subset of species that represented the spatial pattern in an MDS 
plot was determined using the BVSTEP procedure.  The BVSTEP procedure removes 
structurally redundant species to determine the species that are important to community 
structure (Clarke and Warwick, 1998).  Multivariate statistical analysis was performed 
using Primer software (Clarke and Warwick, 2001). 
 
 
IV. Results:  
 
Data from four estuaries (i.e., river-fed systems) were analyzed: Lavaca-Colorado Estuary 
(LC), Guadalupe Estuary (GE), Mission-Aransas Estuary (MA), and Nueces Estuary (NC).  
Hereafter, these estuaries will be referred to by the abbreviated 2-letter code given above.  
The estuaries are also known by the major (i.e., primary) bay names: LC = Matagorda Bay, 
GE = San Antonio Bay, MA = Aransas Bay, and NC = Corpus Christi Bay.   
 
The estuaries have statistically different average salinities (Table 3), but salinity temporal 
patterns are similar in all the bays (Figure 2).  Whereas the salinity is lowest in GE and 
highest in NC, floods and droughts appear at similar times in both estuaries.  Both NC and 
LC have direct connections to the Gulf of Mexico and large primary bays, thus, they have 
the highest and second highest average salinity.  The estuaries have similar average 
temperature and dissolved oxygen concentrations. 
 
The estuaries have statistically different average abundances (Table 4).  The GE estuary 
has about twice the average abundance as LC or MA.  The NC and GE estuaries have 
similar average biomass, but this is significantly larger than the LC and MA average 
biomass, which are the same.  Diversity is highest in the NC and LC estuaries, although 
they are statistically different.  They are both about twice as diverse as the GE and MA 
estuaries, which are similar. 
 
The temporal pattern of the biological infauna data is complex (Figure 3 – 5).  Bay-wide 
abundance appears to be decreasing coast-wide over the last 20 years (Figure 3).  This 
phenomenon is happening in all bays.  Bay-wide biomass also appears to be decreasing 
over the last 20 years, but this pattern is less distinct coast-wide, and appears to be 
occurring primarily in the LC estuary (Figure 4).  Bay-wide diversity is more stable over 
time, but again, appears to be decreasing over the last 20 years in LC only (Figure 5).  In 
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fact, diversity appears to be increasing in the NC estuary.  For abundance and diversity 
there is some concordance among the estuaries over time.  For example, 1996 – 1998 had 
low abundance and diversity everywhere followed by increases through 2002. 
 
A total of 353 species were found among all samples coast-wide representing 142 families.  
The samples were pooled by estuary-sampling date combinations to perform an analysis of 
community structure (Figure 5).  This analysis reveals that there are strong community 
identities in each bay system.  There is a gradient from the Guadalupe Estuary (the least 
saline) to the Nueces Estuary (the most saline).  The Mission-Aransas Estuary is most like 
the Guadalupe and the Lavaca-Colorado is most like the Nueces, but it share some 
similarity with both the Mission-Aransas and Guadalupe.  The pattern in Figure 5 can be 
replicated by a subset of 21 families (Table 5) that have a 0.95 correlation to the original 
pattern.  That is, these 21 families are responsible for the differences found among the bay-
systems. 
 
 
V. Analysis:  
 
Since 1987, macroinfauna have been sampled in four estuaries (Figure 1) that are 
influenced by different freshwater inflow regimes, as indicated by the overall salinity 
average (Table 3).  The Lavaca-Colorado and Guadalupe Estuaries are similar in the 
amount of freshwater inflow they receive, but different in two key attributes.  The Lavaca-
Colorado Estuary (910 km2 at mean tide) is almost twice as large as the Guadalupe Estuary 
(579 km2 at mean tide).  The Lavaca-Colorado also has direct exchange of marine water 
with the Gulf of Mexico via Pass Cavallo and the Matagorda Ship Channel.  In contrast, 
exchange in the Guadalupe Estuary is restricted by Cedar Bayou and is predominantly 
north-south exchange through the Intracoastal Waterway.  The Lavaca-Colorado Estuary 
has higher estuarine-wide salinities (average 20.7 ppt from 1988-2007) than the Guadalupe 
(average 13.1 ppt from 1987 - 2007), which is smaller and has restricted exchange.  This 
indicates freshwater inflow has a greater effect on the upper part of San Antonio Bay than 
on Lavaca Bay.  In contrast, the Mission-Aransas and Nueces Estuaries are about the same 
size (453 and 433 km2 respectively) and have about the same amount of freshwater inflow, 
yet, the average salinity in the Nueces estuary is nearly twice (29.0 ppt) as large as in the 
Mission-Aransas Estuary (16.6 ppt).  Similar to the situation further north, the Nueces with 
higher salinity has greater oceanic influence from the Aransas Pass than the Mission-
Aransas Estuary.  Also, the Mission and Aransas Rivers are the only coastal rivers without 
reservoirs or large water diversions. 

The long-term temporal patterns of salinity indicate there are large year-to-year fluctuations 
in all estuaries for freshwater inflow.  There is a continuous cycle of drought and flood 
conditions.  The flood cycles are coincident with El Niño events in the western Pacific 
Ocean (Tolan 2007).  So, climatic cycles in Texas are apparently caused by global changes.  
These cycles regulate freshwater inflow, and thus, directly affect the biological 
communities.  The variability in the freshwater inflow cycle results in predictable changes 
in the estuary.  The effects of recent El Niño events are obvious in the estuaries.  Salinities 
declined dramatically with the El Niño events in 1986 - 1987, 1992 - 1993, 1997 – 1998, 

 5



and 2004 - 2005.  The 1986 and 1992 events had larger effects in the Guadalupe Estuary, 
and the 1997 event had a larger effect in the Lavaca-Colorado Estuary.   

Benthic marcroinfauna are small benthic mollusks, crustaceans, and polychaetes that live in 
the mud.  These benthos are very responsive to salinity changes.  Again, the salinity 
changes are used as a surrogate for freshwater inflow changes.  The benthic response is due 
to a combination of characteristics of the infauna.  Mainly, they are fixed in space and thus 
sample the overlying water column continuously.  Therefore benthos, integrate freshwater 
inflow effects over time. 

There are three main benthic characteristics that are measured and used as bioindicators: 
abundance, biomass, and diversity.  Macrofauna abundance and biomass is generally 
largest in the Guadalupe and Nueces estuaries than in the Lavaca-Colorado and Mission-
Aransas estuaries.  Ironically, these are the estuaries with the highest and lowest average 
salinity.  Thus, simple linear responses between bioindicators of productivity and inflow as 
indicated by salinity are not occurring.  There are two main reasons this occurs.  First, 
salinity is influenced mainly by four factors: inflow volume, bay volume, evaporation over 
the bay area, and tidal exchange.  The differences in salinity are largely due to differences 
in these four factors.  Another factor to consider is stability, which is indicated by the 
variance of the salinity (Figure 7).  The Nueces system has the lowest salinity variance, and 
this likely explains the high abundance, biomass, and diversity (Table 4).  In contrast, the 
Guadalupe Estuary has the highest variance and also the highest abundance, second highest 
biomass, and low diversity.  The response is explained by succession theory, because low 
diversity of smaller, but numerous organisms is typical of a highly disturbed system. 

The degree of Gulf of Mexico water exchange is also important.  The benthos diversity is 
related to the degree of Gulf exchange, which is highest in the Lavaca-Colorado and 
Nueces Estuaries and leads to more oceanic species present in the that estuary, so we find 
higher diversity.   

In the Texas lagoonal estuaries, the biological effects appear to be driven by the El Niño 
cycle.  Flood conditions introduce nutrient rich waters into the estuary which result in 
lower salinity.  This happened in the winter/spring of 1987, 1992 and 1997 in all estuaries.  
During those El Niño periods the lowest salinities and highest nutrient values were 
recorded.  During these periods the spatial extent of the freshwater fauna is increased, and 
the estuarine fauna replaced the marine fauna in the lower end of the estuary.  The high 
level of nutrients stimulated a burst of benthic productivity (of predominantly freshwater 
and estuarine organisms), which lasts about six months.  This was followed by a transition 
to a drought period with low inflow resulting in higher salinities, lower nutrients, marine 
fauna, decreased productivity and abundances.  At first, the marine fauna responded with a 
burst of productivity as the remaining nutrients are utilized, but eventually nutrients are 
depleted resulting in lower macrofauna biomass and densities.  This was seen from 1989 to 
1990, 1993 to 1995, and from 1997 through the present.  Pulsed flood events, particularly 
in dry years, mitigates these patterns. 
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Table 1.  Sampling design for the long-term benthic inflow study.  Quarterly sampling 
period. 
Estuary Bay Type Bay Name Stations Period 
Lavaca-Colorado Secondary Lavaca A 1984-2007 
 Secondary Lavaca B 1988-2007 
 Primary Matagorda C, D 1988-2007 
 Primary Matagorda E, F 1993-2000, 2004-2007 
Guadalupe Secondary Upper San Antonio A, B, 1987-2000, 2004-2007 
 Primary Lower San Antonio C, D 1987-2000, 2004-2007 
Mission-Aransas Secondary Copano A, B 1988 (1/y), 2003-2007 
 Primary Aransas C, D 1988 (1/y), 2003-2007 
Nueces Secondary Nueces A, B 1987-2007 
 Primary Corpus Christi C, D 1987-2007 
 Primary Corpus Christi E 1990-2007 
 
 
 
Table 2.  Sampling locations.  Location given in degrees and decimal minutes. 

Bay Station Latitude Longitude 
Lavaca-Colorado  A 28 40.439 96 34.950 
(LC) B 28 38.192 96 34.985 
 C 28 32.482 96 28.082 
 D 28 28.661 96 17.230 
 E 28 33.162 96 12.558 
 F 28 35.767 96 2.456 
    
Guadalupe A 28 23.611 96 46.344 
(GE) B 28 20.866 96 44.744 
 C 28 14.771 96 45.893 
 D 28 18.126 96 41.061 
    
Mission-Aransas A 28 3.983 97 12.778 
(MA) B 28 7.759 97 2.832 
 C 28 4.513 96 56.798 
 D 27 57.651 97 0.372 
 E 27 47.000 97 16.000 
    
Nueces A 27 50.985 97 28.249 
(NC) B 27 50.855 97 23.969 
 C 27 49.312 97 21.077 
 D 27 42.600 97 10.733 
 E 27 47.833 97 9.050 
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Table 3.  Summary of physical variables.  Average salinity (ppt), temperature (°C), and 
dissolved oxygen (mg/L).  Mean over all samples coast-wide, and Tukey multiple 
comparison test to distinguish between means among bays, where underlined means 
indicate they are not significantly different at the 0.05 level. 
 
Variable Overall Mean Estuary-wide Comparisons 

  NC LC MA GE 
Salinity 20.7 29.0 20.7 16.6 13.1 
      
      
  MA NC GE LC 
Temperature 22.5 23.8 22.6 22.4 22.0 
      
      
Dissolved 7.8 GE MA LC NC 
Oxygen   8.6 8.1 7.7 7.1 

      
 
 
 
Table 4.  Summary of biological variables.  Average abundance (n m-2), biomass (g m-2), 
and species richness (S).  Mean over all samples coast-wide, and Tukey multiple 
comparison test to distinguish between means among bays, where underlined means 
indicate they are not significantly different at the 0.05 level. 
 
Variable Overall Mean Estuary-wide Comparisons 

  GE NC LC MA 
Abundance 13,377 18,687 15,494 9,970 6,902 
      
      
  NC GE LC MA 
Biomass 5.71 8.69 6.68 3.81 1.77 
      
      
  NC LC GE MA 
Diversity 40.2 56.1 41.8 25.3 22.6 
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Table 5.  Subset of families that explains the community pattern in Figure 6. 
   

Phyla Class Order Family Mean (n m-2) 
Nemertea 
   Nemertea (unidentified)  154.2 
 Gastropoda 
  Neotaeniogloassa 
   Hydrobiidae   806.08 
 Bivalvia 
  Veneroida 
   Lasaeidae   56.80 
   Mactridae  620.77 
  Nuculoida 
   Nuculanidae  21.98 
Annelida 
 Polychaeta 
  Errantia 
   Chrysopetalidae   19.90 
   Hesionidae   65.41 
   Syllidae  14.99 
  Sedentaria 
   Spionidae  2,081.98 
   Cirratulidae   70.24 
   Cossuridae   137.13 
   Orbiniidae   65.17 
   Paraonidae   70.87 
   Capitellidae  3,483.29 
   Maldanidae   63.87 
   Serpulidae  3.54 
 Oligochaeta 
   Oligochaeta (unidentified)  142.44 
Crustacea 
 Malacostraca 
  Cumacea 
   Bodotriidae  33.20 
  Amphipoda 
   Ampeliscidae   125.17 
  Tanaidacea 
   Apseudidae   259.48 
Echinodermata 
 Ophiuroidea 
  Ophiurida 
   Amphiuridae   39.19 
121 Other Families  862.17 
Total      9,197.88 
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Figure 1.  Locations of long-term sampling stations in central Texas estuaries. 
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Figure 2.  Salinities averaged each quarter over the entire estuary (i.e., bay-wide). 
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Figure 3.  Abundance averaged each quarter over the entire estuary. 
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Figure 4. Biomass averaged each quarter over the entire estuary. 
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Figure 5. Diversity averaged each quarter over the entire estuary. 
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Figure 6.  Multivariate analysis of communities at the family level.  Symbols represent 

estuary at different sampling periods.  Lines connect samples that share 47% 
similarity in families from a cluster analysis. 
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Figure 7.  Box plot of the salinity data for each estuary.  Upper fence is highest value, 

lower fence is lowest value, box ranges from 25th percentile to 75th percentile, line 
is median, and cross is mean. 
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