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Nutrient and Biological Conditions
of Selected Small Streams in the
Edwards Plateau, Central Texas,

2005-06, and Implications for

Development of Nutrient Criteria

By Jeffrey A. Mabe

Abstract

During the summers of 2005 and 2006 the U.S. Geo-
logical Survey, in cooperation with the Texas Commission
on Environmental Quality, evaluated nutrient and biological
conditions in small streams in parts of the Edwards Plateau
of Central Texas. Land-cover analysis was used to select 15
small streams that represented a gradient of conditions with
the potential to affect nutrient concentrations across the study
area, which comprises two of four subregions of the Edwards
Plateau ecoregion. All 15 streams were sampled for water
properties, nutrients, algae, benthic invertebrates, and fish in
summer 2005, and eight streams were resampled in summer
2006. Streams that did not receive wastewater effluent had rel-
atively low nutrient concentrations and were classified as oli-
gotrophic; streams receiving wastewater effluent had relatively
high nutrient concentrations and were classified as eutrophic.
Nutrient concentrations measured in the least-disturbed
streams closely matched the U.S. Environmental Protection
Agency nutrient criteria recommendations based on estimated
reference concentrations. Nitrogen/phosphorus ratios indicated
streams not affected by wastewater effluent might be limited
by phosphorus concentrations. Algal indicators of nutrient
condition were closely related to dissolved nitrogen concentra-
tions and streamflow conditions. Ambient dissolved nitrogen
concentrations (nitrite plus nitrate) were positively correlated
with benthic algal chlorophyll-a concentrations. The correla-
tion of benthic algal chlorophyll-a with instantaneous nitrite
plus nitrate load was stronger than correlations with ambient
nutrients. Increased nutrient concentrations were associated
with increased macroalgae cover, wider diel dissolved oxygen
ranges, and reduced diel dissolved oxygen minimums. Benthic
invertebrate aquatic life use scores generally were classified
as High to Exceptional in study streams despite the influence
of urbanization or wastewater effluent. Reductions in aquatic
life use scores appeared to be related to extremely low flow
conditions and the loss of riffle habitats. Benthic invertebrate
aquatic life use scores and several of the metrics used to

compute composite aquatic life use scores tended to increase
with increasing total nitrogen concentrations. Fish commu-
nity aquatic life use scores generally were classified as High
or Exceptional with the exception of a few samples collected
from streams receiving wastewater effluent that were classified
as Intermediate. Fish community aquatic life use scores and
several fish community metrics were positively correlated
with nutrient concentrations and macroalgae cover. The major-
ity of the positive correlations among nutrient concentrations,
macroalgae cover, and fish metrics were strongly influenced
by relatively high nutrient concentrations. Both benthic and
planktonic chlorophyll-a measures were related to nutrients,
but this study indicates that benthic chlorophyll-a was the
better choice for monitoring nutrient enrichment because

(1) the relation between benthic chlorophyll-a and nutri-

ents was stronger, and (2) a strong relation between benthic
chlorophyll-a and nutrients persisted after removal of the sites
influenced by wastewater effluent, which indicates superior
ability of benthic chlorophyll-a to discriminate between condi-
tions at lower nutrient concentrations. The transect-based algal
abundance estimate technique is a useful tool for identifying
eutrophic conditions, assessing nuisance algal growth, and
making broad comparisons among sites, but it appears to lack
the fine resolution to identify lesser degrees of nutrient enrich-
ment. Several individual benthic invertebrate and fish metrics
were correlated with nutrient conditions, but correlations were
generally positive and the reverse of what would be expected
when nutrient enrichment causes a proliferation of algal
growth and stream degradation. However, the benthic inverte-
brate functional feeding group metrics showed some promise
as measures of nutrient condition.

Introduction

Nutrients, broadly defined, are chemical elements
essential to the growth, reproduction, and metabolic processes
of living organisms. Aquatic ecosystems require nutrients to
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support the biological communities they contain. However,
overabundant nutrients can contribute to various water-

quality problems. Excessive amounts of nitrogen or phospho-
rus, or both, can promote the growth of aquatic vegetation and
result in problems ranging from degraded water quality and
altered aquatic habitats to a loss of recreational and aesthetic
value. Recent water-quality inventories compiled by the U.S.
Environmental Protection Agency (USEPA) identify nutri-

ent enrichment as one of the leading causes of water-resource
impairment in the Nation (U.S. Environmental Protection
Agency, 1996, 1998a, 2000). Historically, State efforts to con-
trol nutrients generally have taken the form of narrative criteria
aimed at avoiding nuisance algal growth. For example, the
present standard for Texas states, “Nutrients from permitted
discharges or other controlled sources shall not cause exces-
sive growth of aquatic vegetation which impairs an existing,
attainable, or designated use” (Office of the Texas Secretary of
State, 2007).

To effectively address issues related to nutrient enrich-
ment, the USEPA has directed States to develop numeric
nutrient criteria for their surface waters. To assist States in
the development process, the USEPA created a strategy for
developing ecoregion-based numeric nutrient criteria focused
on specific water bodies—that is, streams and rivers, lakes and
reservoirs, estuaries and coastal marine waters, and wetlands
(U.S. Environmental Protection Agency, 1998b). In December
2001 the USEPA published nutrient-criteria recommendations
for rivers and streams (U.S. Environmental Protection Agency,
2001) in Level III Ecoregion 30, the Edwards Plateau (Griffith
and others, 2004) (fig. 1A). Recommendations were based
on an estimate of reference conditions (25th percentile for all
data) and focused on two nutrient constituents, total nitrogen
and total phosphorus, and two biological variables known to
respond to nutrient enrichment, water-column chlorophyll-a
and turbidity. However, evidence indicates that water-column
chlorophyll-a, a measure of the biomass of suspended algae
(phytoplankton), is a poor indicator of nutrient enrichment
in small, often fast-flowing, Texas streams, and that benthic
(attached) algal chlorophyll-a might be a better indicator
(Texas Commission on Environmental Quality, 2006).

Benthic algae are sessile organisms that colonize the
surfaces of submerged rocks and other stable substrate. As
primary producers, benthic algae in the clear streams of Cen-
tral Texas take up nutrients from the environment and make
them available to higher trophic levels. Benthic algae require
nutrients to maintain a healthy community, but an over-
abundance of nutrients can promote excessive algae growth
and result in wide-ranging ecological effects. The increased
metabolic activity associated with high algal biomass can alter
diel (24-hour) dissolved oxygen (DO) and pH concentrations
(Allen, 1995). Reductions in DO concentrations coupled with
high temperatures and low flows during the summer can affect
the distribution, survival, and reproductive success of sensitive
fish (Lowe and others, 1967; Matthews and Maness, 1979)
and benthic invertebrate species (Allen, 1995; Rosenberg
and Resh, 1996). The proliferation of benthic algae can lead

directly to changes in community structure and function by
altering the food base and cover habitat (Quinn and Hickey,
1990; Feminella and Hawkins, 1995). Additionally, high algal
biomass often is viewed as objectionable and can degrade

the aesthetic and recreational uses of a stream (Biggs, 1985;
Welch and others, 1988).

The Texas Commission on Environmental Quality
(TCEQ), the agency charged with developing nutrient criteria
in Texas, does not routinely collect information on benthic
algae, and data useful for developing nutrient criteria are
lacking in the Edwards Plateau and other Texas ecoregions.
Accordingly, the U.S. Geological Survey (USGS), in coopera-
tion with TCEQ, did a study during 2005-06 to characterize
nutrient and biological conditions and to identify relations
between nutrient conditions and biological conditions in
selected small streams of Central Texas.

Purpose and Scope

This report presents the results of data collection and
analysis of nutrient and biological conditions in small streams
in the Edwards Plateau of Central Texas during the summers
of 2005 and 2006. More specifically this report (1) describes
the range of nutrient and biological conditions in selected
small streams in the eastern part of the plateau; and (2) identi-
fies and examines relations between nutrient concentrations
and biological-response variables, including the effects of
streamflow on relations between nutrients and biological con-
ditions. In addition, the report discusses the findings in light
of USEPA-recommended nutrient criteria for the Edwards
Plateau ecoregion. Data to characterize water properties,
nutrients, algae, benthic invertebrates, and fish were collected
from 15 streams in 2005 and from a subset of eight streams in
2006 in two of four subregions (the study area) of the Edwards
Plateau ecoregion.

Description of Study Area

The Edwards Plateau of Central Texas is a dissected lime-
stone uplift bounded on the south and east by the Balcones
escarpment and grading into the Chihuahuan Desert to the
west and the Great Plains to the north. The area generally is
typified by thin soils underlain with Cretaceous-age limestone
formed from marine deposits. The plateau can be divided
into four subregions (fig. 1A) with distinct characteristics
(Griffith and others, 2004), two of which contain the water-
sheds of streams sampled for this report. The Edwards Plateau
Woodland subregion in the central part of the plateau contains
broad, moderately dissected uplands typified by juniper-oak
and mesquite-oak savannas. In contrast, the southeastern part
of the plateau, the Balcones Canyonlands subregion, encom-
passes rugged terrain heavily dissected by stream systems
with steep-sided canyons and a higher percentage of decidu-
ous woodland. Although some farming occurs in the broader
stream valleys, the plateau is better known as a grazing region
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for cattle, sheep, and goats. In recent years exotic game ranch-
ing has replaced traditional ranching in some areas.

Climatic conditions follow a gradient from semiarid to
arid in the western parts of the plateau to more humid condi-
tions in the eastern part. Average annual rainfall across the
study area watersheds ranges from about 34 inches per year
near Austin (fig. 1A) to about 28 inches per year near Freder-
icksburg (U.S. Department of Agriculture, Natural Resources
Conservation Service, 1999). Streams in the region are primar-
ily two types: spring-fed and perennial or intermittent and
only flowing after rainstorms (Ashworth, 1983). Dry summer
conditions and sporadic, intense rainstorms combined with
steep, primarily bedrock slopes make the Balcones Canyon-
lands prone to extreme variation in streamflow (Caran and
Baker, 1986).

Methods of Study

Water and biological samples were collected from small
streams in study-area watersheds in September 2005 and
August 2006. Samples were collected in the late summer
to assess conditions during the period of the year when low
streamflow and high water-temperature conditions stress
biota and threaten the maintenance of aquatic life use (ALU)
standards (Texas Commission on Environmental Quality,
2005). Streams were selected to represent a gradient of condi-
tions with the potential to influence nutrient concentrations.
Sites sampled twice were used to assess the year-to-year
variation in nutrient concentrations and associated biological
conditions.

Site Selection

The initial selection of candidate streams was done in
consultation with TCEQ. Topographic maps were used to
identify potential sampling sites, which then were plotted
with 2001 National Land Cover Data (MRLC Consortium,
2007) to evaluate the presence of watershed characteristics and
land use practices that could affect nutrient concentrations.
Potential sampling sites were visited once in spring 2005 to
evaluate habitat conditions and to screen for potential differ-
ences in channel form, substrate, riparian vegetation, and the
availability of microhabitat or instream cover that could affect
the biological sampling. Fifteen small wadeable streams were
selected for this study (table 1). Watersheds of 12 streams are
entirely within the Balcones Canyonlands, and watersheds of
three streams are entirely or partly within the Edwards Plateau
Woodland (fig. 1B). A study reach was established at each of
the selected stream sites according to TCEQ protocols. Stream
sites were evaluated to identify the best biological sampling
locations, the number and extent of geomorphic channel units
(riffles, runs, and pools), and the average stream width. Study
reaches encompass the chosen biological sampling locations
and the maximum variety of geomorphic channel units. Reach

Methods of Study 5

lengths were equal to 40 times the average stream width. Most
stream watersheds are characterized by relatively low levels

of urban and agricultural land cover (fig. 2), however, three
streams (Barons Creek, Brushy Creek, and Cibolo Creek)
receive wastewater discharges upstream from the study reach.
The Bull Creek watershed in Austin has the largest percentage
of urban land cover, and the South Grape Creek watershed has
the largest percentage of agricultural land cover. Five streams
(Big Joshua Creek, Cow Creek, Curry Creek, Cypress Creek
2, and South Rocky Creek) were designated for comparison as
least-disturbed. The initial selection of least-disturbed streams
was based on the lowest levels of urban and agricultural land
cover in the watershed. The final designation of least-disturbed
streams accounted for various land use factors identified dur-
ing site reconnaissance. For example, the Blanco River water-
shed has low percentages of both urban and agricultural land
cover, but site inspection revealed residential housing close to
the study reach. Land cover in the least-disturbed watersheds
was dominated by forest and shrubland with lesser percentages
of grassland.

Data Collection and Analysis

Water Sampling

Water samples were collected once at each site (fig. 1B)
at the time of biological sampling in accordance with TCEQ
protocols (Texas Commission on Environmental Quality,
2003). Whole-water nutrient samples (total nitrogen, total
phosphorus, and Kjeldahl nitrogen) were collected directly
with a grab sample from the centroid of streamflow with a
125-milliliter translucent polyethylene bottle and preserved
with 1 milliliter 1:7 sulfuric acid. Dissolved nutrients (ammo-
nia, nitrite plus nitrate, and orthophosphate) were collected in
a 1-liter polyethylene container and processed through a 45-
micrometer (wm) glass-fiber filter into a 125-milliliter brown
polyethylene bottle. All nutrient samples were placed on ice
for shipping to the laboratory except for orthophosphate sam-
ples, which were frozen for preservation and shipped on dry
ice. Nutrient samples were shipped overnight and processed
by the USGS National Water Quality Laboratory (NWQL) in
Lakewood, Colo.

A Hydrolab MiniSonde 4a multiprobe was used to mea-
sure DO, pH, specific conductance, and temperature continu-
ously at 15-minute intervals for 2 to 3 days before sampling.
Each multiprobe was calibrated with traceable standards in
controlled conditions before placement in flowing water at
approximately one-third the stream depth. After recovery,
calibration was rechecked to evaluate instrument performance
and screen for drift in any of the probes.

A single water sample cannot fully characterize the
long-term water quality of a stream. The composition of
stream water varies with time and can fluctuate with seasons
and patterns of rainfall and runoff. Water composition of
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Figure 2. Land cover in study watersheds, Edwards Plateau, Central Texas, 2001.
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streams affected by point-source discharges such as waste-
water releases can vary daily or even hourly. However, a single
sample collected in an area of the stream where the water is
well mixed and the chemical composition is homogeneous

can adequately characterize conditions at the time of sampling
(Hem, 1992). The purpose of this study was not to characterize
the suite of nutrient conditions in any one stream, but rather

to compare nutrient and biological conditions among sites dur-
ing critical summer low-flow periods. Climatic conditions in
the study area during the month before sampling were stable
with high temperatures and little rainfall (National Climatic
Data Center, 2007). Streamflow patterns in gaged streams
within the study area generally were stable or slowly declin-
ing (U.S. Geological Survey, 2007). Therefore, single samples
collected at the same time as the biological sampling were
considered adequate to represent the overall water-quality
conditions influencing the biological assemblage at summer
low flow.

Biological Sampling

Two methods were used to sample benthic algal biomass
at each site. The first followed standard USGS protocols devel-
oped for the National Water Quality Assessment (NAWQA)
program (Moulton and others, 2002) and used the top-rock
scrape method. Five large cobbles were collected from five
locations in each study reach. Cobbles were collected in riffles
when present and runs when riffles were not present. Benthic
algae were removed from the cobble surfaces and combined
to form a composite sample. Subsamples (5 milliliters each)
were collected from the composite sample for the analysis of
chlorophyll-a and ash-free dry weight (AFDW) and filtered
onsite through a 45-um glass-fiber filter. Filters were wrapped
in foil, placed in a sealed petri dish, and frozen with dry ice
for shipment to the NWQL for analysis. The remainder of
the composite sample was preserved with a sufficient volume
of buffered formaldehyde to obtain a final concentration of
5-percent buffered formalin and retained for possible future
taxonomic identification.

The second method involved a transect-based technique,
modified from Hawkins and others (2001), for sampling and
estimating stream-algal abundance. Transects originated
on the left bank at the downstream boundary of each reach
and ran diagonally upstream across the channel to the right
bank. When stream bends were encountered, transects were
anchored at the bend and run diagonally back across the chan-
nel. This technique results in a single transect laid in a zigzag
pattern down the length of the reach and facilitates the assess-
ment of algal abundance in both mid-channel and near-bank
environments. Transects were divided into 100 equally spaced
survey points and walked; at each survey point the amount
of stream bottom covered by macroalgae (filamentous algae)
was estimated for a 1-foot-square area centered on the survey
point. Coverage was estimated using six cover categories:
none, less than 5 percent, 5-25 percent, 25-50 percent, 50-75

percent, and more than 75 percent. A composite macroalgae
cover score was computed by assigning each cover category

a numeric value (0 for no cover to 5 for more than 75-percent
cover), multiplying the number of points in each category by
the category value, and summing the total. Additionally, at
each survey point the closest piece of loose substrate (rock or
woody debris) was selected and evaluated for percentage cover
of macroalgae using the same categorical approach. The thick-
ness of microalgae (microscopic algae such as diatoms) grow-
ing on the loose substrate also was evaluated using categorized
estimates: rough (no cover), slimy (microalgae present but not
visible), visible, 0.5 to 1 millimeter (0.02 to 0.04 inch), and 1
to 5 millimeters (0.04 to 0.20 inch).

Phytoplankton biomass was assessed by collecting 1
liter of water from the centroid of flow and filtering it onsite
through a 45-um glass-fiber filter. Filters then were treated
in the same manner as benthic algae samples. Phytoplankton
biomass analysis consisted of chlorophyll-a only.

Benthic invertebrate samples and fish assemblage surveys
were done at each site according to TCEQ protocols (Texas
Commission on Environmental Quality, 2005). Benthic inver-
tebrates were collected throughout the reach using a 500-um
D-frame kick net for 5 minutes in loose (gravel to cobble)
substrate. The sampled material was placed in a shallow pan
and randomly subsampled with a 4-inch-square frame. Sub-
samples were sifted, and all visible benthic invertebrates were
collected until a minimum count was reached. The minimum
count in 2005 was 100 individuals, but a change in TCEQ
protocols increased the minimum to 200 individuals in 2006.
However, TCEQ protocols require complete picking of the last
subsample after the minimum count is obtained. As a conse-
quence, total benthic invertebrate sample sizes were similar for
sites sampled in 2005 and 2006. Samples were preserved with
80-percent ethanol and shipped to a contract laboratory (Twin
Oaks Biological in Dripping Springs, Tex.) for taxonomic
identification and enumeration.

The fish community at each site was sampled by mak-
ing a single electrofishing pass through the entire reach for a
minimum of 900 seconds. Most streams were sampled with
a backpack electrofishing unit, but two sites, Cypress Creek
2 and Cibolo Creek, were too deep for the backpack unit and
were sampled with a barge electrofishing unit. Six effective
seine hauls per reach were done to supplement the electro-
fishing. Seine hauls were done using a 15- by 6-foot minnow
seine with a 0.25-square-inch mesh and distributed among
stream geomorphic units (riffles, runs, and pools) according
to their relative abundance in a reach. All fish that could be
identified in the field were identified. Problematic species
were preserved in 10-percent buffered formalin and delivered
to Dr. Dean Hendrickson, Memorial Museum, University of
Texas at Austin, for expert identification. Voucher specimens
(specimens retained for reference) were collected for all spe-
cies at each site. Small species were vouchered by preserving
a representative specimen in 10-percent buffered formalin, and
large species were vouchered by photographing a representa-
tive specimen.



Data Analysis

The NWQL uses two statistically determined values to
reduce the possibility of reporting erroneous results when ana-
lyzing very low concentrations of water constituents. The first
and smallest value is the long-term method detection level
(LT-MDL), which designates the smallest concentration
that can be reported reliably with only a 1-percent chance
of reporting a false positive (Oblinger Childress and others,
1999). The second, larger value is the laboratory reporting
level (LRL), which is calculated on the basis of the LT-MDL
and designates the value that can be reported with only a
1-percent chance of reporting a false negative. When a NWQL
analysis results in a value that falls between the LT-MDL and
the LRL, the laboratory reports the analysis value, but quali-
fies it as estimated. Analysis values less than the LT-MDL are
reported as less than the LRL and are considered censored
values. Statistical analyses of nutrient concentrations in this
report included estimated values as they were reported, but
one-half the value of the LT-MDL was used when results were
reported as less than the LRL. The majority of censored con-
centrations were related to phosphorus and ammonia nitrogen
data in streams with low nutrient concentrations.

Before sampling, the 15 streams of the study were
grouped on the basis of their potential for nutrient enrichment.
Designated groups were (1) streams receiving wastewater
effluent (WW), (2) streams classified as least-disturbed on
the basis of low percentages of urban and agricultural land
cover (LD), and (3) streams not receiving wastewater efflu-
ent but that were excluded from the least-disturbed category
because site reconnaissance indicated a potential nutrient
source—for example, a home septic system close to the stream
(NWW).

All data were reviewed for errors and imported into a sta-
tistical software package (STATISTICA, 1999) for summary
and analysis. Summary statistics such as means and medians
were computed from the raw data.

Study variables were compared among stream groups
with a nonparametric Kruskal-Wallis multiple comparison
(KWMC) test on ranked data. The nonparametric KWMC
test does pairwise comparisons between all possible pairs of
groups to indicate whether there are differences among groups,
and if so, which differ from others—that is, whether pairs
of group mean ranks differ at a particular significance level
(Helsel and Hirsch, 1992). Because this is a nonparametric
test, the overall shapes of the individual variable distributions
do not affect the power of the KWMC test to detect differ-
ences among groups.

Variables thought to be indirectly related, such as nutrient
concentrations and benthic invertebrate taxa richness, were
assessed using correlation, which is considered appropriate
for variables that are not functionally dependant (Zar, 1998).
Spearman’s rank correlation was used to indicate the sig-
nificance of relations because it is sensitive to all monotonic
relations (y changes as x changes) regardless of whether they
are linear or not.
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Relations between variables thought to be directly
related, such as nutrient concentrations and algal chlorophyll-
a, were assessed using simple linear regression. Regression is
useful in assessing the relations between variables when the
magnitude of one variable is assumed to be determined by
the magnitude of one or more other variables (Zar, 1998). In
some cases multiple regression was used to more fully explore
variable relations. The individual variables were checked
for normality using a Shapiro-Wilk test (Zar, 1998) before
regression, and any non-normal variables were transformed to
better approximate a normal distribution. Some proportional
variables were arcsine transformed by taking the arcsine of the
square root of the proportion. All other variable transforma-
tions were log,, transformations.

Two levels of significance were used to classify and dis-
cuss the statistical results: one for the KWMC test to indicate
whether there were differences among groups and another with
Spearman’s rank to indicate whether variables were related.
Grouping of streams on the basis of their potential for nutrient
enrichment produced small sample sizes in group WW and
LD streams. In general, small sample sizes reduce the power
of a statistical test to indicate a difference, if one exists; and in
general, sample size is the most important component affect-
ing statistical power (Park, 2004). Increasing the significance
level of a statistical test increases the power of the test. Thus,
to offset potential loss of statistical power of the KWMC tests
because of small sample sizes, the significance level for those
tests was set to a relatively lenient .10 (p-value thus less than
or equal to .10). The downside of increasing the power by
increasing the significance level is that the probability that the
test will indicate that a group is different, when in fact it is not,
is increased. For the Spearman’s rank correlations, which used
the full dataset (with a few exceptions) and therefore involved
larger sample sizes, the significance level was set to the more
common .05 (p-value thus less than or equal to .05).

Nutrient Conditions

Nutrient conditions in the small streams of the Edwards
Plateau can be broadly understood in terms of their trophic
state. Streams have been classified nationally into trophic
states on the basis of generally accepted limits (boundaries)
for total nitrogen and total phosphorus (U.S. Environmental
Protection Agency, 2001) (table 2). In this study trophic-state
classifications were dependent on the presence of wastewater.
Group NWW and LD streams generally were classified as
oligotrophic (low nutrient concentrations) on the basis of
USEPA criteria. Group WW streams had larger nutrient
concentrations and were classified as eutrophic (high nutrient
concentrations) on the basis of USEPA criteria.

Trophic states also were reflective of the type of influence
in the watersheds. Group WW streams were associated with
more urbanized watersheds, but the most urbanized watershed,
Bull Creek, does not receive wastewater effluent and had some
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Table 2. U.S. Environmental Protection Agency recommended boundaries for trophic classification
of streams (U.S. Environmental Protection Agency, 2001).

[mg/m?, milligrams per square meter; mg/L, milligrams per liter]

Response variable

Oligotrophic-mesotrophic

Mesotrophic-eutrophic

(units) boundary boundary
Mean benthic chlorophyll-a (mg/m?) 20 70
Maximum benthic chlorophyll-a (mg/m?) 60 200
Total nitrogen (mg/L) .70 1.50
Total phosphorous (mg/L) .025 .075

of the lowest nutrient concentrations. In addition, the one
stream (South Grape Creek) that was not receiving wastewater
effluent and that could be classified as eutrophic on the basis
of a 2005 total nitrogen concentration of 2.55 milligrams per
liter [mg/L]) has the highest percentage of agricultural land
cover in its watershed. When the three group WW streams
were removed from the dataset, total nitrogen concentrations
were significantly correlated with the percentage of agricul-
tural land cover in the watershed (p = .0004) (fig. 3).

Constituent Concentrations

Nitrogen

Total nitrogen concentrations for all streams ranged
from 0.12 to 4.81 mg/L (table 3) with a median concentration
of 0.35 mg/L. Total nitrogen concentrations for group WW
streams ranged from 0.57 to 4.81 mg/L with a median of
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Figure 3. Relation between land cover and total nitrogen concentrations for all streams in the study, excluding those receiving
wastewater effluent (group WW streams), Edwards Plateau, Central Texas, 2005-06.
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Figure 4. Distribution of nutrient concentrations by stream group, Edwards Plateau, Central Texas, 2005-06.

1.51 mg/L (fig. 4). Total nitrogen for group NWW streams
ranged from 0.12 to 2.55 mg/L with a median of 0.30 mg/L.
The largest total nitrogen concentration in group NWW
streams (2.55 mg/L) was measured in the agriculturally influ-
enced stream, South Grape Creek, in 2005 and was 3.8 times
the next highest concentration. Total nitrogen for group LD
streams ranged from 0.18 to 0.35 mg/L with a median of
0.29 mg/L.

The KWMC test comparing total nitrogen concentrations
by group (table 4) indicated that group LD and NWW streams
were significantly different from group WW streams (p =
.0113 and .0184, respectively). There was no significant dif-
ference between group LD and NWW streams (p = 1.0). The
presence of wastewater effluent clearly elevates concentrations
of total nitrogen in the small streams of the study.

Nitrogen occurs in many chemical forms in water but
only the dissolved inorganic forms (nitrite, nitrate, and ammo-
nium) are available for assimilation by most algae (Barsanti

and Gualtieri, 2006). In contrast, organic nitrogen forms must
first undergo mineralization (conversion to ammonium) before
they are available to most algae. In aerobic waters the domi-
nate form of inorganic nitrogen is nitrate (Stumm and Morgan,
1996) and nitrite plus nitrate can be considered a measure of
the nitrogen directly available to algae.

Nitrite plus nitrate concentrations for all streams ranged
from 0.004 to 4.67 mg/L (table 3) with a median concentration
of 0.068 mg/L. Nitrite plus nitrate concentrations for group
WW streams ranged from 0.172 to 4.67 mg/L with a median
of 0.912 mg/L (fig. 4). Nitrite plus nitrate concentration in
group NWW streams ranged from 0.004 to 2.41 mg/L with
a median of 0.054 mg/L. Nitrite plus nitrate concentrations
in group LD streams ranged from 0.004 to 0.21 mg/L with a
median of 0.035 mg/L.

The KWMC test comparing nitrite plus nitrate con-
centrations by group indicated that group LD and NWW
streams were significantly different from group WW streams



Table 4. Results for Kruskal-Wallis multiple comparison tests
for differences among stream groups, Edwards Plateau, Central
Texas, 2005-06.

[For each variable, groups classified with same letter are not significantly
different at .10 level. WW, wastewater effluent; NWW, no wastewater effluent;
LD, least disturbed; mg/L, milligrams per liter; mg/m?, milligrams per square
meter; g/m?, grams per square meter; DO, dissolved oxygen]

Response variable Stream group

(units) WW NWW LD
Nutrient measures
Nitrite plus nitrate (mg/L) (A (B) (B)
Total nitrogen (mg/L) (A) (B) (B)
Total phosphorus (mg/L) A (B) (B)
Algal biomass measures
Benthic algal chlorophyll-a (mg/m?) (A) (B) (A, B)
Ash free dry weight (g/m?) (A) (B) (B)
Phytoplankton chlorophyll-a (mg/L) (A) (A,B) (B)
Composite score for macroalgae by area  (A) (B) (B)

Composite score for macroalgae by A) (A A)

substrate
Composite score for macroalgae thickness (A) (A,B) (B)
Diel dissolved oxygen and pH
Diel DO mean (mg/L) A) (A (A)
Diel DO minimum (mg/L) A A (A)
Diel DO range (mg/L) A A (A)
Diel pH minimum (standard units) (A) (A (A)
Diel pH maximum (standard units) (A) (B) (A, B)
Diel pH range (standard units) (A) (B) (A, B)
Benthic invertebrates
Aquatic life use scores A) (A (A)
Fish
Aquatic life use scores (A) (B) (A, B)

(p =.0100 and .0514, respectively). There was no difference
between group LD and NWW streams (p = 1.0). The larger
concentrations of nitrite plus nitrate in group WW streams
reflect the effects of point-source inputs of wastewater efflu-
ent. Secondary treatment of wastewater promotes the conver-
sion of ammonia and organic nitrogen to nitrate (U.S. Environ-
mental Protection Agency, 2004).

Phosphorus

Phosphorus concentrations were measured as total phos-
phorus and as dissolved orthophosphate. Several total phos-
phorus samples were reported by the NWQL as estimated and
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one was reported as less than the LRL. Concentrations of total
phosphorus ranged from 0.001 to 3.52 mg/L (table 3) with

an overall median of 0.006 mg/L. Similar to nitrogen, total
phosphorus concentrations were largest in streams receiving
wastewater (group WW). Median total phosphorus concentra-
tions by group were 1.04 mg/L for group WW streams, 0.006
mg/L for group NWW streams, and 0.003 mg/L for group LD
streams (fig. 4). Unlike total nitrogen, total phosphorus was
only slightly elevated in the agriculturally influenced South
Grape Creek.

The KWMC test comparing total phosphorus concentra-
tions by group (table 4) yielded results similar to those for
total nitrogen; group LD and NWW streams were significantly
different from group WW streams (p = .0002 and .0270,
respectively) but not from each other (p = .2632).

In freshwater, phosphorus can exist in various dissolved
ionic forms, both organic and inorganic, and can be sorbed to
suspended sediment. However, dissolved inorganic phospho-
rus, primarily in the form of orthophosphate, is the principal
form used by algae and aquatic plants. Orthophosphate con-
centrations in streams not influenced by wastewater (groups
NWW and LD) were quite low; concentrations of orthophos-
phate in 82 percent of samples were below the LT-MDL of
0.004 mg/L. Medians for orthophosphate were not computed
for these two groups of streams. Detectable concentrations
of orthophosphate were in only two samples in the group LD
streams. The median orthophosphate concentration for group
WW streams was 0.987 mg/L and the median orthophosphate
contribution to total phosphorus was about 95 percent.

Wastewater discharges are well known contributors of
phosphorus to receiving waters (U.S. Environmental Protec-
tion Agency, 2004); thus the increased concentrations of total
phosphorous and orthophosphate in the streams receiving
wastewater effluent are not surprising.

U.S. Environmental Protection Agency
Recommended Criteria

Historical datasets compiled by the USEPA and the
USGS were used to develop estimates of reference-condition
nutrient concentrations in the Edwards Plateau (U.S. Envi-
ronmental Protection Agency, 2001). Reference-condition
estimates for nutrient forms were the 25th percentile of all data
(across all sites and seasons) reported for the Edwards Plateau
between 1990 and 2000.

Nutrient concentrations measured in the group LD
streams were very similar to the USEPA reference-condition
estimates for nutrient concentrations in the Edwards Plateau
(U.S. Environmental Protection Agency, 2001) (table 5). Mean
concentrations of Kjeldahl nitrogen and total nitrogen were
consistent with the USEPA estimates, whereas the mean for
nitrite plus nitrate was slightly less than the USEPA estimate.
The mean concentration of total phosphorus measured in
the group LD streams was about 40 percent of the USEPA
estimate. However, both estimated (0.008 mg/L) and measured
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(0.003 mg/L) total phosphorus concentrations were quite
small, and mean total phosphorus for the group LD streams
was within the range of error for the NWQL measurement
method at the time of this study (LRL = 0.004 mg/L and
LT-MDL = 0.002 mg/L). In addition, the USEPA estimates
were made using all available data from the entire Edwards
Plateau ecoregion and data from all seasons of the year,
whereas the group LD streams were concentrated in the Bal-
cones Canyonlands subregion and were only sampled in the
summer. Inclusion of least-disturbed streams from the entire
ecoregion and data from all seasons of the year might increase
mean concentrations of total phosphorus.

Nutrient Limitation

The concept of single nutrient limitation of algal growth
is based on the theory that the rate of production is constrained
by the nutrient that is in shortest supply. Understanding which
nutrient is limiting in a system could be beneficial to the
development of nutrient criteria and help focus nutrient
reduction efforts. In general, phosphorus is considered limiting
to benthic algae when the atomic ratio of nitrogen to phospho-
rus (N:P ratio) is greater than 20:1, and nitrogen is considered
limiting at N:P ratios less than 10:1 (Borchardt, 1996). Limita-
tion is difficult to discern for ratios in the 10-20:1 range, and
nutrients might be co-limiting.

Nutrient limitation in the 15 study streams could be
divided between streams receiving wastewater effluent and
streams not receiving wastewater effluent. Streams that did
not receive wastewater effluent (groups NWW and LD) had
N:P ratios that ranged from 35:1 to 558:1, which indicates
phosphorus limitation. One caution, however—nutrient ratios
can only provide a general indication of nutrient limitation,
and algal assays are needed to clearly identify nutrient limita-
tion (S.D. Porter, Texas State University, written commun.,
2007). In contrast, group WW streams generally had large
phosphorus concentrations and low N:P ratios that ranged
from 0.6:1 to 6.7:1. Low N:P ratios are common in streams
that receive wastewater effluent because of the high phos-
phorus content of effluent (Hem, 1992). However, the results
noted do not necessarily indicate nitrogen limitation in these
streams. In general when nutrients are in excess, the supply
ratio is irrelevant, and nutrient limitation is not a factor in algal
production (Borchardt, 1996).

Biological Conditions

Algae

The issues most often associated with excessive nutrient
concentrations in streams generally are related to the growth
of algae and other aquatic plants. Algal growth commonly is
assessed by measurements of biomass (mass of algal organic

Table 5. U.S. Environmental Protection Agency nutrient
concentration estimates for reference streams in the Edwards
Plateau (U.S. Environmental Protection Agency, 2001) and mean
measured concentrations from selected least-disturbed streams,
Edwards Plateau, Central Texas, 2005-06.

[In milligrams per liter]

U.S. Environmental
Mean measured

Protection concentration
Constituent Agency estimated
reference from least-
X disturbed sites
concentration

Total Kjeldahl nitrogen 0.18 0.18
Nitrite + nitrate .090 .068
Total nitrogen 270 265
Total phosphorous .008 .003

matter per unit area of substratum or volume of water). Two
methods were used to estimate the biomass of benthic algae at
each site: chlorophyll-a and AFDW. A transect-based method
was used to estimate benthic algal abundance. The water-
column chlorophyll-a concentration also was measured to esti-
mate phytoplankton biomass for comparison and to evaluate
its potential as an indicator of nutrient enrichment.

Chlorophyll-a and Ash-Free Dry Weight

Median benthic algal chlorophyll-a across all sites was
40.8 milligrams per square meter (mg/m?) and ranged from
11.2 to 148 mg/m? (table 6). Medians for benthic algal chlo-
rophyll-a were lowest in group NWW streams (29.5 mg/m?),
intermediate in group LD streams (40.8 mg/m?), and highest
in group WW streams (77.9 mg/m?) (fig. 5). The KWMC tests
indicated group WW and NWW streams were significantly
different (p = .0759) (table 4). However, group LD streams
were not significantly different from either group NWW
streams (p = 1.0) or group WW streams (p = .6415). The lack
of significant difference for group LD streams is the result of
the wide distribution in rank values for benthic algal chloro-
phyll-a in the group LD streams, which might be related to
streamflow. In general, benthic algal chlorophyll-a samples
with low ranks were associated with relatively low streamflow,
but the two group LD streams with benthic chlorophyll-a
values ranked relatively high, Cy2 and Cur, were characterized
by relatively high streamflow similar to flow in the streams
receiving wastewater effluent.

Trophic-state boundaries for temperate streams based on
mean benthic algal chlorophyll-a values have been developed
by Dodds and others (1998) and recommended for use in
nutrient criteria development (U.S. Environmental Protection
Agency, 2001) (table 2). Values used to develop benthic algal
chlorophyll-a criteria generally were seasonal means obtained
over a 2-3 month period in a single year (Dodds and others,
1998). Although algal chlorophyll-a samples in this study are
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Figure 5. Distribution of benthic algal biomass by stream group, Edwards Plateau, Central Texas, 2005—06.

one-time late-summer samples and might not be strictly
comparable to criteria for mean values, a comparison to
published benthic algal chlorophyll-a criteria might still be
informative.

Trophic states for streams not receiving wastewater
(groups NWW and LD) evaluated using criteria based on
mean benthic chlorophyll-a classifications generally were
higher than those indicated by nutrient concentrations. The
majority of samples from group NWW and LD streams (76.5
percent) were classified as mesotrophic. Three samples, two
from group NWW streams and one from a group LD stream,
were classified as oligotrophic, and one sample from a group
LD stream was classified as eutrophic. In contrast, trophic
classifications based on benthic chlorophyll-a were reduced
(mesotrophic) for three group WW streams in comparison to
those indicated by nutrient concentrations. Group WW streams
generally had relatively high concentrations of chlorophyll-a,

but trophic-state classifications based on benthic chlorophyll-a
were not as clearly defined by wastewater as those based on
measured nutrient concentrations (see “Nutrient Conditions”
section).

AFDW commonly is used in conjunction with chlo-
rophyll-a to assess benthic algal biomass. In this study the
AFDW results were not consistent with those for chlorophyll-
a. Correlation between AFDW and benthic algal chlorophyll-a
across all samples was poor (p = .5055). However, if sites
were categorized by the presence of wastewater effluent,
AFDW was strongly correlated with benthic algal chlorophyll-
a in streams receiving wastewater (group WW) (p = .0083)
and streams not receiving wastewater (groups NWW and LD
combined) (p =.0178) (fig. 6). The mean ratio of benthic chlo-
rophyll-a to AFDW in group WW streams (6.6 mg/m?: 1 gram
per square meter [g/m?]) was more than four times the ratio in
streams not affected by wastewater (1.6 mg/m?:1 g/m?).
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Table 6. Summary of chlorophyll-a and ash-free dry weight results for selected small streams, Edwards Plateau, Central Texas,

2005-06.

[Chl-a, chlorophyll-a; mg/m?, milligrams per square meter; AFDW, ash-free dry weight; g/m? grams per square meter; mg/L, milligrams per liter; WW, waste-
water effluent; NWW, no wastewater effluent; --, not sampled; LD, least disturbed]

Site 2005 2006

N T
(table 1) (mg/m?) (g/m’) (mg/L) (mg/m?) (g/m’) (mg/L
Bar WW 52.8 12.7 45 20.1 4.50 3.6
Bru WW 148 13.6 15 50.0 8.70 12
Cib WW 103 13.0 1.9 104 16.2 23
Bla NWW 6722 55.7 1.1 30.5 212 6.3
Bul NWW 479 18.0 1.9 26.9 213 2.5
Cyl NWW 336 17.7 70 - - -
Lic NWW 15.4 13.1 90 - - -
Oni NWW 26.9 217 1.1 - - -
SGr NWW 53.6 25.9 1.9 28.4 20.1 2.5
SSG NWW 18.4 154 1.0 - - -
Blo LD 40.8 419 80 - - -
Cow LD 32.0 27.1 70 - - -
Cur LD 58.2 12.9 90 - - -
Cy2 LD 70.8 482 90 49.8 45.0 90
SRo LD 35.9 17.6 70 1.2 9.60 22

Measured AFDW as an estimate of algal biomass is
subject to bias when non-algal organic material such as
detritus and heterotrophic organisms compose a substantial
part of the sample (Stevenson, 1996). However, the chloro-
phyll-a/AFDW ratios in this study are the reverse of what
might be expected. Wastewater discharges are a substantial
source of organic carbon (U.S. Environmental Protection
Agency, 2004), and heterotrophic organisms, which are
dependant on organic carbon, would be expected to prolif-
erate in wastewater-influenced streams and thus decrease
chlorophyll-a/AFDW ratios. The larger chlorophyll-a/AFDW
ratios in group WW streams in this study might be related to
streamflow. Substrates in the streams not receiving wastewater,
where water velocities were relatively slow, were commonly
covered by a thick layer of calcium carbonate precipitate. In
contrast, substrates in streams where flow velocities were
maintained by wastewater effluent generally were clear. The
layer of calcium carbonate precipitate might have affected the
AFDW results by (1) entraining non-algal organic material or
(2) providing a habitat matrix for the growth of heterotrophic
microfauna such as bacteria, fungi, and microinvertebrates. A
significant positive correlation between instantaneous dis-
charge and chlorophyll-a/AFDW ratios (p = .0141) supports
this hypothesis.

Measured AFDW ranged from 4.50 to 55.7 g/m? (table
6) with an overall median of 17.7 g/m?. Group medians for
AFDW were reversed from those of chlorophyll-a; group WW
streams were lowest (12.9 g/m?), followed by group NWW
streams (20.7 g/m?), and then group LD streams (27.1 g/m?)
(fig. 5). The KWMC test comparing AFDW by group indi-
cated that group LD and NWW streams were significantly
different from group WW streams (p = .0423 and .0251,
respectively) but not significantly different from each other
(table 4).

Phytoplankton chlorophyll-a concentrations ranged from
0.70 to 6.3 mg/L (table 6) with an overall median of 1.2 mg/L.
Group medians were smallest in group LD streams (0.85
mg/L), intermediate in group NWW streams (1.5 mg/L), and
largest in group WW streams (2.1 mg/L) (fig. 5). The KWMC
test results for phytoplankton chlorophyll-a showed a signifi-
cant difference (table 4) between group LD and WW streams
(p = .0156). Group NWW streams were not significantly dif-
ferent from either group LD or WW streams (p = .8593).

Algal Abundance Estimates

Scores for estimates of composite macroalgae cover by
area (MacA) ranged from 64 to 417 (appendix 1) with an
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overall median of 224. Median scores for MacA were highest
in group WW streams (320) followed by group LD streams
(224) and group NWW streams (156) (fig. 7). The KWMC
test on MacA scores indicated that group LD and NWW
streams were significantly different from group WW streams
(p =.0539 and .0390, respectively), but not from each other
(p = 1.0) (table 4).

Scores for estimates of composite macroalgae cover by
loose substrate (MacS) ranged from 52 to 294 (appendix 2)
with an overall median of 174. The distribution of median
scores for MacS were similar to those for MacA and were
highest in group WW streams (200), followed by group LD
streams (158), and group NWW streams (118) (fig. 7). How-
ever, there were no significant differences in MacS among
stream groups (table 4).

MacA and MacS were strongly correlated (p < .0000) and
tended to have the largest scores in streams with high nutrient
concentrations (high-nutrient streams) with cobble substrates
and the smallest scores in streams with low nutrient concentra-
tions (low-nutrient streams) with primarily bedrock bottoms,
although these distinctions were not absolute. For example,
Cow Creek, a low-nutrient stream with low water velocities
and an open canopy had a relatively high MacA score (311);

and Brushy Creek, a wastewater-influenced stream with rela-
tively high water velocities, high nutrients concentrations, and
a closed canopy, had relatively low MacA scores (131 in 2005
and 271 in 2006).

Composite estimates of the thickness of microalgae cover
on loose substrate (MicT) showed a pattern opposite that of
macroalgae cover and generally were larger in low-nutrient
streams. Values for MicT ranged from 19 to 151 (appendix
3) with an overall median of 93. Medians for MicT by group
were smallest for group WW streams (60), intermediate for
group NWW streams (95), and largest for group LD streams
(101) (fig. 7). KWMLC tests for MicT indicated group WW and
LD streams were significantly different (p = .0558) (table 4).
Group NWW streams were not significantly different
from either group LD streams (p = 1.0) or group WW streams
(p =.3170).

Dense macroalgae cover in nutrient-enriched conditions
might have shaded benthic substrate and reduced microal-
gae growth. In addition, lower flow velocities in streams not
receiving wastewater effluent tended to favor the buildup of
the calcium carbonate precipitate common in the limestone-
dominated streams of the Edwards Plateau. Distinguishing
algal thickness from calcium carbonate precipitate often
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Figure 7. Distribution of composite scores for algal cover estimates by stream group, Edwards Plateau, Central Texas, 2005—-06.

was difficult and might have influenced the microalgae results
by confounding microalgae thickness estimates.

Duplicate algal abundance estimates were done by a
second person at Bull Creek and Barons Creek in 2005 to
assess the repeatability of the algae estimates. The largest
mean difference in duplicate composite scores, 19 points, was
for MacA (appendix 1). Mean differences between composite
scores for MacS (appendix 2) and MicT (appendix 3) were 7.3
and 4.6 points, respectively. The largest single point difference
(28) was between composite scores for MacA at Bull Creek,
which had a base score of 289 and a duplicate score of 317;
this was a 10-percent difference. The largest percentage differ-
ences between duplicate composite scores for MacS and MicT
were 5.4 and 7.8 percent, respectively. Differences between
estimates are minimal and likely do not influence the findings
of the report.

Algal Biomass Estimates and Nutrients

Benthic Chlorophyll-a

Simple regression indicated relations between log
transformed benthic chlorophyll-a (logChl) and total nutrients
were relatively weak; regression of logChl on log transformed
total nitrogen (IogTN) yielded a significant coefficient of
determination (R?) of .26 (p =.0132), whereas regression
of logChl on log transformed total phosphorus (logTP) was
not significant (R*>=.11, p = .1141) (table 7). In contrast,
log transformed nitrite plus nitrate (logN+N), was strongly
related to logChl (R? = .50, p = .0002) (fig. 8A). Multiple
regression using logTP and 1ogTN or logN+N did not
account for any more variation in logChl than logN+N
alone.
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Some evidence indicates that water movement can
enhance the uptake of nutrients by benthic algae (Borchardt,
1996). Thus nutrient load of a stream, the product of nutrient
concentration (mass/volume) and discharge (volume/time),

might better describe the relation between benthic algae and
nutrients (Borchardt, 1996). Total nitrogen, total phosphorus,
and nitrite plus nitrate concentrations (in milligrams per liter)
were multiplied by the instantaneous discharge (in cubic
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Table 7. Regression analyses for variables considered directly Table 8. Regression analyses for variables considered directly
related to nutrient concentrations in selected small streams, related to nutrient loads in selected small streams, Edwards
Edwards Plateau, Central Texas, 2005-06. Plateau, Central Texas, 2005-06.
[Results presented for log transformed ambient nutrient concentrations. [Results presented for log transformed nutrient instantaneous load estimates.
Results significant at 5-percent level (p < .05) in bold. R? coefficient of Results significant at 5-percent level (p < .05) in bold. R? coefficient of
determination for regression model; p, probability of Type I error in statistical determination for regression model; p, probability of Type I error in statistical
results; >, greater than; %, percent] results; >, greater than; %, percent]
Response variable R? p Response variable R? p
Log transformed total nitrogen Log transformed total nitrogen instantaneous load
Log transformed benthic chlorophyll-a 26 0132 Log transformed benthic chlorophyll-a 58 <.0000
Log transformed ash-free dry weight .04 3331 Log transformed ash-free dry weight .00 .8455
Log transformed phytoplankton chlorophyll-a .26 0137 Log transformed phytoplankton chlorophyll-a .00 1987
Composite score for macroalgae by area A1 1163 Composite score for macroalgae by area .05 .2900
Macroalgae by area >75%!' .28 .0108 Macroalgae by area >75%!' .20 .0333
Composite score for macroalgae by substrate .07 2282 Composite score for macroalgae by substrate .00 7879
Macroalgae by substrate >75%!' 23 0217 Macroalgae by substrate >75%!' .05 .2879
Composite score for microalgae thickness .14 .0801 Composite score for microalgae thickness 22 0245
Log transformed total phosphorus Log transformed total phosphorus instantaneous load
Log transformed benthic chlorophyll-a A1 1141 Log transformed benthic chlorophyll-a .39 0013
Log transformed ash- free dry weight .38 0019 Log transformed ash-free dry weight 15 .0660
Log transformed phytoplankton chlorophyll-a 23 0222 Log transformed phytoplankton chlorophyll-a .05 .3046
Composite score for macroalgae by area 36 0025 Composite score for macroalgae by area 24 0188
Macroalgae by area >75%! 59 <.0000 Macroalgae by area >75%! 48 0003
Composite score for macroalgae by substrate 17 .0516 Composite score for macroalgae by substrate .07 2328
Macroalgae by substrate >75%!' 37 0022 Macroalgae by substrate >75%!' .19 0360
Composite score for microalgae thickness 28 .0088 Composite score for microalgae thickness 35 .0032
Log transformed nitrite+nitrate Log transformed nitrite+nitrate instantaneous load
Log transformed benthic chlorophyll-a .50 0002 Log transformed benthic chlorophyll-a .62 <.0000
Log transformed ash-free dry weight .00 7649 Log transformed ash-free dry weight .00 .9044
Log transformed phytoplankton chlorophyll-a 18 .0408 Log transformed phytoplankton chlorophyll-a .02 .5697
Composite score for macroalgae by area .09 1711 Composite score for macroalgae by area .05 2946
Macroalgae by area >75%! 20 .0337 Macroalgae by area >75%! .19 .0402
Composite score for macroalgae by substrate .05 3195 Composite score for macroalgae by substrate .01 7350
Macroalgae by substrate >75%!' 13 .0978 Macroalgae by substrate >75%!' .06 2756
Composite score for microalgae thickness 22 .0258 Composite score for microalgae thickness .26 0121
'Arcsine transformed data. 'Arcsine transformed data.
feet per second) measured at the time of sampling and by a Regression of logChl on nutrient load estimates yielded
conversion factor of 28.32, for consistent units, to estimate strong statistical relations for all of the individual constituents.
instantaneous loads (in milligrams per second) for these con- LogChl was significantly related to log transformed total
stituents. These estimates are instantaneous loads computed nitrogen load (1ogTNL) (R? = .58, p < .0000) and log trans-
for the time of sampling only and do not reflect long-term formed total phosphorus load (logTPL) (R*=.39, p =.0013)
load estimates. However, given the stable condition of these (table 8). However, the relation between logChl and log
streams during and before the sampling period (see discussion  transformed nitrite plus nitrate load (logN+NL) was again the
in “Water Sampling” section) these estimates were consid- strongest (R? = .62, p < .0000) (fig. 8B). Multiple regression

ered adequate to characterize the nutrient and flow conditions  using logTPL and logTNL or logN+NL again did not account
affecting the benthic algae before sampling. for any more variation in logChl than logN+N alone.
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Figure 9. Regression relation between log transformed phytoplankton chlorophyll-a observed and predicted values in selected small

streams, Edwards Plateau, Central Texas, 2005—06.

A regression was done without group WW streams to
evaluate the relation between nutrient load estimates and ben-
thic chlorophyll-a at the lowest nutrient concentrations. Rela-
tions between the nitrogen measures, logTNL and logN+NL,
and logChl were weakened but still relatively robust (R? = .46,
p =.0026 and R* = .55, p = .0006, respectively), whereas the
relation between logTPL and logChl was strengthened (R* =
41, p=.0059).

Analysis of nutrient ratios indicated phosphorus limita-
tion in the streams not receiving wastewater effluent, but
statistical analysis indicated that benthic chlorophyll-a is
more closely related to dissolved nitrogen concentrations and
streamflow. These results reflect the effects of water move-
ment as well as an important distinction in nutrient limitation
with regard to measures of biomass such as chlorophyll-a: The
supply rate of a limiting nutrient, along with light, controls the
rate of algal growth, but the total amount of biomass pro-
duction, or standing crop, is more closely linked to the total
quantity of nutrients available (Borchardt, 1996) and the time
since the last disturbance event (Biggs, 2000). Downstream
transport of nutrients represents a virtually endless quantity
for biomass production. Thus it might be possible for a flow-
ing system to be growth-rate limited but still develop a large
standing crop prior to a disturbance event. In addition, some
algae have the ability to store phosphorus in the cell, and
they require nitrogen in greater concentrations than phospho-

rus. As a consequence they are capable of reaching growth-
saturation concentrations at relatively low ambient concen-
trations of phosphorus (Bothwell, 1988; Horner and others,
1990). The ability to store phosphorus coupled with continu-
ous delivery, provided streams are flowing, might make natural
phosphorus concentrations in the small streams of the Edwards
Plateau sufficient, and long-term biomass accrual might be
more closely tied to nitrogen concentrations.

Benthic Ash-Free Dry Weight

Regression indicated that log transformed AFDW
(logAFDW) was significantly related to logTP (R? = .38,
p =.0019), but the relation was negative, indicating that as
phosphorus concentrations increased algal biomass decreased
(table 7). These results appear to be related to the disparity in
the ratio of chlorophyll-a to AFDW discussed in the “Chlo-
rophyll-a and Ash-Free Dry Weight” section. No significant
relation was indicated between logAFDW and logTN or
logN+N. In addition, nonsignificant relations were indicated
when regressions were done without group WW streams.

Phytoplankton Chlorophyll-a

Total nutrient measures include organic components that
might be affected by suspended algae concentrations; therefore
phytoplankton chlorophyll-a was assessed only against the
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than 75 percent macroalgae cover (arcsine transformed) in selected streams, Edwards Plateau, Central Texas, 2005-06.

dissolved form of nitrogen (nitrite plus nitrate). Log trans-
formed phytoplankton chlorophyll-a (logChl_P) was signifi-
cantly related to logN+N, but the relation was again fairly
weak (R? = .18, p =.0408) (table 7). However, multiple
regression using logN+N and discharge as a separate vari-
able yielded a relation that was stronger than regression with
logN+N alone (R? =.37, p=.0101) (fig. 9). The equation pro-
duced by multiple regression explains 37 percent of variation
in phytoplankton across streams and indicates that logChl_P
increased as a function of increased nitrite plus nitrate concen-
tration and decreased streamflow:

logChl_P = 0.47 - 0.106(discharge) + 0.192(logN+N).

The regression equation was applied without group WW
streams to assess the ability of the predictor variables to esti-
mate logChl_P at the lowest nutrient concentrations. Without
group WW streams the relation was weakened and not signifi
cant at the .05 level (R*>= .31, p =.0749).

Streamflow in the small streams of the Edwards Pla-
teau commonly is low in the summer months, even in the
streams receiving wastewater effluent. Low flow in streams
in which nutrient concentrations are elevated likely results in
increased phytoplankton production in pools and in relatively
slow-moving runs. The subsequent downstream movement of

phytoplankton would account for relatively high water-column
chlorophyll-a concentrations.

Algal Abundance Estimates

Regression indicated the composite scores for MacA
were significantly related to logTP (R? = .36, p = .0025)
(table 7). However, regression using only the highest MacA
cover category (MacA greater than 75 percent [>75%]) pro-
duced a stronger relation with logTP (R? = .59, p < .0000).
Graphical analysis of the relation between MacA >75%
and logTP indicated that the statistical relation was heav-
ily influenced by the substantially higher total phosphorus
concentrations in many of the group WW streams (fig. 10).
Regression of MacA >75% on logTP using only streams that
do not receive wastewater effluent (groups LD and NWW)
resulted in a weak statistical relation (R*> = .12, p = .1758).
These results indicate (1) high levels of macroalgae are associ-
ated with increased total phosphorus concentrations in streams
receiving wastewater effluent, (2) the macroalgae survey by
area is effective for identifying nuisance macroalgae growth
associated with conditions of high nutrient enrichment, and
(3) the macroalgae survey by area cannot, in its present form,
discriminate between nutrient concentrations under low-
nutrient conditions.



Table 9. Texas Commission on Environmental Quality criteria
for diel (24-hour) dissolved oxygen aquatic life use categories in
freshwater.

[mg/L, milligrams per liter]

Dissolved oxygen criteria,

Aquatic life L
mean/minimum

use category

(mg/L)
Exceptional 6.0/4.0
High 5.0/3.0
Intermediate 4.0/3.0
Limited 3.0/2.0

Scores for MicT were significantly related to logTP
(R?=.28, p =.0088; table 7) and logTPL, (R* = .35, p =.0032;
table 8), but the relations were negative, which indicates that
as total phosphorus increased benthic microalgae decreased.
These results reflect the influence of shading and flow veloci-
ties discussed in the “Algal Abundance Estimates™ section
(under “Algae” section). Additionally, the relations between
MicT and the measures of total phosphorus are the inverse
of the relation between logChl and nutrient concentrations.
Benthic chlorophyll-a samples tended to be collected in
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shallow, fast-moving environments, such as riffles, where
macroalgal growth was limited and calcium carbonate precipi-
tate was not an issue. In contrast, microalgae thickness was
estimated across the entire reach and included relatively slow
water velocities where calcium carbonate precipitate was thick
and relatively deep environments where macroalgal growth
was abundant. When the issues associated with microalgae
thickness estimates are taken into account, benthic algal
cholorphyll-a more accurately reflects nutrient conditions in
these small streams.

Diel Dissolved Oxygen and pH, and Relations
Between Diel Dissolved Oxygen, pH, Nutrients,
and Algae

TCEQ classifies water bodies into ALU categories
partially on the basis of criteria for mean and minimum DO
concentrations over a 24-hour (diel) period (table 9). DO
measurements from the Hydrolab Minisondes were used to
compute mean and minimum diel DO values for each stream.
Mean diel DO concentrations ranged from 4.88 to 7.62 mg/L
(table 10) with an overall median of 6.28 mg/L.. Minimum diel
DO concentrations ranged from 2.35 to 6.86 mg/L with an
overall median of 4.61 mg/L.

Table 10. Summary of mean, minimum, maximum, and range of diel dissolved oxygen concentrations in selected small streams,

Edwards Plateau, Central Texas, 2005-06.

[mg/L, milligrams per liter; WW, wastewater effluent; NWW, no wastewater effluent; --, not sampled; LD, least disturbed]

Site Diel dissolved oxygen, 2005 Diel dissolved oxygen, 2006
short Stream (mg/L) (mg/L)
name group

(table 1) Mean Minimum  Maximum Range Mean Minimum  Maximum Range
Bar WW 6.98 4.54 11.88 7.34 5.10 2.35 10.85 8.49
Bru WWwW 6.41 5.42 7.91 2.49 6.00 4.13 8.21 4.08
Cib wWWw 6.90 4.12 11.80 7.68 491 3.15 8.03 4.87
Bla NWWwW 5.36 4.57 6.34 1.77 6.90 5.02 10.65 5.63
Bul NWW 5.06 3.74 8.05 431 6.72 5.52 7.70 2.18
Cyl NWW 6.81 6.35 7.37 1.02 - - - --
Lic NWWwW 5.89 3.95 9.28 5.33 - - - -
Oni NWW 6.05 4.064 7.47 2.83 -- - - --
SGr NWWwW 7.62 6.86 8.18 1.32 6.94 3.54 11.38 7.84
SSG NWW 4.88 3.94 6.40 2.46 - - - -
BJo LD 7.38 5.63 9.86 4.23 - - - -
Cow LD 6.15 2.87 10.81 7.94 - - - --
Cur LD -- -- -- -- -- -- -- --
Cy2 LD 7.07 6.36 8.19 1.83 6.69 5.42 8.50 3.08
SRo LD 5.76 4.89 8.04 3.15 5.81 5.03 7.86 2.82
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Figure 11.
Central Texas, 2005-06.

Median values for mean and minimum diel DO by stream
group were largest for group LD streams (6.42 and 5.23 mg/L
respectively), followed by group NWW streams (6.39 and 4.61
mg/L), and group WW streams (6.20 and 4.13 mg/L) (fig. 11).
The KWMC tests for mean and minimum diel DO indicated
no significant differences among groups (table 4).

When mean and minimum diel DO concentrations for
each stream were compared to TCEQ criteria, all group WW
streams scored as Exceptional in 2005. However, two group
WW streams (Barons Creek and Cibolo Creek) had reduced
scores in 2006 (Limited and Intermediate, respectively)
because of low minimum diel DO concentrations. Group
NWW streams generally scored as Exceptional or High. The
single exception was South Fork San Gabriel River, which
scored as Intermediate in 2005 based on low mean and mini-
mum diel DO concentrations. All of the group LD streams
scored as Exceptional or High except for Cow Creek, which
scored as Limited because of a low minimum diel DO con-

Ww  NWWwW LD
STREAM GROUP

WW NWW LD
STREAM GROUP
EXPLANATION
7 Sample size

Largest data value within 1.5
times the IQR above the box

75th percentile
Median (50th percentile)
25th percentile

Smallest data value within 1.5
times the IQR below the box

Distribution of mean, minimum, and range of diel dissolved oxygen concentrations by stream group, Edwards Plateau,

centration. The low diel DO scores in Cow Creek and South
Fork San Gabriel River were associated with very low flows in
which mixing and aeration were reduced. Similarly, the reduc-
tions in diel DO scores in group WW streams between 2005
and 2006 are associated with reduced flows.

TCEQ does not have general pH criteria for classifying
waters into ALU categories, but they do have site-specific cri-
teria for minimum and maximum diel pH (6.5 and 9.0, respec-
tively) in some classified waters. Hydrolab Minisonde pH
measurements were used to compute minimum and maximum
diel pH for all streams. Minimum diel pH ranged from 7.24 to
8.07 (table 11) with a median across all sites of 7.73. Maxi-
mum diel pH ranged from 7.49 to 8.99 with a median across
all sites of 8.06. Medians for minimum and maximum diel pH
by stream group were largest for group WW streams (7.87 and
8.38, respectively), followed by group LD streams (7.75 and
8.17), and group NWW streams (7.64 and 7.91) (fig. 12). No
streams exceeded the minimum or maximum criteria for diel
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Figure 12. Distribution of minimum, maximum, and range of diel pH by stream group, Edwards Plateau, Central Texas, 2005—06.

pH, although Barons Creek was borderline with a maximum
of 8.94 in 2005 and 8.99 in 2006. The KWMC tests for mini-
mum and maximum diel pH (table 4) indicated no significant
differences among groups for minimum diel pH. Maximum
diel pH for group NWW streams was significantly different
from that for group WW streams (p = .0491). Maximum diel
pH was not significantly different between group WW and LD
streams.

Dissolved oxygen and pH concentrations typically
followed a diel pattern that increased during the day and
decreased at night. The magnitude of this pattern, which
generally is attributed to the dominance of photosynthetic
processes during the day and respiration at night, can be an
indicator of aquatic plant productivity (Allen, 1995). Diel
DO range varied from 1.02 to 8.49 mg/L (table 10) with an
overall median of 3.62 mg/L. Medians for diel DO range by
stream group were largest for group WW streams (6.12 mg/L),
followed by group LD streams (3.12 mg/L), and group NWW

streams (2.65 mg/L) (fig. 11). The KWMC test for diel DO
range indicated no significant differences among groups (table
4). Diel pH range varied from 0.09 to 1.11 (table 11) with an
overall median of 0.35. Medians for diel pH range by stream
group were largest for group WW streams (0.56), followed
by group LD streams (0.43), and group NWW streams (0.25)
(fig. 12). The KWMC test for diel pH range indicated that
group WW streams were significantly different from group
NWW streams (p = .0323). Diel pH range was not signifi-
cantly different between group WW and LD streams.
Spearman’s rank correlation indicated no strong relations
between diel DO means and any of the measures of nutrient
concentration (appendix 4), algal biomass (appendix 5), or
algal abundance (appendix 6). However, total phosphorus
was negatively correlated with diel DO minimums (p = .0134)
and positively correlated with diel DO ranges (p = .0446)
(appendix 4). Diel DO relations with the composite algal
abundance estimate MacA were similar to those with total
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Table 11.
2005-06.

Summary of mean, minimum, maximum, and range of diel pH in selected small streams, Edwards Plateau, Central Texas,

[WW, wastewater effluent; NWW, no wastewater effluent; --, site not sampled; LD, least disturbed]

Site Diel pH, 2005 Diel pH, 2006
short Stream
name group Mean Minimum Maximum Range Mean Minimum  Maximum Range
(table 1)
Bar WwWw 8.38 7.97 8.94 0.97 8.35 7.89 8.99 1.11
Bru WWwW 7.93 7.85 8.04 .19 8.37 8.07 8.68 .61
Cib WWwW 7.75 7.57 8.08 Sl 7.73 7.54 8.01 47
Bla NWW 7.44 7.39 7.49 10 7.86 7.75 8.09 35
Bul NWW 7.81 7.74 7.97 23 7.98 7.81 8.07 26
Cyl NWW 77 7.65 7.74 .09 . - - -
Lic NWW 7.32 7.24 7.57 33 - - - -
Oni NWW 7.7 7.59 7.83 24 - - - -
SGr NWW 7.8 7.63 7.85 22 7.77 7.57 8.05 48
SSG NWWwW 7.95 7.84 8.19 .35 -- -- - -
Blo LD 8.02 7.86 8.23 37 - - - -
Cow LD 8.03 7.71 8.51 .80 - - - -
Cur LD - - - - - - - -
Cy2 LD 7.99 7.95 8.05 .10 7.94 7.79 8.14 36
SRo LD 7.57 7.47 7.96 .50 7.83 7.58 8.21 63

phosphorus—that is, a negative correlation with diel DO
minimums (p = .0259) and a positive correlation with diel DO
range (p = .0459) (appendix 6). The correlation between diel
pH range and MacA (p = .0402) was the only significant rela-
tion indicated for the diel pH measures.

Results of statistical analyses indicate that relatively
low diel DO minimums and relatively high diel DO ranges
observed in some of the study streams are associated with
increased total phosphorus concentrations and increased mac-
roalgae abundance. The influence of algae and other aquatic
plants on DO and pH concentrations is a well-known phenom-
enon (Allen, 1995). Photosynthesis occurring during daylight
hours consumes carbon dioxide, which raises pH concentra-
tions, and photosynthesis generates oxygen, which increases
DO concentrations. At night, when respiration and decompo-
sition processes dominate, the effect is reversed. In addition,
algal abundance can affect the magnitude of diel changes in
DO and pH (Odum, 1956; Allen, 1995).

Benthic Invertebrates, and Relations Between
Benthic Invertebrates, Nutrients, and Algae

The State of Texas evaluates benthic invertebrate kick-
net samples with a set of metrics that describes structural
and functional aspects of the invertebrate community (Texas

Commission on Environmental Quality, 2005). Individual
metrics are scored and summed to determine a composite
benthic invertebrate ALU score for a stream. A stream benthic
invertebrate ALU score is described by ranking scores as
Limited (less than 22), Intermediate (22-28), High (29-36),
and Exceptional (greater than 36). The majority of the benthic
invertebrate samples scored as High with four samples scoring
as Exceptional (table 12). Exceptional scores were recorded in
streams in group LD (one stream twice) and group WW (two
streams once). An ALU score of Intermediate was recorded in
one group LD stream and in one group NWW stream. At the
time of sampling, flow in the streams with Intermediate scores
was extremely low and suitable riffle habitat was lacking. All
group WW streams scored as High or Exceptional, which indi-
cates no degradation of the benthic invertebrate community
associated with wastewater effluent. Furthermore, the median
ALU score for group WW streams (34) was larger than the
medians for group LD streams (33) and group NWW streams
(32) (fig. 13). However, stream composite benthic invertebrate
ALU scores were not strong indicators of nutrient enrichment;
the KWMC test indicated benthic invertebrate ALU scores
were not significantly different among the three stream groups
(table 4).

Spearman’s rank correlation indicated that total nitro-
gen was the only nutrient measure showing a significant
correlation with benthic invertebrate ALU scores (p = .0155)
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Figure 13. Distribution of aquatic life use (ALU) scores for benthic invertebrates and fish by stream group, Edwards Plateau, Central

Texas, 2005-06.

(appendix 4). Several individual metrics that contribute to the
composite benthic invertebrate ALU scores were correlated
with both total nitrogen and dissolved nitrogen, but total
nitrogen showed stronger relations. Three metrics generally
thought to increase with improving water quality were posi-
tively correlated with total nitrogen: taxa richness (p = .0420),
Ephemeroptera-Plecoptera-Trichoptera (EPT) taxa richness
(p =.0268), and the ratio of intolerant to tolerant taxa (p =
.0096) (appendix 4). Two metrics that contribute to benthic
invertebrate ALU scores and generally thought to decrease
with improving water quality were negatively correlated with
total nitrogen: the Hilsenhoff Biotic Index (p =.0141) and
the percentage of Tricoptera as Hydropsychidae (p = .0054)
(appendix 4).

Graphical analysis of the biological data indicated that
two samples (Barons Creek in 2005 and Cibolo Creek in 2006)
heavily influenced some of the statistical results between ben-
thic invertebrate metrics and nutrient concentrations (fig. 14).
When these samples were removed from the dataset, correla-
tions between taxa richness and total nitrogen and between
EPT taxa richness and total nitrogen were strengthened (p =
.0010 and p < .0000, respectively).

Nutrient enrichment commonly is associated with
increased benthic invertebrate biomass (Hart and Robinson,
1990; Mundie and others, 1991), but documented increases
in benthic invertebrate species richness in response to nutri-

ent enrichment are few. Local richness of benthic invertebrate
species has been positively correlated with total nitrogen
concentrations in oligotrophic headwater streams at high
latitudes (Heino and others, 2003). However, investigations in
community ecology indicate unimodal (increasing to a peak
and then decreasing) relations between ecosystem productivity
and species richness are common (Rosenzweig and Abransky,
1993; Mittelbach and others, 2001). Positive relations between
nutrient concentrations and measures of algal biomass in this
study indicate increasing productivity in these streams in
response to nutrient enrichment. Positive relations between
benthic invertebrate taxa richness, EPT taxa richness, and
total nitrogen observed in this study might represent the
ascending limb of a unimodal relation between productivity
and species richness. More research is required to determine
whether the two suspected outliers (Barons Creek in 2005 and
Cibolo Creek in 2006) (fig. 14) represent natural variation,
sampling error, or the descending limb of a unimodal relation
between benthic invertebrate species richness and nitrogen
concentrations.

Changes in nutrient concentrations also were correlated
with changes in benthic invertebrate functional feeding group
percentages. The percentage of grazing invertebrates (scrap-
ers) was strongly positively correlated with both total nitrogen
(p = .0008) and total phosphorus (p =.0002) (appendix 4). A
significant multiple regression result using logTN and logTP
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Table 12. Summary of benthic invertebrate and fish aquatic life use scores and rankings for selected small streams, Edwards Plateau,

Central Texas, 2005-06.

[ALU, aquatic life use score; WW, wastewater effluent; H, high; E, exceptional; NWW, no wastewater effluent; I, intermediate; --, not sampled; LD, least

disturbed; >, greater than]

Site 2005 2006
::::: s;:zs:‘ Benthic invertebrates’ Fish? Benthic invertebrates’ Fish?
(table 1) ALU Rank ALU Rank ALU Rank ALU Rank

Bar WwWw 35 H 49 H 38 E 51 H
Bru ww 38 E 53 E 33 H 49 H
Cib WwWw 33 H 53 E 31 H 45 H
Bla NWwW 36 H 41 1 34 H 41 1
Bul NWwW 29 H 41 1 23 1 41 1
Cyl NWWwW 29 H 47 H -- - - -
Lic NWWwW 35 H 41 1 -- - - -
Oni NWWwW 30 H 43 H -- -- -- --
SGr NWWwW 35 H 53 E 31 H 49 H
SSG NWW 32 H 43 H -- -- -- --
Bjo LD 35 H 43 H - - - -
Cow LD 26 I 43 H -- - - -
Cur LD 33 H - - - - - -
Cy2 LD 31 H 47 33 H 47 H
SRo LD 38 E 43 38 E 49 H

'1(22-28), H (29-36), E (>36).
*1(30-41), H (42-51), E (>51).

explained 53 percent of the variation in this metric across sites
(R?=.53, p=.0005), (fig. 15). The multiple regression equa-
tion describing the community scraper percentage is

Percent scrapers = 32.82 + 5.69(logTN) + 4.45(1ogTP).

Benthic invertebrate metrics describing functional feed-
ing groups also were correlated with measures of algal abun-
dance (appendix 6). Composite scores for MacA and MacS
were positively correlated with the percentage of collector-
gatherers (p = .0235 and .0017, respectively) and negatively
correlated with the percentage of filter-collectors (p = .0401
and .0136, respectively). The percentage of the benthic inver-
tebrate community classified as scrapers was not correlated
with the composite macroalgae scores MacA and MacS, but it
was positively correlated with the percentage of survey points
classified in the highest macroalgae cover categories: MacA
>75% (p =.0041) and MacS >75% (p = .0041).

Benthic invertebrates classified as scrapers use periphy-
ton (attached algae and associated microfauna) as a food

source (Cummins and Merritt, 1996), and increased algal
biomass frequently has been associated with increased scraper
densities (Dudley and others, 1986; Feminella and Hawkins,
1995). In contrast, benthic invertebrates classified as collec-
tor-gatherers utilize fine particulate organic matter (FPOM)

as a primary food resource (Cummins and Merritt, 1996). The
reason for the relation between benthic invertebrate collec-
tor-gatherers and algal abundance is not clear, but algae might
constitute an important source of detritus and FPOM in these
oligotrophic streams.

Functional feeding group classifications for benthic
invertebrates are based on morphological and behavioral
adaptations for food acquisition (Cummins and Merritt, 1996),
and changes in the relative composition of benthic invertebrate
functional feeding groups can indicate a change in the food
resource base (Texas Commission on Environmental Quality,
2005). The numerous strong relations among benthic inver-
tebrate scrapers, collector-gatherers, nutrient concentrations,
and measures of algal abundance in this study indicate nutrient
enrichment can alter food sources in these generally low-
nutrient streams.
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Fish, and Relations Between Fish, Nutrients, and
Algae

The State of Texas uses an ecoregion-focused set of met-
rics to compute ALU scores for fish community data (Texas
Commission on Environmental Quality, 2005). Individual fish
metrics are scored according to ecoregion-specific criteria and
then summed to determine the composite fish ALU score. Fish
ALU scores are categorized as Limited (less than 30), Inter-
mediate (30—41), High (42-51), and Exceptional (greater than
51). Fish ALU scores for the Edwards Plateau streams in this
study were similar to the invertebrate scores; the majority of
ALU scores were categorized as High with a few exceptions
(table 12). Five samples, all in group NWW streams, were cat-
egorized as Intermediate. Bull Creek, the site with the largest
percentage of urban land cover in its watershed, was classi-
fied as Intermediate in both 2005 and 2006. Three samples,
two in group WW streams and one in a group NWW stream,
were categorized as Exceptional in 2005, but were reduced to
High in 2006. The reason for these reductions is not clear, but
streamflows in these streams in 2006 were lower relative to
2005.

Median fish ALU scores were largest for group WW
streams (50), followed by group LD streams (45), and group

Regression relation between relative abundance of grazing benthic invertebrates (scrapers) observed and predicted values
in selected small streams, Edwards Plateau, Central Texas, 2005—06.

NWW streams (42) (fig. 13). The KWMC test for fish

ALU scores indicated group WW and NWW streams were
significantly different (p = .0159) (table 4). Group LD streams
were not statistically different from group WW or NWW
streams.

Spearman’s rank correlation indicated a significant posi-
tive correlation between fish ALU scores and measures of total
nutrients (total nitrogen p = .0105 and total phosphorus p =
.0217) and a relatively weaker but nearly significant posi-
tive correlation with the dissolved nitrogen measure (nitrite
plus nitrate [p = .0542]) (appendix 4). ALU scores also were
positively correlated with the percentage of survey points clas-
sified in the highest macroalgae cover categories, MacA >75%
(p = .0188) and MacS >75% (p = .0156) (appendix 6).

Results from correlation using the individual fish metrics
indicated that total fish species had a strong influence on ALU
scores. Total fish species, like the ALU scores, was signifi-
cantly positively correlated with total nitrogen (p = .0147),
total phosphorus (p = .0066), nitrite plus nitrate (p = .0091)
(appendix 4), and MacA >75% (p = .0074) (appendix 6). How-
ever, graphical analyses indicated that the correlation between
total fish species and total phosphorus primarily was related to
the larger total phosphorus concentrations found in the group
WW streams (fig. 16A) and that the correlation between total
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Figure 16. Correlations between total fish species and (A) total phosphorus concentrations and (B) nitrite plus nitrate concentrations
in selected small streams, Edwards Plateau, Central Texas, 2005-06.
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fish species and nitrite plus nitrate was more continuous across
the suite of study streams (fig. 16B).

Graphical analysis of another species-related metric, the
number of native cyprinid species, indicated that the Cibolo
Creek 2006 sample again was influencing the statistical rela-
tions. Spearman rank correlations between the number of
native cyprinid species and all three nutrient concentration
measures (total nitrogen, nitrite plus nitrate, and total phospho-
rus) were increased and became statistically significant with
the removal of the Cibolo Creek 2006 sample from the dataset.
For example, the correlation between native cyprinid spe-
cies and total phosphorus had a rho of .33 (p =.1279) before
removal of the Cibolo Creek 2006 sample and a rho of .55
(p = .0199) after removal of the Cibolo Creek 2006 sample.
Native cyprinid species are considered sensitive to habitat
and water-quality degradation (Linam and others, 2002), and
the positive correlations with nutrient concentration obtained
in this study are the opposite of what generally might be
expected.

The number of intolerant fish species showed positive
correlations with nutrients (total nitrogen [p = .0032] and total
phosphorus [p =.0017]) (appendix 4), as well as estimates of
algal abundance (MacA >75% [p = .0153] and MacS >75% [p
=.0167]) (appendix 6). This fish metric is assumed to increase
with increasing stream quality (Linam and others, 2002), and
again positive correlations with nutrient concentrations are the
opposite of what generally might be expected.

The percentage of the fish community composed of
non-native individuals was not correlated with measures of
nutrient concentration but was positively correlated with
MacA (p =.0213), MacA >75% (p = .0076), and MacS (p =
.0189) (appendix 6). An increase in non-native species is not
necessarily correlated with habitat or water-quality conditions,
but instead represents a general disruption to the original fish
assemblage and a deviation from natural conditions (Linam
and others, 2002).

Numbers of fish species are known to increase with
increasing drainage area (Linam and others, 2002), but such
was not the case in this study. The metric total fish species
was not strongly correlated with drainage area (p = .5322).
Graphical analysis of the relations among nutrient concentra-
tions, estimates of algal abundance, and fish metrics indicated
that the majority of the positive correlations were strongly
influenced by relatively high nutrient concentrations (group
WW streams) (for example, fig. 16A). In general, strong cor-
relations in the complete dataset were substantially weakened
when Spearman’s rank correlation was done without group
WW streams. Increased productivity in group WW streams,
resulting from nutrient enrichment in what are naturally low-
nutrient streams, might lead to increased fish species rich-
ness. Similar to the benthic invertebrates, these results might
describe the ascending limb of a unimodal relation between
species richness and productivity.

The positive correlation between total fish species and
estimates of macroalgae abundance indicates an alternative
explanation is possible. Stream fish species richness tends to

increase with increasing habitat heterogeneity (Gorman and
Karr, 1978; Schlosser, 1991). Much of the streambed in the
small streams of the Edwards Plateau is bare bedrock, and
fish habitat commonly is scarce. Increased algal abundance
stemming from nutrient enrichment might increase structural
complexity and habitat heterogeneity in these streams.

A related factor that might affect fish species richness in
this study is the consistently stable streamflow in the waste-
water-influenced streams. Fish species richness has been
shown to be lowest in headwater streams with high flow
variability (Horwitz, 1978). The smaller streams in the
Edwards Plateau that do not receive wastewater effluent are
prone to drying and have greater flow variability in the sum-
mer months compared to the wastewater-influenced streams.
Further evidence supporting this hypothesis is the fish spe-
cies richness for the group LD stream Cypress Creek 2. This
stream has a very consistent spring-fed flow (Brune, 1981)
and a fish species richness comparable to the wastewater-
influenced streams. In addition, most of the smaller streams
that had low flow and relatively diverse fish communities also
contained large pools that could act as refugia during periods
of dewatering.

Implications for Development of
Nutrient Criteria

The USEPA nutrient concentration recommendations for
the Edwards Plateau (Level III Ecoregion 30) were computed
to reflect the mean conditions for reference streams. Mean
nutrient concentrations in the group LD streams were consis-
tent with the USEPA recommendations (table 5). The group
LD streams were sampled seven times during this study, and
the USEPA-recommended total nitrogen concentration of
0.270 mg/L was exceeded in 57 percent of samples. No clear
pattern was associated with these exceedances, but the two
largest total nitrogen concentrations for group LD streams
were associated with increased Kjeldahl nitrogen and were
observed in 2006 when streamflows were reduced. The highest
exceedance concentration (0.35) was 76 percent higher than
the USEPA-recommended concentration but still relatively
low when compared to total nitrogen concentrations from
group WW streams. The mean total phosphorus concentration
for the group LD streams (0.003 mg/L) was well below the
USEPA-recommended mean of 0.008 mg/L, and no individual
total phosphorus concentrations exceeded the USEPA recom-
mendation. The USEPA nutrient criteria recommendations for
the Edwards Plateau ecoregion took into account data from the
entire ecoregion and all seasons, whereas this study involved
data from only two subregions in summer. The results of
this study indicate that total phosphorus concentrations in
least-disturbed streams in the Balcones Canyonlands and the
Edwards Plateau Woodland in the low-flow critical summer
period might be smaller in comparison to those of the ecore-
gion as a whole.



Measured total nitrogen/total phosphorus ratios indicate
that the small streams of the Edwards Plateau might be natu-
rally phosphorus-limited, but biological responses were mixed:
Benthic algal chlorophyll-a tended to be related more closely
to measures of nitrogen whereas macroalgae cover was clearly
related to phosphorus. Nutrient ratios are not definitive, and
research using algal assays might be needed to determine what
constituents limit algal production in these streams.

A primary focus of this study was the assessment of ben-
thic algal chlorophyll-a as an indicator of eutrophication in the
small streams of the Edwards Plateau. Results were promising:
median benthic algal chlorophyll-a concentrations were higher
in the nutrient-enriched group WW streams, and dissolved
nitrogen concentrations were strongly associated with benthic
algal chlorophyll-a. However, the KWMC test was not able
to separate group WW streams from group LD streams on the
basis of benthic chlorophyll-a. The failure of the KWMC test
to indicate a significant difference might be related to a lack of
statistical power because of the small sample sizes associated
with group WW and LD streams.

When nutrient concentrations were evaluated using an
instantaneous load approach, the relations to chlorophyll-a
were improved. This implies that benthic algal productivity
might be related not only to nutrient concentrations but water
movement as well. Similar findings have been published by
other authors (see comprehensive summary in Borchardt,
1996). These results might be particularly important because
the low-flow critical period conditions typical of summer
are most relevant for development of criteria protective of
ALUs.

Although benthic chlorophyll-a was positively corre-
lated with increased streamflow, this relation in all likelihood
would not be continuous over a larger range of streamflow
than that of this study. Reductions in benthic algae commonly
are associated with floods and the accompanying high water
velocities that disturb and abrade the streambed (Biggs, 1996).
Streamflows during this study were low and stable, and no
large flows occurred.

Phytoplankton chlorophyll-a also was evaluated as
an indicator of nutrient enrichment. The relations between
nutrients and phytoplankton chlorophyll-a were similar to
those between nutrients and benthic chlorophyll-a—that is,
significant positive but relatively weak relations with ambi-
ent nutrients and an increase in the strength of relations
when streamflow also was considered. However, the relation
between phytoplankton chlorophyll-a and streamflow was
negative, which indicates that reduced streamflow allows for
the development of phytoplankton in these streams.

Both benthic and planktonic chlorophyll-a measures
were related to nutrients, but this study indicates that benthic
chlorophyll-a was the better choice for monitoring nutrient
enrichment because (1) the strength of the relation between
nutrients and benthic chlorophyll-a was stronger, and (2) a
strong relation between benthic chlorophyll-a and nutrients
persisted after removal of the wastewater sites, which indicates
superior ability to discriminate between conditions at lower

Implications for Development of Nutrient Criteria 33

nutrient concentrations. Regardless of the response variable, a
measure of streamflow might be an important component with
chlorophyll-a as an indicator of nutrient enrichment in the
small streams of the Edwards Plateau.

An alternative approach to assessing algal biomass in
streams using a transect-based estimate of algal abundance
also was evaluated in this study. Results using estimates of
algal abundance were promising: (1) The KWMC test using
the composite score for macroalgae cover by area (MacA)
clearly separated the nutrient-enriched wastewater streams
from the other streams, and (2) both MacA and the high-
est macroalgae cover by area category (MacA >75%) were
significantly related to total phosphorus concentrations. The
strong relations between total phosphorus and macroalgae
cover are of particular importance to nutrient criteria develop-
ment because an overabundance of algal growth is the under-
lying cause of many problems associated with eutrophication.
Furthermore, public perceptions of stream health often are
associated with the amount of observable algal biomass in
streams (Biggs, 1985; Welch and others, 1988). An encourag-
ing result of this approach is the significant relation between
MacA and dissolved oxygen minimum values. Failure to meet
dissolved oxygen criteria was cited as a cause of impairment
for 1,669 of 22,776 stream miles surveyed in Texas in 2006
(Texas Commission on Environmental Quality, 2007). A better
understanding of the variables capable of influencing dis-
solved oxygen concentrations will aid in developing mitiga-
tion measures for streams that do not attain dissolved oxygen
criteria.

However, the algal abundance estimate technique did
have some drawbacks. When the nutrient-enriched group
WW streams were removed from the dataset, no relations
were identified between nutrients and algal abundance esti-
mates. In addition, microalgae thickness estimates were nega-
tively associated with nutrient concentrations and appeared to
be influenced by macroalgae shading and the calcium pre-
cipitate commonly observed in the streams with slower water
velocities.

The algal abundance estimate technique is a useful
tool for identifying eutrophic conditions, assessing nuisance
algal growth, and making broad comparisons among sites,
but it appears to lack the fine resolution to identify lesser
degrees of nutrient enrichment. Some of the variation in
algal abundance among similar sites was because of the
variation in algal cover among geomorphic channel units
(riffles, runs and pools) and, in turn, the extent of various
geomorphic channel units in the reach. For example, two
of the wastewater-influenced sites, Brushy Creek and Cibolo
Creek, had relatively high algal cover in the runs and less
in the riffles; but the riffle section at the Brushy Creek
reach was very long, and the Cibolo Creek reach had only
one short riffle. As a result Cibolo Creek appears to have
a higher degree of algal cover. Better resolution with the
algal abundance estimate technique might be possible by
stratifying estimates of algal cover by geomorphic channel
units.
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The composite ALU scores were marginally successful in
identifying eutrophic conditions, but Spearman’s rank correla-
tions were relatively weak. More importantly, the correlation
between increased nutrient concentrations and ALU scores,
which was positive, was the reverse of what would be expected
when nutrient enrichment causes a proliferation of algal
growth and stream degradation. Fish and benthic ALU scores
in the stream with the largest composite algal cover score
(Cibolo Creek in 2006) were reduced relative to other group
WW streams. More research might be needed to determine if
increased ALU scores are the result of increased productivity
and habitat heterogeneity in what are naturally low-nutrient
streams, and if the levels of algal biomass in Cibolo Creek in
2006 represent the levels at which fish and benthic invertebrate
communities begin to degrade.

Several individual fish and benthic invertebrate metrics
showed relatively strong correlations with nutrient concen-
trations. These correlations were similar to those with ALU
scores in that they generally indicated improving conditions
associated with increasing nutrient enrichment and likely are
the result of increased productivity in what are naturally low-
nutrient streams. The utility of such metrics in other streams
with relatively larger natural nutrient concentrations is uncer-
tain. However, the benthic invertebrate functional feeding
group metrics showed some promise as measures of nutrient
condition. Changes in benthic invertebrate functional feeding
group percentages, especially the percentage of scrapers, were
clearly related to both nutrient concentrations and algal condi-
tions in the study streams.

Summary

Excessive amounts of nutrients in aquatic ecosystems
can promote the growth of aquatic vegetation and result in
problems ranging from degraded water quality and altered
aquatic habitats to a loss of recreational and aesthetic value.
To effectively address issues related to nutrient enrichment,
the U.S. Environmental Protection Agency (USEPA) has
directed States to develop numeric nutrient criteria for their
surface waters. In December 2001 the USEPA published
nutrient-criteria recommendations for rivers and streams in the
Edwards Plateau of Central Texas. USEPA recommendations
were based on an estimate of reference conditions (25th per-
centile for all data) and focused on two nutrient constituents,
total nitrogen and total phosphorus, and on two biological
variables known to respond to nutrient enrichment, water-
column chlorophyll-a and turbidity. Evidence indicates,
however, that water-column chlorophyll-a, which is essentially
a measure of the biomass of suspended algae (phytoplank-
ton), is a poor indicator of nutrient enrichment in small, often
fast-flowing, Texas streams, and that benthic (attached) algal
chlorophyll-a might be a better indicator.

The U.S. Geological Survey (USGS), in cooperation with
Texas Commission on Environmental Quality (TCEQ) (the
agency charged with developing nutrient criteria for Texas),

did a study during 2005-06 to characterize nutrient and
biological conditions and identify relations between nutrient
conditions and biological conditions in selected small streams
of Central Texas. Water and biological samples were collected
from small streams in parts of the Edwards Plateau of Central
Texas in September 2005 and August 2006. Samples were
collected in late summer to assess conditions during the period
of the year when low streamflow and high water-temperature
conditions stress biota and threaten the maintenance of aquatic
life use (ALU) standards. Streams were selected to represent a
gradient of conditions with the potential to influence nutri-
ent concentrations. All streams were sampled in 2005, and a
subset of eight streams was resampled in 2006.

Water, benthic invertebrate, and fish samples were col-
lected once per sampling event at each site and in accordance
with TCEQ protocols. Two methods were used at each stream
to sample benthic algae: (1) the top-rock scrape method which
is used to calculate estimates of benthic algal chlorophyll-a
and ash-free dry weight (AFDW) in the USGS National Water
Quality Assessment (NAWQA) program and (2) a transect-
based technique for sampling/estimating stream-algal abun-
dance. Phytoplankton biomass (water column chlorophyll-a)
also was sampled for comparison to nutrient concentrations
and benthic algal biomass.

The 15 streams of the study were grouped before sam-
pling on the basis of their potential for nutrient enrichment.
Designated groups were (1) streams receiving wastewater
effluent (WW), (2) streams classified as least disturbed on the
basis of low percentages of urban and agricultural land cover
(LD), and (3) streams not receiving wastewater effluent but
excluded from the least-disturbed category because site recon-
naissance indicated a potential nutrient source (NWW). Study
variables were compared among stream groups with a non-
parametric Kruskal-Wallis multiple comparison (KWMC) test
on ranked data. Individual variables thought to be indirectly
related, such as nutrient concentrations and benthic inver-
tebrate taxa richness, were assessed using Spearman’s rank
correlation, which is considered appropriate for variables that
are not functionally dependant. Relations between variables
thought to be directly related, such as nutrient concentrations
and algal chlorophyll-a, were assessed using simple linear
regression.

In this study trophic-state classifications based on nutri-
ent concentrations were dependent on the presence of waste-
water. Group NWW and LD streams generally were classified
as oligotrophic on the basis of USEPA criteria. Group WW
streams had larger nutrient concentrations and were classi-
fied as eutrophic. When the three group WW streams were
removed from the dataset, total nitrogen concentrations were
significantly correlated with the percentage of agricultural land
cover in the watershed. Nutrient concentrations measured in
group LD streams were very similar to the USEPA reference-
condition estimates for nutrient concentrations in the Edwards
Plateau. Nitrogen/phosphorus ratios indicated streams not
affected by wastewater effluent might be limited by phospho-
rus concentrations.



Stream-group medians for benthic algal chlorophyll-a
were lowest in group NWW streams, intermediate in group
LD streams, and highest in group WW streams. Group WW
streams generally had relatively high concentrations of
chlorophyll-a, but trophic-state classifications based on ben-
thic chlorophyll-a were not as clearly defined by wastewater
as those based on measured nutrient concentrations.

Results for AFDW were not consistent with those for
chlorophyll-a. The mean ratio of benthic chlorophyll-a to
AFDW in group WW streams was more than four times the
ratio in streams not affected by wastewater. The reason for
this difference might be related to the relatively low water
velocities common in the streams without wastewater input.

A significant positive correlation between instantaneous
discharge and benthic chlorophyll-a/AFDW ratios supports
this hypothesis. Streams with low water velocities tended to
develop an accumulation of calcium carbonate precipitate on
bottom substrates that could have affected the AFDW results
by (1) entraining non-algal organic material or (2) providing a
habitat matrix for the growth of heterotrophic microfauna such
as bacteria, fungi, and microinvertebrates.

Median values for phytoplankton chlorophyll-a were
largest in group WW streams, and the KWMC tests indi-
cated phytoplankton chlorophyll-a was significantly different
between group LD and WW streams. However, group NWW
streams were not significantly different from either group LD
or WW streams.

Median scores for estimates of composite macroalgae
cover by area (MacA) were highest in group WW streams.
The KWMC test on MacA scores indicated that group LD and
NWW streams were significantly different from group WW
streams, but not from each other.

Simple regression indicated log transformed benthic
algal chlorophyll-a (logChl) was weakly related to log
transformed total nitrogen (logTN) and log transformed
total phosphorus (logTP), but relatively strongly related
to dissolved nitrogen (log transformed nitrite plus nitrate
[logN+N]). Regression of logChl on nutrient load estimates
(nutrient concentration multiplied by instantaneous discharge)
yielded stronger statistical relations for all of the individual
constituents. However, the relation between logChl and log
transformed nitrite plus nitrate load (logN+NL) was again the
strongest. Regressions done without group WW streams to
evaluate relations at the lowest nutrient concentrations indi-
cated relations between the nitrogen load measures and logChl
were weakened but still relatively robust, whereas the relation
between log transformed total phosphorus load (logTPL) and
logChl was strengthened.

A multiple regression to estimate log transformed phyto-
plankton chlorophyll-a (logChl_P) using logN+N and dis-
charge as a separate variable yielded a relation that explains 37
percent of the variation in phytoplankton across streams. The
multiple regression equation indicated that logChl_P increased
as a function of increased nitrite plus nitrate concentration and
decreased streamflow. When the multiple regression equa-

Summary 35

tion was applied without group WW streams, the relation was
weakened and not significant at the .05 level.

The regression of the highest MacA cover category
(MacA greater than 75 percent [>75%]) on logTP produced a
strong positive relation. However, regression of MacA >75%
on logTP using only streams that do not receive wastewater
effluent (groups LD and NWW) resulted in a weak statistical
relation. These results indicate (1) high levels of macroalgae
are associated with increased total phosphorus concentrations
in streams receiving wastewater effluent, (2) the macroalgae
survey by area is effective for identifying nuisance macroalgae
growth associated with conditions of high nutrient enrichment,
and (3) the macroalgae survey by area cannot, in its present
form, discriminate between nutrient concentrations under low-
nutrient conditions.

TCEQ classifies water bodies into ALU categories partly
on the basis of criteria for mean and minimum dissolved
oxygen (DO) concentrations over a 24-hour (diel) period. DO
ALU categories in study streams generally were classified
as High to Exceptional but might be reduced when stream-
flows are reduced. Results of statistical analyses indicate that
relatively low diel DO minimums and relatively high diel DO
ranges observed in some of the study streams are associated
with increased total phosphorus concentrations and increased
macroalgae abundance.

Benthic invertebrate ALU scores generally were High to
Exceptional in study streams despite the influence of urbaniza-
tion or wastewater. Reductions in ALU scores appeared to be
related to extremely low flow conditions and the loss of riffle
habitats. Benthic invertebrate ALU scores and several of the
metrics used to compute composite ALU scores tended to
increase with increasing total nitrogen concentrations. These
positive relations likely are caused by nutrient enrichment
increasing productivity in what are naturally low-nutrient
streams. Increases in nutrient concentrations were correlated
with increases in benthic invertebrate functional feeding group
percentages. A multiple regression using logTN and logTP
explained 53 percent of the variation in grazing invertebrates
(scrapers) across streams.

The relative amount of invertebrates classified as scrapers
and collector-gatherers also increased with increasing esti-
mates of algal abundance (MacA and MacA >75%, respec-
tively). The numerous strong relations among benthic inver-
tebrate scrapers, collector-gatherers, nutrient concentrations,
and measures of algal abundance in this study indicate nutrient
enrichment can alter food sources in these generally low-
nutrient streams.

Fish ALU scores generally were High or Exceptional
with the exception of five samples categorized as Intermedi-
ate that were all collected from group NWW streams. Three
samples, two in group WW streams and one in a group NWW
stream, were categorized as Exceptional in 2005, but were
reduced to High in 2006. The reason for these reductions is
not clear, but streamflows in these streams during 2006 were
lower relative to 2005.
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Spearman’s rank correlation indicated fish ALU scores
were positively correlated with three nutrient measures (total
nitrogen, total phosphorus, and nitrite plus nitrate) and the
percentage of survey points classified in the highest macroal-
gae cover categories, MacA >75% and MacS >75%. Results
from correlation using individual fish metrics indicated that
fish species richness had a strong influence on ALU scores.
Total fish species, like the ALU scores, was significantly posi-
tively correlated with total nitrogen, total phosphorus, nitrite
plus nitrate, and MacA >75%. However, graphical analyses
indicated that the correlation between total fish species and
total phosphorus was related to the larger total phosphorus
concentrations found in the group WW streams and that the
correlation between total fish species and nitrite plus nitrate
was more continuous across the suite of study streams. The
increased species richness found in these streams is likely
the result of increased productivity related to nutrient enrich-
ment. Other related factors affecting species richness might be
increased habitat heterogeneity associated with increased algal
abundance and consistently stable streamflow associated with
wastewater input.

Mean concentrations of the nitrogen constituents in group
LD streams were consistent with the USEPA recommenda-
tions, but mean total phosphorus was less than the USEPA
recommendation. Mean total phosphorus in this study might
have been reduced in comparison to the USEPA recommenda-
tion because this study only sampled two subregions of the
Edwards Plateau in summer. In contrast, the USEPA devel-
oped their recommendations from data covering the entire
ecoregion and all seasons.

Both benthic and planktonic chlorophyll-a measures
were related to nutrients, but this study indicates that benthic
chlorophyll-a was the better choice for monitoring nutrient
enrichment because (1) the strength of the relation between
nutrients and benthic chlorophyll-a was stronger, and (2) a
strong relation between benthic chlorophyll-a and nutrients
persisted after removal of the sites influenced by wastewater
effluent, which indicates superior ability of benthic chloro-
phyll-a to discriminate between conditions at lower nutrient
concentrations.

The algal abundance estimate technique is a useful
tool for identifying eutrophic conditions, assessing nuisance
algal growth, and making broad comparisons among sites,
but it appears to lack the fine resolution to identify lesser
degrees of nutrient enrichment. Better resolution with the algal
abundance estimate technique might be possible by stratifying
estimates of algal cover by geomorphic channel units.

Several individual benthic invertebrate and fish metrics
were correlated with nutrient conditions, but correlations
were generally positive and the reverse of what would be
expected when nutrient enrichment causes a proliferation of
algal growth and stream degradation. However, the benthic
invertebrate functional feeding group metrics showed some
promise as measures of nutrient condition. Changes in benthic

invertebrate functional feeding group percentages, especially
the percentage of scrapers, were clearly related to both nutrient
concentrations and algal conditions in the study streams.

References

Allen, J.D., 1995, Stream ecology—Structure and function
of running waters: Boston, Kluwer Academic Publishers,
388 p.

Ashworth, J.B., 1983, Ground-water availability of the Lower
Cretaceous formation in the Hill Country of south-central
Texas: Texas Department of Water Resources Report 273,
173 p.

Barsanti, L., and Gualtieri, P., 2006, Algae—Anatomy,
biochemistry, and biotechnology: New York, CRC Press,
301 p.

Biggs, B.J.F.,, 1985, Algae—A blooming nuisance in rivers:
Soil and Water, v. 21, p. 27-31.

Biggs, B.J.F., 1996, Patterns in benthic algae of streams, in
Stevenson, R.J., Bothwell, M.L., and Lowe, R.L., eds.,
Algal ecology—Freshwater benthic ecosystems: London,
Academic Press, 753 p.

Biggs, B.J.F., 2000, Eutrophication of streams and rivers—
Dissolved nutrient-chlorophyll relationships for benthic
algae: Journal of the North American Benthological Society,
v. 19, p. 17-31.

Borchardt, M.A., 1996, Nutrients, in Stevenson, R.J., Both-
well, M.L., and Lowe, R.L., eds., Algal ecology—Fresh-
water benthic ecosystems: London, Academic Press, 753 p.

Bothwell, M.L., 1988, Growth rate responses of lotic peri-
phytic diatoms to experimental phosphorus enrichment—
The influence of temperature and light: Canadian Journal of
Fisheries and Aquatic Science, v. 45, p. 261-270.

Brune, Gunnar, 1981, Springs of Texas—Volume 1: Fort
Worth, Branch-Smith, 566 p.

Caran, S.C., and Baker, V.P,, 1986, Flooding along the
Balcones escarpment, Central Texas, in Abbott, P.L., and
Woodruff, C.M., eds., The Balcones escarpment—Geology,
hydrology, ecology and social development: Geological
Society of America, p. 1-14.

Cummins, K.W., and Merritt, R.-W., 1996, Ecology and distri-
bution of aquatic insects, in Merritt, R W., and Cummins,
K.W., eds., Aquatic insects of North America (3d ed.):
Dubuque, Iowa, Kendall/Hunt, 862 p.

Dodds, W.K., Jones, J.R., and Welch, E.B., 1998, Suggested
classification of stream trophic state—Distributions of



temperate stream types by chlorophyll, total nitrogen, and
phosphorus: Water Research, v. 32, p. 1,455-1,462.

Dudley, T.L., Cooper, S.D., and Hemphill, N., 1986, Effects of
macroalgae on a stream invertebrate community: Journal of
the North American Benthological Society, v. 5, p. 93-106.

Feminella, J.W., and Hawkins, C.P., 1995, Interactions
between stream herbivores and periphyton—A quantitative
analysis of past experiments: Journal of the North American
Benthological Society, v. 14, p. 465-5009.

Gorman, O.T., and Karr, J.R., 1978, Habitat structure and
stream fish communities: Ecology, v. 59, p. 507-515.

Griffith, G.E., Bryce, S.A., Omernick, J.M., Comstock, J.A.,
Rogers, A.C., Harrison, B., Hatch, S.L., and Bezanson, D.,
2004, Ecoregions of Texas [color poster with map, descrip-
tive text, and photographs]: Reston, Va., U.S. Geological
Survey, scale 1:2,500,00.

Hart, D.D., and Robinson, C.T., 1990, Resource limitation
in a stream community—Phosphorus enrichment effects
on periphyton and grazers: Ecology, v. 71, p. 1,494—
1,502

Hawkins, Charles, Ostermiller, Jeff, Vinson, Mark, and
Stevenson, R.J., 2001, Stream algae, invertebrate, and
environmental sampling associated with biological water
quality assessments—Field protocols: Utah State University,
accessed November 15, 2004, at http://www.usu.edu/buglab/
monitor/USUproto.pdf

Heino, J., Muotka, T., and Paavola, R., 2003, Determinants of
macroinvertebrate diversity in headwater streams—Regional
and local influences: Journal of Animal Ecology, v. 72,

p. 425-434.

Helsel, D.R., and Hirsch, R.M., 1992, Statistical methods
in water resources—Studies in environmental science 49:
Amsterdam, Elsevier, 529 p.

Hem, J.D., 1992, Study and interpretation of the chemical
characteristics of natural water (3d ed.): U.S. Geological
Survey Water Supply Paper 2254, 263 p.

Horner, R.R., Welch, E.B., Seeley, M.R., and Jacoby, J.M.,
1990, Responses of periphyton to changes in current
velocity, suspended sediment, and phosphorus concentra-
tion: Freshwater Biology, v. 24, p. 215-232.

Horwitz, R.J., 1978, Temporal variability patterns and the
distributional patterns of stream fishes: Ecological Mono-
graphs, v. 48, p. 307-321.

Linam, G.W., Kleinsasser, L.J., and Mayes, K.B., 2002,
Regionalization of the Index of Biotic Integrity for Texas
streams: Texas Parks and Wildlife Department, River Stud-
ies Report 17, 140 p.

References 37

Lowe, C.H., Hinds, D.S., and Halpern, E.A., 1967, Experi-
mental catastrophic selection and tolerances to low oxygen
concentration in native Arizona freshwater fishes: Ecology,
v. 48, p. 1,013-1,017.

Matthews, W.J., and Maness, J.D., 1979, Critical thermal
maxima, oxygen tolerances and success of cyprinid fishes in
a southwestern river: American Midland Naturalist, v. 102,
p- 374-377.

Mittelbach, G.G., Steiner, C.F., Scheiner, S.M., Gross, K.L.,
Reynolds, H.L., Waide, R.B., Willig, M.R., Dodson, S.I.,
and Gough, L., 2001, What is the observed relationship
between species richness and productivity?: Ecology, v. 82
p- 2,381-2,396.

Moulton, S.R., II, Kennen, J.G., Goldstein, R.M., and
Hambrook, J.A., 2002, Revised protocols for sampling
algae, invertebrate, and fish communities as part of the
National Water Quality Assessment program: U.S. Geologi-
cal Survey Open-File Report 02—150, 75 p.

MRLC (Multi-Resolution Land Characteristics) Consortium,
2007, National land cover database 2001 (NLCD 2001):
U.S. Geological Survey, accessed March 14, 2007, at
http:/fwww.mrlc.gov/mrlc2k_nlcd.asp

Mundie, J.H., Simpson, K.S., and Perrin, C.J., 1991,
Responses of stream periphyton and benthic insects to
increases in dissolved inorganic phosphorus in a mesocosm:
Canadian Journal of Fisheries and Aquatic Science, v. 48,
p- 2,061-2,072.

National Climatic Data Center, 2007, Weather/climate events,
information & assessments—Weather/climate data and
products: accessed May 24, 2007, at http://www.ncdc.noaa.
gov/oa/ncdc.html

Oblinger Childress, C.J., Foreman, W.T., Conner, B.F., and
Maloney, T.J., 1999, New reporting procedures based on
long-term method detection levels and some considerations
for interpretations of water-quality data provided by the
U.S. Geological Survey National Water Quality Laboratory:
U.S. Geological Survey Open-File Report 99-193, 19 p.

Odum, H.T., 1956, Primary production in flowing waters:
Journal of Limnology and Oceanography, v. 1, p. 102-117.

Office of the Texas Secretary of State, 2007, Texas adminis-
trative code—Title 30 Environmental quality; Part 1 Texas
Commission on Environmental Quality; Chapter 307 Texas
surface water quality standards; Rule 307.4(e) General
criteria—Nutrients: accessed January 24, 2007,
at http.//info.sos.state.tx.us/pls/pub/readtac$ext.
TacPage?sl=R&app=9&p_dir=&p_rloc=&p_tloc=&p_
ploc=&pg=1&p_tac=&ti=30&pt=1&ch=307 &rl=4

Park, H.M., 2004, Understanding the statistical power of a
test: UITS (University Information Technical Services)



38 Nutrient and Biological Conditions of Selected Small Streams in the Edwards Plateau, Central Texas, 200506

Center for Statistical and Mathematical Computing, Indiana
University, accessed July 25, 2007, at http://www.indiana.
edu/~statmath/stat/all/power/power.pdf

Quinn, J.M., and Hickey, C.W., 1990, Magnitude of effects
of substrate particle size, recent flooding and catchment
development on benthic invertebrate communities in 88
New Zealand rivers: New Zealand Journal of Marine and
Freshwater Research, v. 24, p. 411-427.

Rosenberg, D.M., and Resh, V.H., 1996, Use of aquatic insects
in biomonitoring, in Merritt, R.-W., and Cummins, K.W.,
eds., Aquatic insects of North America (3d ed.): Dubuque,
Towa, Kendall/Hunt, 862 p.

Rosenzweig, M.L., and Abramsky, Z., 1993, How are diversity
and productivity related?, in Ricklefs, R.E., and Schluter,
D., eds., Species diversity in ecological communities—
Historical and geographical perspectives: Chicago, Univer-
sity of Chicago Press, p. 52-65.

Schlosser, 1.J., 1991, Stream fish ecology—A landscape per-
spective: Bioscience, v. 41, p. 704-712.

STATISTICA, 1999, STATISTICA for Windows and Windows
95/98/NT: Tulsa, Okla., Statsoft, Inc.

Stevenson, R.J., 1996, An introduction to algal ecology in
freshwater benthic habitats, in Stevenson, R.J., Bothwell,
M.L., and Lowe, R.L., eds., Algal ecology—Freshwater
benthic ecosystems: London, Academic Press, 753 p.

Stumm, Werner, and Morgan, J.J., 1996, Aquatic chemistry—
Chemical equilibria and rates in natural waters (3d ed.):
New York, Wiley-Interscience, 1,022 p.

Texas Commission on Environmental Quality, 2003, Surface
water quality monitoring procedures— Volume 1. Physical
and chemical monitoring methods for water, sediment, and
tissue: Texas Commission on Environmental Quality, Regu-
latory Guidance RG—415, 198 p.

Texas Commission on Environmental Quality, 2005, Surface
water quality monitoring procedures— Volume 2. Methods
for collecting and analyzing biological community and
habitat data: Texas Commission on Environmental Quality,
Regulatory Guidance RG—416, 114 p.

Texas Commission on Environmental Quality, 2006, Nutri-
ent criteria development plan: Texas Commission on
Environmental Quality, draft report to U.S. Environmental
Protection Agency, 33 p.

Texas Commission on Environmental Quality, 2007, Assess-
ment summary—2006 Texas water quality inventory and

303(d) list: accessed August 24, 2007, at http://www.
tceq.state.tx.us/assets/public/compliance/monops/water/
06twqi/2006_assess_summ.pdf

U.S. Department of Agriculture, Natural Resources Conser-
vation Service, 1999, Texas precipitation maps—Average
annual precipitation 1961-1990: accessed February 2, 2007,
at http://'www.ncgc.nrcs.usda.gov/products/datasets/climate/
data/precipitation-state/tx.html

U.S. Environmental Protection Agency, 1996, National
water quality inventory 1996 report to Congress: U.S.
Environmental Protection Agency, Office of Water,
USEPA-841-R-97-008, 197 p.

U.S. Environmental Protection Agency, 1998a, National
water quality inventory 1998 report to Congress: U.S.
Environmental Protection Agency, Office of Water,
USEPA-841-R-00-001, 413 p.

U.S. Environmental Protection Agency, 1998b, National
strategy for the development of regional nutrient criteria:
U.S. Environmental Protection Agency, Office of Water,
USEPA-822-R-98-002, 47 p.

U.S. Environmental Protection Agency, 2000, National
water quality inventory 2000 report: U.S. Environmental
Protection Agency, accessed February 15, 2007, at
http://www.USEPA.gov/305b/.

U.S. Environmental Protection Agency, 2001, Ambient
water quality criteria recommendations, information
supporting the development of state and tribal nutrient
criteria for rivers and streams in nutrient ecoregion IV:
U.S. Environmental Protection Agency, Office of Water,
USEPA-822-B-01-013, 31 p.

U.S. Environmental Protection Agency, 2004, Primer for
municipal wastewater treatment systems: U.S. Environmen-
tal Protection Agency, Office of Water, USEPA-832—R—04—
001, 30 p.

U.S. Geological Survey, 2007, National Water Information
System (NWISWeb) data available on the World Wide Web:
accessed May 17, 2007, at http://waterdata.usgs.gov/tx/
nwis/mwis

Welch, E.B., Jacoby, J.M., Horner, R.R., and Seeley, M.R.,
1988, Nuisance biomass levels of periphyton algae in
streams: Hydrobiologia v. 157, p. 161-168.

Zar, J.H., 1998, Biostatistical analysis (4th ed.): Upper Saddle
River, N.J., Prentice Hall, 989 p.



Appendixes 1-6






Appendixes |

Appendix 1. Summary of macroalgae survey results for percent coverage by area in selected small streams, Edwards Plateau, Central
Texas, 2005-06.

[Values are proportion of points assigned to each category from a 100-point transect. %, percent; <, less than; > greater than; Comp, calculated composite
macroalgae cover score]

Site short name

(table 1) 0% <5% 5 to 25% 25 to 50% 50 to 75% > 75% Comp
2005
Bar 0.10 0.12 0.11 0.15 0.20 0.31 317
Bar duplicate .06 15 12 A5 17 .35 327
Blo .66 13 .07 .07 .06 .01 77
Bla .28 32 .19 .14 .06 01 141
Bru .59 11 .02 .08 .09 11 131
Bul .08 .19 13 15 22 21 289
Bul duplicate .06 15 .08 .23 .19 .28 317
Cib .04 .09 .20 15 .20 32 334
Cow .02 .08 .23 24 .30 13 311
Cur .66 .16 11 .02 .05 0 64
Cyl 35 17 15 .16 .09 .08 172
Cy2 .26 15 13 18 A1 17 224
Lic .64 13 12 .02 .06 .03 82
Oni .53 .20 13 13 0 .01 90
SGr 31 .16 17 18 A2 .06 182
SRo .10 .19 .20 .26 22 .02 237
SSG .26 .35 .26 12 01 0 128
2006
Bar .05 .10 21 11 27 .26 323
Bla .56 18 .09 .08 .05 .04 101
Bru 21 13 .14 .07 .16 .29 271
Bul .03 .19 25 29 .19 .05 257
Cib .05 .06 .04 .05 A2 .68 417
Cy2 17 .19 25 .10 A1 18 233
SGr 22 13 17 .20 .19 .09 228

SRo .63 12 12 .07 .03 .03 84
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Appendix 2. Summary of macroalgae survey results for percent coverage of loose substrate in selected small streams, Edwards
Plateau, Central Texas, 2005-06.

[Values are proportion of points assigned to each category from a 100-point transect. %, percent; <, less than; > greater than; Comp, calculated composite mac-
roalgae cover score]

Site short name

(table 1) 0% <5% 5 to 25% 25 to 50% 50 to 75% > 75% Comp
2005
Bar 0.17 0.30 0.27 0.18 0 0.08 180
Bar duplicate .10 42 .20 17 .03 .08 187
Blo .70 .04 12 .04 .06 .04 84
Bla 48 .29 11 .09 .03 0 89
Bru .63 .09 .03 .04 .10 12 124
Bul .10 .29 22 17 12 .10 222
Bul duplicate .04 40 18 12 12 .14 230
Cib .08 A1 18 27 13 23 294
Cow 13 27 21 23 .14 .03 206
Cur .63 25 .10 .01 .01 0 52
Cyl A7 22 12 12 .03 .05 117
Cy2 17 33 33 .08 .08 0 158
Lic .60 .10 .08 .02 .08 .10 119
Oni .67 .14 13 .04 0 .01 58
SGr 23 .16 14 17 .16 13 226
SRo .19 .29 20 .10 .16 .05 191
SSG .36 .36 .19 .08 0 0 99
2006
Bar 22 .20 17 12 15 .14 220
Bla 52 25 .06 .09 .04 .04 99
Bru 32 .19 18 .14 .10 .07 174
Bul 0 23 30 .30 15 .03 245
Cib 31 .07 .08 13 18 24 251
Cy2 23 .30 .14 .20 .04 .09 177
SGr .16 .16 21 15 15 18 251

SRo .68 A1 12 .05 .02 .02 70
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Appendix 3. Summary of survey results for thickness of microalgae on loose substrate for selected small streams, Edwards Plateau,
Central Texas, 2005-06.

[Values are proportion of points assigned to each category from a 100-point transect. <, less than; mm, millimeter; Comp, calculated composite
macroalgae thickness score]

Site short name

(table 1) Rough Slimy Visible (<0.5 mm) 05to 1 mm 1to 5mm Comp
2005
Bar 0.53 0.45 0.02 0 0 24
Bar duplicate .52 A7 .02 0 0 25
BJo 24 22 22 .30 .02 99
Bla 42 27 .14 .18 0 63
Bru 26 .16 32 18 .09 102
Bul .06 .30 40 23 0 102
Bul duplicate 17 31 31 .16 .05 94
Cib .04 .69 25 .02 0 64
Cow 17 .14 .29 .19 21 137
Cur A5 .26 .30 29 0 101
Cyl .61 .39 0 0 0 19
Cy2 .35 .16 A4l .08 0 67
Lic 17 Sl .32 0 0 56
Oni 33 22 11 24 A1 102
SGr .08 41 40 12 0 83
SRo .03 25 .39 33 0 118
SSG 0 .01 A48 49 .01 151
2006
Bar 33 49 .19 0 0 43
Bla 15 20 48 .16 0 91
Bru 25 34 .18 23 .01 83
Bul 0 25 45 .29 .01 119
Cib 42 21 .28 .08 0 55
Cy2 34 .05 .16 32 .13 121
SGr 11 21 A48 21 0 99

SRo 13 .33 31 .23 0 93
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Appendix 4. Results of Spearman rank correlation analyses for variables considered indirectly related to nutrient concentrations in
selected small streams, Edwards Plateau, Central Texas, 2005-06.

[Results significant at 5-percent level (p <.05) in bold. TN, total nitrogen; rho, correlation coefficient; p, probability of Type I error in statistical results; N+N,
nitrite plus nitrate; TP, total phosphorus; DO, dissolved oxygen; EPT, Ephemeroptera-Plecoptera-Trichoptera]

Response variable TN TN N+N NN TP TP
rho p rho p rho p
Diel DO mean .09 .6837 25 .2596 -.15 5103
Diel DO minimum -.15 .5094 .06 .8045 =52 0134
Diel DO maximum 31 .1540 17 4398 35 1145
Diel DO range .19 .3850 .01 9582 43 .0446
Diel pH mean .19 3992 11 .6199 .05 .8337
Diel pH minimum 13 .5629 21 3421 .06 .8045
Diel pH maximum .26 2504 .02 9204 .14 5477
Diel pH range 28 2124 -.04 .8720 28 2016
Invertebrate aquatic life use score .50 0155 31 1550 21 3258
Percent collector-gatherers .26 2220 -.04 .8419 32 1376
Percent scrapers .65 .0008 43 0431 71 .0002
Percent filter-collectors =27 2149 -.03 .9037 -.33 1222
Percent predators -.25 2597 -.29 1852 -.36 .0941
Percent shredders 21 3318 -.16 4694 13 5555
Total taxa richness 43 0420 12 .5891 .26 .2399
EPT taxa rich 46 0268 13 5504 18 4016
Hilsenhoff Biotic Index -.50 0141 -47 0225 -.14 5289
Percent Chironomidae .04 .8579 -.06 7689 -25 .2559
Percent dominate taxon -13 .5530 .03 .8895 -.36 .0908
Percent dominate feeding group -.04 .8649 .01 9625 13 .5523
Ratio of intolerant to tolerant taxa 53 0096 50 0161 27 2054
Percent Trichoptera as Hydropsychidae -.57 0054 =32 1434 -.35 .1069
Number of non-insect taxa .20 .3701 .20 3522 42 0444
Percent Elmidae 27 2046 18 4032 28 1881
Fish aquatic life use score 53 0105 42 .0524 49 0217
Total fish individuals .20 .3683 .20 .3663 23 3015
Total fish species 51 0147 54 0091 .56 0066
Number native cyprinid species .33 .1398 .36 1031 33 1279
Number benthic invertivore species .36 .0991 28 2103 24 .2862
Number sunfish species 15 .5034 .26 2418 43 0464
Number intolerant fish species .60 0032 44 .0408 .63 0017
Percent tolerant individuals' 44 .0383 22 .3253 50 0166
Percent omnivore individuals' -12 .5939 -.06 1814 -24 2708
Percent invertivore individuals' 24 .2844 .19 4028 22 3264
Percent piscivore individuals' .14 5226 -.05 .8084 .07 7526
Percent non-native individuals' 15 4961 .09 .6830 18 4152

'Arcsine transformed data.



Appendix 5. Results of Spearman rank correlation analyses for variables considered indirectly related to measures of chlorophyll-a
biomass in selected small streams, Edwards Plateau, Central Texas, 2005-06.
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[Results significant at 5-percent level (p < .05) in bold. Chl_B, benthic algal chlorophyll-a; rho, correlation coefficient; p, probability of Type I error in statistical
results; Chl_P; phytoplankton chlorophyll-a; AFDW, ash-free dry weight; DO, dissolved oxygen; EPT, Ephemeroptera-Plecoptera-Trichoptera]

Chl_B Chi_P AFDW
Response variable
rho p rho p rho p
Diel DO mean .26 .2483 .04 .8491 35 1138
Diel DO minimum .20 3627 =23 .3044 42 .0522
Diel DO maximum .07 71473 27 2181 -.20 3711
Diel DO range -.15 .S161 32 .1407 -37 .0881
Diel pH mean .01 9702 22 .3336 -.13 5595
Diel pH minimum 11 .6221 .14 5264 -.11 6115
Diel pH maximum -.15 4997 27 2165 -.35 1132
Diel pH range -23 .2973 .28 2082 -54 0102
Invertebrate aquatic life use score .06 7846 A1 .6029 -.34 1120
Percent collector-gatherers -.03 .8826 40 .0610 -.07 7470
Percent scrapers 18 .3998 54 .0080 -.37 .0834
Percent filter-collectors 22 .3236 -.65 .0008 -.03 .8861
Percent predators -.39 .0686 .20 .3560 42 0478
Percent shredders -.28 2036 32 1318 =32 1425
Total taxa richness .02 9160 27 2158 -21 3452
EPT taxa rich .02 .9261 .03 .8917 -30 .1684
Hilsenhoff Biotic Index -.34 .1080 .01 .9606 12 5977
Percent Chironomidae -.08 7032 22 3052 21 3374
Percent dominate taxon .18 4168 -.09 .6674 .30 1652
Percent dominate feeding group 17 4518 -.04 .8486 .06 .8020
Ratio of intolerant to tolerant taxa 48 0206 -.02 .8999 -17 4394
Percent Trichoptera as Hydropsychidae .04 8751 -43 .0438 32 .1470
Number of non-insect taxa .19 .3802 .56 0058 -.20 3701
Percent Elmidae 27 .2046 .10 .6576 .14 S113
Fish aquatic life use score .35 .1101 21 3574 -42 0497
Total fish individuals -.06 7933 34 .1266 -33 1375
Total fish species 42 0511 28 2086 -40 .0687
Number native cyprinid species .28 2128 13 5772 -.40 .0681
Number benthic invertivore species .18 4273 11 .6292 -.30 1778
Number sunfish species .39 .0734 A1 .6230 -.08 7155
Number intolerant fish species 31 .1603 .36 .1030 -53 .0107
Percent tolerant individuals -.14 .5459 41 .0577 -23 2963
Percent omnivore individuals .10 .6472 -.09 .6773 .06 .8010
Percent invertivore individuals 27 2254 32 .1407 13 .5766
Percent piscivore individuals -.07 511 -.02 9243 .16 4902
Percent non-native individuals .26 2352 .09 .6844 15 5156
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Appendix 6. Results of Spearman rank correlation analyses for variables considered indirectly related to measures of algal
abundance in selected small streams, Edwards Plateau, Central Texas, 2005-06.

[Results significant at 5-percent level (p < .05) in bold. MacA, composite macroalgae cover by area; rho, correlation coefficient; p, probability of Type I error in
statistical results; MacA>75%, macroalgae cover by area greater than 75-percent category; MacS, composite macroalgae cover of loose substrate; MacS>75%,
macroalgae cover of loose substrate greater than 75-percent category; MicT, thickness of microalgae cover on loose substrate; DO, dissolved oxygen; EPT,
Ephemeroptera-Plecoptera-Trichoptera]

MacA MacA>75% Mac$ MacS>75% MicT
Response variable
rho p rho p rho p rho p rho p
Diel DO mean -.14 .5458 .08 7318 .10 .6617 .07 7603 -.13 .5662
Diel DO minimum -47 0259 -31 1540 -34 1229 -33 1362 .02 .9205
Diel DO maximum .38 .0840 52 0122 45 0366 51 0160 -21 3548
Diel DO range 43 0459 44 0396 40 .0682 49 0220 -.09 .7060
Diel pH mean 27 2255 .35 1153 .07 7664 -.12 .6040 .14 .5460
Diel pH minimum 13 .5629 29 .1958 -.08 7097 -.16 4865 .04 .8477
Diel pH maximum .30 1794 34 .1190 .08 7227 .00 .9940 12 .6327
Diel pH range 44 0402 .36 .1007 .28 2134 27 2228 -.01 9582
Invertebrate aquatic life use score -23 2841 -.15 4830 -.24 2634 13 .5493 =27 2143
Percent collector-gatherers 47 0235 45 0297 .62 0017 47 0233 22 .3057
Percent scrapers .26 2384 .58 0041 .25 .2460 57 0041 -.33 1210
Percent filter-collectors -43 .0401 -41 .0544 -51 0136 -.39 .0648 .03 .8826
Percent predators -.18 4064 -34 .1087 -21 3374 -48 0200 22 3236
Percent shredders -.06 7972 .04 .8690 .09 .6685 .14 5139 .16 4620
Total taxa richness 13 .5670 17 4373 .19 .3907 35 .0995 A2 .5982
EPT taxa rich -21 .3449 -.14 5104 -.15 4848 .06 7705 A2 .5874
Hilsenhoff Biotic Index 24 2626 .30 1707 33 .1288 .14 5212 .02 9411
Percent Chironomidae 32 1429 .06 7809 .36 .0938 -.10 .6367 .09 .6866
Percent dominate taxon 33 1289 .29 1719 .38 .0750 15 4929 .05 .8089
Percent dominate feeding group 31 1524 24 2630 42 0438 .38 .0742 .04 .8685
Ratio of intolerant to tolerant taxa -.12 5821 -.11 .6289 -.16 4572 .02 9142 -.14 .5245
Peg;gi(};i;ﬁﬁfézza as 17 4555 -06 7755 12 5956 -13 5617 291900
Number of non-insect taxa .56 .0054 .60 .0023 .69 .0003 .63 0013 -.14 5219
Percent Elmidae 21 .3420 .23 2721 25 .2480 22 3144 A2 5776
Fish aquatic life use score 29 1961 .50 0188 .30 1737 S1 0156 -.29 1952
Total fish individuals .07 7511 -.03 .8907 -.15 5161 .10 .6505 -.16 4681
Total fish species 34 1183 55 0074 21 3466 40 .0675 -54 .0102
Number native cyprinid species .16 4832 35 1101 .02 9387 18 4302 -.35 1067
Number benthic invertivore species 18 4132 37 .0941 24 2915 42 .0534 -.33 1344
Number sunfish species 27 2190 40 .0617 34 1245 32 1532 -.11 .6298
Number intolerant fish species 28 2040 51 0153 .30 1731 .50 0167 -.56 0064
Percent tolerant individuals .02 9463 .02 .9264 .15 .5095 .36 .1044 -.34 1171
Percent omnivore individuals .01 9781 11 .6252 -.06 779 -.10 .6433 .19 .3906
Percent invertivore individuals .39 .0726 41 .0585 .37 .0945 12 .5831 .07 7664
Percent piscivore individuals -.16 4870 -.24 2872 13 .5493 .02 9383 25 .2549

Percent non-native individuals 49 .0213 .55 0076 .50 .0189 23 .2999 -.15 .4993
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