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ABSTRACT

Brown, Connor L. Ecosystem metabolism of coastal Texas streams across precipitation
regimes and land use gradients. Master of Science (Biology), May, 2022, Sam Houston
State University, Huntsville, Texas.

Anthropogenic pressures of land use and climate change have the potential to impact
chemical and biological factors that can affect stream ecosystem function. Ecosystem
metabolism (i.e., gross primary production [GPP] and ecosystem respiration [ER]), is a
metric of stream ecosystem function as it integrates nutrient and carbon cycling. We es-
timated daily GPP and ER using high temporal frequency oxygen data from nine Texas
coastal streams falling along a precipitation and land use gradient. The most arid stream
watershed land use consisted of predominantly shrubs and grasses (55%), whereas the most
mesic stream watershed consisted of predominantly agricultural land cover (90%). These
coastal streams did not show strong seasonal variations of GPP or ER, as often found in
more temperate regions. GPP ranged from 0.3 g Oom™2d ™! t0 0.9 g O,m™2d ™!, slightly
peaking in the middle of the precipitation and land use gradients. ER ranged from -1.0 g
O>m~2d~" to -4.9 g O,m~2d~! with no apparent trend along the precipitation or land use

gradient. These results suggest local factors, such as light and nutrients, may be driving

ecosystem metabolism, rather than broad scale processes.

KEY WORDS: Ecosystem metabolism, Primary production, Ecosystem respiration, Net
ecosystem production, Land use.
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CHAPTER I
Introduction

Background

Although inland fresh waters cover 1% of the Earth’s surface, they disproportionately
provide valuable services such as water purification, irrigation, flood control, support bio-
diversity, nutrient cycling, and carbon storage [54, 72]. Many of these ecosystem services
are linked to stream flow regime. Global climate models predict many regions will become
more arid. Annual precipitation will decrease, while timing and intensity of precipitation
events will increase [23]. With increases in human populations, more land is expected to
be urbanized or converted for agricultural use. This can lead to more impervious surfaces,
increased nutrient loads, and increased turbidity. Ecosystem functions such as nutrient cy-
cling, and carbon storage respond to changes in a stream’s watershed, such as native veg-
etation being developed for urban, or agriculture uses; or changes in precipitation regime.
Changes in climate and land use affects ecosystem functions of streams [30].
Ecosystem Metabolism

Ecosystem metabolism is a measure of ecosystem function and modulates nutrient and
organic matter cycling [39, 72]. Ecosystem metabolism encompasses gross primary pro-
duction (GPP), the fixation of inorganic carbon to organic carbon via photosynthesis, and
ecosystem respiration (ER), the mineralization of carbon by autotrophs and heterotrophs.
A majority of our knowledge on ecosystem metabolism in rivers comes from small rivers
with discharge less than 0.1 m? s~!, with active benthic zones, rather than large rivers with
planktonic zones [9, 33]. Both proximal and distal drivers control GPP and ER. Proximal
drivers include light, temperature, nutrients, hydrology, and organic matter, whereas distal

drivers include land use, climate, soil, vegetation, and disturbance [11, 39].



GPP and ER can be estimated from diel changes in dissolved oxygen concentrations
[51]. GPP is a positive flux because oxygen is released via photosynthesis, and ER, a nega-
tive flux because oxygen is consumed during respiration. Net ecosystem production (NEP)
is the sum of GPP and ER fluxes. Ecosystems with a positive NEP are autotrophic, because
GPP exceeds ER, whereas ecosystems with negative NEP are heterotrophic, because GPP
is less than ER [42].

With advances in technology, methods of measuring ecosystem metabolism in streams
have changed since the first introduction of open-channel ecosystem metabolism by Odum
(1956). Historically, due to measurement constraints, ecosystem metabolism was most
often measured on clear weather days for short time periods [9, 51]. Using Odum’s orig-
inal open-channel metabolism method involved collecting samples every 2-4 hours and
estimating the dissolved oxygen with titration [51]. Following Odum’s method, the first
generation of stream sensors to continuously measure dissolved oxygen were developed.
Because these sensors were expensive and drifted, they were deployed for short time pe-
riods (e.g., 2-3 days) during stable stream flow conditions [9]. However, with advanced
sensor technology and computational power, in the last decade we have been able to obtain
high-frequency time series of stream water dissolved oxygen and temperature data, ranging
from months to years, to calculate ecosystem metabolism. These high frequency estimates
of ecosystem metabolism have led to insight into the controls of GPP and ER in streams

[5, 8].



Ecosystem Metabolism Drivers

With the insight into controls of GPP and ER, we are beginning to parse out direct
and indirect drivers of ecosystem metabolism [11, 27]. Proximal drivers of ecosystem
metabolism, such as light and nutrient concentrations, directly drive changes in rates of
ecosystem metabolism, while distal drivers, such as precipitation regimes and watershed
land use, indirectly drive changes in ecosystem metabolism by driving changes in proximal
drivers (Figure 1).
Proximal Drivers

Light controls GPP from daily to seasonal time-scales, as GPP is positively correlated
with light availability [8, 48, 60]. For example, streams with little to no riparian vegetation,
such as those flowing through urban and agricultural areas, have more light reaching stream
primary producers, which drives greater fluxes of GPP when compared to their forested
counterparts [2, 8, 11]. Across 72 streams in the United States and Puerto Rico, urban and
agricultural streams had a 2-fold increase in GPP vs reference (i.e., non-agriculture and
non-urban) streams with riparian vegetation, that was attributed to increased nutrients and
light [11]. In an intermittent suburban stream, light was found to be the primary driver
of increased GPP despite increased nutrient concentrations [8]. In a semi-arid stream in
Nevada, with little riparian vegetation and high light, light was also attributed to high levels
of GPP [20]. Even in forested streams, seasonality of leaf cover drives the temporal pattern
of GPP. In Walker Branch, a low-order, forested stream located in Tennessee, rates of GPP
peaked in spring prior to leaf out but then declined as the canopy closed in summer and fall
seasons [2, 60].

Besides canopy cover, factors such as turbidity and slope control light availability to



stream ecosystems [14, 35]. Increasing turbidity within a stream results in less light reach-
ing the primary producers, thus decreasing GPP. Turbidity may have a seasonal component,
increasing during rainy seasons and resulting in depressed GPP during those time periods
[35]. High riparian slopes, incised stream channels, or canyon walls limit light reaching
the primary producers due to shading, resulting in reduced GPP [14, 35].

Temperature also drives both GPP and ER in streams. GPP is expected to increase with
increasing temperatures at approximately half the rate as ER [55]. For instance, in geother-
mal streams, negative NEP increased exponentially with increasing temperature due to the
imbalance of increasing GPP and ER [22]. Increasing biomass with increasing tempera-
tures also explained increases in GPP and ER in 12 streams near Reykjavik, Iceland [53].
The recovery rate of primary producer biomass following disturbance, such as scouring,
may be in part dictated by temperature. For example, increased temperature was linked to
quick recovery rates of GPP and ER following scouring events in a Swiss sub-alpine stream
[66].

Nutrient concentrations and ecosystem metabolism can modulate each other, with low
nutrient concentrations suppressing ecosystem metabolism and high nutrient concentra-
tions leading to daily decreases in nutrient concentrations coinciding with higher produc-
tion. For instance, based on a 20-year ecosystem metabolism record in a Spanish River, ER
was reduced 2.5-fold and GPP 1.8-fold after the implementation of a waste water treatment
plant and subsequent reduction of nutrient concentrations [5]. If nutrients are limited, GPP
and ER will be suppressed. With an excess of nutrients beyond demand, nutrients will be
transported downstream [18]. Streams with high nutrient loads may have increased ER,

which may lead to large fluctuations in oxygen concentrations and may drive streams to



become hypoxic [5]. However, in 72 streams across the United States and Puerto Rico us-
ing short-term ecosystem metabolism estimates (e.g. 24-48hr), multiple regression models
revealed weak relationships between nutrient concentrations and GPP and ER [11]. As you
move from a forested stream to one with increasing urban or agricultural land use, you can
expect to see an increase in nutrients from anthropogenic runoff [12, 27]. These increased
nutrients could increase rates of ecosystem metabolism.

Dissolved organic matter (DOM) can be a strong driver of ER. DOM in aquatic ecosys-
tems can originate from autochthonous sources such as benthic biofilms, phytoplankton,
and macrophytes or allochthonous sources, such as soils and leaf litter [13, 27, 73]. DOM
can also vary seasonally. In areas with deciduous vegetation, allochthonous sources dom-
inate in fall and winter, with increasing leaf litter entering the streams. In comparison,
autochthonous sources dominate in the summer [1]. In 33 Austrian streams, autochthonous
DOM was found in urban and agricultural streams, while allochthonous DOM was found
in forested streams [27]. DOM from autochthonous and allochthonous sources vary in their
composition and bioavailability. DOM from autochthonous sources has a smaller molec-
ular weight and less aromaticity than DOM from allochthonous sources, and is also more
bioavailable (i.e. easily consumed by microbes) [73]. DOM that is more bioavailable is
able to fuel microbes resulting in higher fluxes of ER [27]. DOM quantity and quality are
also affected by land use of the watershed. For instance, watersheds with agriculture in the
watershed will have more DOM from agricultural soils, which tend to be rich in organic
matter, and could increase ER [27]. Readily labile DOM is able to be quickly mineralized
and provides an energy source for microbes resulting in increased ER fluxes, while interme-

diate labile DOM is able to provide a downstream subsidy potentially fueling downstream



ecosystem metabolism [71].

Hydrology is another controlling factor of ecosystem metabolism in streams, exerting
both direct and indirect forces. At lower flows, streams are more efficient at transform-
ing nutrients and DOM, however, at higher flows streams transport nutrients and DOM
downstream [26, 32]. If nutrients and DOM have shorter residence times, that is at higher
stream flows, they are more likely to be transported downstream [17, 19]. Frequent high
flow events may also alter the geomorphology of streams by incising stream banks, and
this will indirectly alter flow and light regimes of the stream [14]. Streams with highly
incised banks will receive less light than in streams without incised banks. Frequent high
flow events can also increase turbidity, which will further limit the light available to pri-
mary producers [14, 35]. Streams with seasonal increases in discharge may have primary
producers that are adapted to increases in discharge [43]. For instance, in 10 sub-alpine
streams with seasonal high flows, an increase in GPP coincided with snowmelt, but de-
creased with other scouring events [69]. Hydrology also controls DOM input, with high
flows pulsing in large quantities of terrestrial DOM [24, 58]. The increased flow rapidly
shunts DOM downstream, decreases residence time and therefore is exported downstream;
with decreased flow, residence time of DOM is increased, and is more likely to increase
ER [7, 58].

Distal Drivers

Light, nutrient concentrations, and DOM are dependent on precipitation regimes. Arid

streams tend to have less riparian cover than mesic forested streams, thus more light com-

pared to forested streams, which will lead to an increase in GPP [20, 35]. Arid streams will



also have less nutrient runoff caused by precipitation events than forested streams. Precip-
itation transports nutrients through the watershed resulting in high nutrient concentrations
within streams with increasing stream discharge [38, 70]. With less nutrients transported
to arid streams, GPP and ER will be suppressed. Forested streams will have an increase in
DOM from precipitation events bringing in more terrestrial DOM from leaf litter or flush-
ing DOM from soils, which is then transported downstream, where it can fuel microbes
resulting in higher fluxes of ER [58, 63]. However, it is unknown how these drivers, dic-
tated by precipitation, will respond to changes along a precipitation gradient and influence
ecosystem metabolism.

These distal drivers are also dependent on watershed land use. Urban and agricultural
streams tend to have less riparian vegetation than forested streams [11]. Urban and agricul-
tural streams also tend to have higher nutrient loads than unimpacted streams [2, 11, 27].
In six mid-western streams draining row-crop agriculture fields, high rates of GPP and
ER were attributed to excess nutrient runoff from fertilizer and increased light availability
caused by grass buffer zones [29]. Within 33 Austrian streams, there was no change in
the concentration of DOM between urban/agricultural and forested streams, however, the
composition of DOM differed with land use [27]. Changes in land cover from forested
to urban and agricultural also affects hydrology. Urban streams have more frequent high
flows that can cause scouring of the substrate, which may suppress GPP [14, 16, 66, 68].

Light availability, temperature, nutrient concentrations, and DOM are able to directly
drive changes in ecosystem metabolism, while precipitation regimes, watershed land use,

and hydrology indirectly drive changes in ecosystem metabolism. However, the combined



effects of these proximal and distal drivers on rates of ecosystem metabolism, is less un-

derstood (Figure 1).

Precipitation

Riparian ] Land Use E— Hydrology

Vegetation

Light Nutrients DOM

N >~

GPP e o ER

Figure 1: Conceptual Diagram. Conceptual diagram of hypothesized interactions between
proximal and distal drivers on ecosystem metabolism.

Research Questions
1. How do changes in light, nutrients, DOC, and hydrology that are driven by precipi-

tation regimes drive patterns of ecosystem metabolism?

* Predictions:
— Increasing precipitation will cause high discharge, which will increase tur-
bidity, attenuate light reaching the benthos, and suppress GPP.

— High discharge events will increase scouring or burying events and sup-

press GPP.



— High discharge events will dilute nutrient concentrations and suppress GPP

and ER.

— As you move from arid to mesic, I expect DOC quantity to increase due to
increased precipitation pulsing DOC from the watershed into the streams.
Increased DOC will provide more fuel for microbes which will result in

increased ER.

2. How do changes in light, nutrients, DOC, and hydrology that are driven by changes

in watershed land use drive patterns of ecosystem metabolism?

¢ Predictions:

— Forested land that has been converted into agricultural land will have in-
creased light availability from the removal of non-agricultural vegetation.
This will drive an increase in both GPP and ER.

— Forested land that has been converted into agricultural land will have in-
creased nutrients from agricultural runoff, leading to an increase in GPP

and ER.

— Non-agricultural vegetation will decrease light availability, resulting in sup-

pressed GPP.



10

CHAPTER 11

Methods

Study Areas

To address my research questions, I analyzed nine Texas coastal plain streams falling
along a precipitation, and subsequently, a land use gradient (Figure 2 and 3). I estimated
ecosystem metabolism in these streams from continuous measurements of dissolved oxy-
gen and temperature for the time periods of 2017-2018 and 2020-2021.

Watershed areas for each of the nine sites were delineated from 1/3 arc-second digital
elevation models (DEM) from the United States Geological Survey (USGS). I then calcu-
lated watershed land usage percentages using the National Land Cover Data-set (NLCD,
2019). All GIS analysis took place in ArcMap (Version 10.8, ESRI, USA) and QGIS (Ver-
sion 3.22, QGIS Development Team, Switzerland).

Site Descriptions

The annual average precipitation along the coastal plain ranged from 55 cm yr~! in the
semi-arid to 135 cm yr—! at the most mesic watershed along the 300 km precipitation gra-
dient [31]. The catchment areas of the streams ranged from 73 to 1787 km? (Table 1). Sites
are characterized with high turbidity and intact riparian zones, ranging from dense forested
canopy areas at the most mesic site to tall grasses at the most arid site (Figure 4 and 5).
While these sites had intact riparian zones, watershed land use varied across sites follow-
ing the precipitation gradient, from semi-arid to mesic, agriculture land use increased from
33% to 82%, while non-agricultural vegetation decreased from 55% to 1% (Figure 3). The

precipitation gradient likely drove land use. A majority of sites had sandy substrate that
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mobilized during precipitation events. Substrate at other sites was composed of small peb-

bles and gravel.
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PRISM Climate Group, Oregon State University,
https://prism.oregonstateedu, data created 01 Dec

2021,accessed 01 Apr 2022.

Figure 2: Texas Precipitation Gradient. The nine study sites and their watersheds across

the 300 km coastal precipitation gradient.
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Figure 3: Watershed Land Use. Land cover types (%) the nine study sites (Table 1). Sites are arranged from arid (left) to mesic (right).
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Table 1: Site Summary

Site Site Code Watershed Area (kmz)
Tranquitas Creek TRC 126
San Fernando Creek SFC 1313
Aransas River AR 640
Perdido Creek PDC 73
Mission River MR 1787
Placedo Creek PLC 177
Garcitas Creek GC 273
West Mustang Creek ~ WMC 461
East Mustang Creek EMC 140

14

Note: Sites are arranged top to bottom, arid to mesic, with the site code. The largest watershed was

1787 km?, while the smallest watershed was 73 km?>.
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Figure 4: WMC. This site is one of the most mesic sites and is characterized with high
turbidity, high canopy cover, that likely decreases light availability, and sandy substrate.

Figure 5: TRC. This site is the most arid site and is characterized with high turbidity and
dense riparian vegetation, likely decreasing light availability.
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Ecosystem Metabolism

I estimated daily GPP and ER from continuously measured dissolved oxygen concen-
trations using a one-station approach [51]. In one-station models, dissolved oxygen (DO)
concentrations are used to estimate GPP, ER, and K/ (gas exchange rate [d~!] for oxygen
at stream water temperature). DO and temperature were measured every 10 minutes with
miniDOT (PME) DO loggers in the stream thalweg, to ensure the water was well mixed. |
used the R package StreamLight [62], this package uses NLDAS, LAI, and field measure-
ments to estimate light for each site. GPP, ER, and K, were modeled using the R package
streamMetabolizer [3]. I used high frequency DO, temperature, and PAR to estimate GPP,

ER, and K using the following equation [34, 35, 37, 69]:

GPP, PAR; \ ERy
0;=0; s+ (( 7 X P ARld> t— + Ko (Ogar(i—an _Oi—At)> At

Where O; is the DO (mgL~") concentration at time i and and O(i—ar) 1s the DO concentra-
tion at the time step prior to O; and At is the time-step of the analysis (10 minutes). GPP,
and ER, are areal fluxes of GPP and ER for day d (g O, m—2d~"). Z is daily average
stream reach depth (m). The gas exchange rate, Ko is at stream water temperature. DO
at saturation, Oy, refers to oxygen concentration (mgL~!) at 100% saturation at stream
water temperature and barometric pressure [28], which was measured at the Texas A&M
University—Corpus Christi Meteorological station (27° 42” 54" N, 97° 19” 43" W). PAR;
(umol m—2s~!) is photosynthetic active radiation at time i calculated using a function in
streamMetabolizer [3] and )} PARy, is the light intensity for day d.

The Bayesian model from streamMetabolizer was used to estimate GPP, ER, and Kg,

the gas exchange coefficient, normalized to normalized to a Schmidt number of 600. I used
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partial pooling of Ko across all days from each site. The model was run for 2000 warm
up steps and then 2000 saved steps, to ensure the Bayesian chains converge [4, 5]. The
Baysian model was run with 4 chains, on 4 cores in parallel.

I used several criteria to evaluate model fit. First, I used the relationship between ER
and Kgop, if ER and Kggg are strongly related the model did not fit, then days where Kggg
exceeded 100 were thrown out, these are very high values and likely not plausible given the
low slope and low turbulence of these coastal plain streams. Days with high stream flow (+
2 SD) were also removed from the model, high stream flow results in a dilution of the diel
oxygen signal, which becomes problematic when trying to estimate GPP, ER, and Kgqg.
Additionally, when DO was equal to or less than 0.01 mgL~!, these days were thrown out
as this is when sensors were believed to be buried under sediment after large rain events.
DOC and Nutrients

I collected water samples monthly to quantify nutrient (NO3-N, NH4-N, and PO4-P)
and DOC concentrations. I filtered water from each site with a 0.7 um pre-combusted glass
fiber filter (GFF) into acid-washed 60 mL nalgene bottles for nutrients and acid-washed pre-
combusted 40 mL glass vials for DOC for a total of 4 replicates for both nutrients and DOC.
All samples were kept cold and in the dark until transported to the laboratory. Nutrient
samples were frozen until analysis at Oklahoma State University Soil, Water and Forage
Analytical Laboratory. DOC concentrations were measured using a Shimadzu TOC/TN

analyzer at Sam Houston State University.
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Discharge

To characterize discharge and calculate average reach depth, field measurements of
width, velocity, and gage measurements of discharge were retrieved from the United States
Geological Survey. Using relationships of depth and discharge from each site, I calculated
daily average stream depth, these measurements were then used as Z, daily average stream
reach depth (m), in the equation above [21, 59, 65]
Statistical Analysis

To quantify the effect of land use and the precipitation gradient on ecosystem metabolism,
[ used structural equation modeling (SEM) to test my hypotheses (Figure 1) [11, 27]. SEMs
are used when there is an underlying mechanism that is causing co-variance between ran-
dom variables, it also take into account correlated independent variables, measurement
error, and provides a more robust analysis compared to multivariate approaches [11, 44].
To group land use categories for the structural equation model, I used a principal com-
ponents analysis (PCA) [56]. The two land use PCs were used in the structural equation
model as a proxy for land use. I included log-transformed monthly estimates of GPP, ER,
DOC concentration, and turbidity, monthly averages of NO3-N, POy4-P, precipitation, and
discharge. I used Standardized Root Mean Square Residual (SRMR) to compare model fit.

Statistical analysis was preformed with R version 4.1.0 and lavaan [56, 61].
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CHAPTER III
Results
Ecosystem Metabolism

Across all sites, median GPP ranged from 0.12 to 0.77 g O, m—2d~!, while median
ER ranged -0.84 to -10.85 g O» m—2d~!. ER exceeded GPP across all sites, resulting in
median NEP ranging from -0.35 to -10.41 g O, m~2d~! (Table 2). All sites were het-
erotrophic, i.e, where ER exceeds GPP, with very few (1-4) autotrophic days. Across all
sites, day to day variability in GPP (CV 1.16 %) was low whereas ER (CV -1.18 %) ex-
hibited slightly more daily variation than GPP (Figure 6). There was a subtle increase in
GPP across the precipitation gradient, with the exception of GC where median GPP was
low (0.25 g O, m—2d~"), falling in line with the most arid sites (Figure 7).

Unlike GPP, there was no discernible pattern in ER (Figure 8) nor in NEP (Figure 9)
from semi-arid to mesic study sites. ER varies across the precipitation gradient, but ER
at WMC was 3-13 fold greater than the other sites (Table 2). At PDC, I was only able to
estimate metabolism for 279 days out of the nearly 2 years of data because the stream was
completely dry or was disconnected pools during 2020-2021 (Table 2).

Between SFC, AR, and PLC there appeared to be slight spring and summer increases
in GPP and ER across the precipitation gradient in 2020, there is not the same pattern in
2017. GPP increased later into the summer as precipitation increased along the gradient

(Figure 10).
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Figure 6: Gross Primary Production and Ecosystem Respiration. Sites are arranged from
arid to mesic left to right and top to bottom (red to blue). Points above the 1:1 line indicate
days of autotrophy where gross primary production (GPP) exceeds ecosystem respiration
(ER), and points below are heterotrophic days were ER exceeds GPP. Across all sites, ER
was more variable than GPP with very few autotrophic days (e.g. 2 days at WMC and 1
day at PLC and EMC).
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falling in line with the most arid sites. The boxes are the middle 50 quartile (25 to 75), the
line is the median, the tails are 1.5X interquartile range, and any points falling outside of
the line are considered outliers.
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Figure 8: Ecosystem Respiration. There appears to be no discernible pattern in ecosystem
respiration (ER) along the precipitation gradient (sites are arranged arid to mesic, left to
right). The boxes are the middle 50 quartile (25 to 75), the line is the median, the tails are
1.5X interquartile range, and any points falling outside of the line are considered outliers.
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Figure 9: Net Ecosystem Production. There appears to be no discernible pattern in net
ecosystem production (NEP) along the precipitation gradient (sites are arranged arid to
mesic, left to right). The boxes are the middle 50 quartile (25 to 75), the line is the median,
the tails are 1.5X interquartile range, and any points falling outside of the line are consid-
ered outliers.
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Table 2: Metabolism Summary

. Median GPP Median ER Median NEP
Site  Usable Days (2 0, m2d~) GPP 95% CI (20, m2d~) ER 95% CI (2 0y m~2d~1) NEP 95% CI
TRC 185 0.12 0.09-0.14 -1.80 -1.16 - -2.10 -1.50 -1.30--1.70
SFC 365 0.39 0.37-0.43 -2.60 -2.40- -2.80 -2.00 -1.90- -2.20
AR 686 0.54 0.49-0.58 -1.70 -1.60- -1.80 -0.98 -0.89--1.10
PDC 279 0.32 0.27-0.37 -0.84 -0.73--0.93 -0.35 -0.30- -0.42
MR 382 0.57 0.53-0.63 -2.90 -2.70- -3.10 -2.30 -2.00- -2.60
PLC 609 0.67 0.63-0.71 -1.20 -1.20--1.30 -0.46 -0.39--0.53
GC 233 0.25 0.21-0.28 -1.40 -1.30 - -1.60 -1.10 -0.97--1.30
WMC 263 0.67 0.62-0.79 -11.00 -10.00 - -12.00 -10.00 -9.40- -11.00
EMC 352 0.78 0.72-0.83 -3.30 -3.00 - -3.60 -2.10 -1.80--2.50

Note: Number of days where I was able to estimate ecosystem metabolism, median gross primary production estimates, median ecosystem respiration
estimates, and median net ecosystem production of the nine sites. CI, confidence intervals. Sites are arranged from arid to mesic top down.

4
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DOC and Nutrients

Across all sites, average DOC ranged from 5.3 to 12.5 mgL~! (Figure 11). Along
the precipitation gradient from semi-arid SFC to semi-mesic GC, average DOC increased
(from 6.4 t0 9.3 mgL*I); however, average DOC concentrations at EMC, where land use
is predominantly agriculture, were 5.5 mgL ™!, and did not follow the pattern of increasing
DOC concentrations along the precipitation gradient (Figure 11). Similarly, DOC concen-
trations at TRC, the driest site with the most non-agricultural vegetation, was the highest
along the gradient (12.5 mgL™") (Table 3).

Unlike DOC concentrations, there were no discernible patterns in nutrients across the
precipitation gradient. Two of the sites (SFC and AR) had high levels of NO3-N and PO4-P,
20-185x higher for NO3-N and 10-35x higher for PO4-P (Figure 12 and 13). Both of these

sites receive waste water treatment plant effluent.

Table 3: DOC and Nutrient Concentrations

Site DOC £SD NH4-N£SD NO3-N=£SD PO4-P £ SD

(mgL™h (mgL™) (mgL™h) (mgL™)
TRC 125+ 4.8 0.22 +£0.16 0.39 £+ 0.61 0.27 = 0.28
SFC 6.4+ 1.16 0.18 £ 0.01 9.25+6.0 4.60 +4.40
AR 7.2+ 1.80 0.16 £0.14 5.1 +£4.50 222+ 1.70
PDC 584+540 0.14 +0.01 0.11 £020 0.23+042
MR 6.9 +4.70 0.13 £0.10 0.05 £ 0.05 0.13 +=0.30
PLC 5.3 +£2.40 0.13 & 0.05 1.06 &+ 1.21 0.23 +=0.44
GC 93+ 3.15 0.18 £0.22 0.16 =0.16 0.39 + 0.56
WMC 9.1+£320 0.13+0.063 0.26+0.45 0.14 + 0.08
EMC 5.5+3.55 0.13 £ 0.07 045 +£054 042 4+0.83

Note: Average concentrations of dissolved organic carbon (DOC), ammonium (NHy4-N),
nitrate (NO3-N), and phosphate (PO4-P) across the precipitation gradient (sites are arranged
arid to mesic, top down). San Fernando Creek and Aransas River both receive water from
waste water treatment plants. SD, standard deviation.
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Figure 11: Dissolved Organic Carbon. Sites are arranged arid to mesic left to right. Dis-
solved organic carbon appears to increase as precipitation increases (left to right). However,
TRC and EMC do not follow this pattern. The boxes are the middle 50 quartile (25 to 75),
the line is the median, the tails are 1.5X interquartile range, and any points falling outside

of the line are considered outliers.
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Figure 12: Nitrate. There does not appear to be a trend in nitrate across the precipitation
gradient (Sites are arranged arid to mesic, left to right), however, SFC and AR had con-
centrations 20-185x higher than other study sites. The boxes are the middle 50 quartile (25
to 75), the line is the median, the tails are 1.5X interquartile range, and any points falling

outside of the line are considered outliers.
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Figure 13: Soluble Reactive Phosphorous. There does not appear to be a trend in soluble
reactive phosphorous across the precipitation gradient (Sites are arranged arid to mesic, left
to right), however, SFC and AR had concentrations 10-35x higher than other study sites.
The boxes are the middle 50 quartile (25 to 75), the line is the median, the tails are 1.5X
interquartile range, and any points falling outside of the line are considered outliers.
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Discharge

Across the precipitation and land use gradients, average discharged ranged from 0.03 m3s~!
to 3.00m>s~!, with WMC having the highest discharge, and PDC the flashiest (Table 4).
Across the gradients, discharge greatly varied between sites and had quick responses to

storm events (Figure 14).

Table 4: Summary of Site Discharge

Site Mean Discharge Median Discharge Ccv

(m’s~") (ms~1) (%)
TRC 0.03 0.00 447.32
SFC 0.19 0.03 1586.92
PDC 0.12 0.00 1112.93
AR 0.37 0.10 551.65
MR 2.49 0.13 578.40
PLC 1.17 0.03 760.08
GC 0.71 0.01 909.21
WMC 3.00 0.37 433.70
EMC 0.90 0.04 457.34

Note: Mean, median, and Coefficient of Variation (CV) of site discharge across the precip-
itation gradient (sites are arranged arid to mesic, top down).
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Figure 14: Site Discharge. Sites are arranged arid to mesic left to right and top to bottom.
Discharge appears to increase along the gradients, however they are punctuated by sharp
increases due to rainfall. Note the different y-axis. Figure A is discharge over the study

period, while figure B is 2020.



32

Principal Component Analysis and Structural Equation Model

The PCA based on percentages of watershed land use categories identified two gradi-
ents in these sites. Land use-PC1, explaining 44.1% of the variation, and was explained
by wetlands, shrubs, and grasslands to cropland and developed land, while land use-PC2,
explaining 29% of the variation, ordered streams along a gradient of forest and pasture rel-
ative to other land uses (Figure 15). PC values were used as a proxy for watershed land use
in the structural equation model to evaluate distal and proximal drivers of GPP and ER.

I used a structural equation model to parse out the drivers of GPP and ER. I used the
proximal drivers, average monthly precipitation, the presence of WWTP in the watershed,
and land use PC1 and PC2 and distal drivers, discharge (CV), DOC, nitrate, and phosphate
to explain the variability in monthly GPP and ER. I was unable to find a statistically sig-
nificant model for the drivers of GPP and ER (Figure 16). However, when GPP and ER
were removed from the model, there was a statistically significant model (Figure 17). The
results of the second SEM without GPP and ER indicated that land use PC1 and PC2 are
strongly driving NO3-N, PO4-P, DOC, and turbidity, while monthly average precipitation

is weakly driving NO3-N and DOC.
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Figure 15: Principal Component Analysis. Principal component 1 ordered streams along a
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pal component 2 grouped forest and pasture together.
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CHAPTER IV

Discussion
Across the coupled land use and precipitation regime gradients, all streams were het-

erotrophic with rates of ER exceeding GPP. Sites had very low GPP (0.12t00.78 g O, m—2d~1)
compared to ER across the coupled gradients, with no strong apparent seasonal trends and
more daily and year to year variation. There was no apparent trend in nutrient concentra-
tions or GPP. However, ER and DOC generally increased as agricultural land increased and
non-agricultural vegetation decreased, moving from semi-arid to mesic.
Ecosystem Metabolism

Texas coastal plain streams appear to have relatively low GPP compared to other stream
ecosystems (Figure 7). For instance, mean GPP in tropical streams with an open canopy
was 2.09 g O, m~2d~! and in a small forested head water stream in Tennessee mean GPP
was 1.4 g O» m—2d~! peaking at 10.80 g O, m~2d~! [45, 60]. Sub-alpine streams ap-
pear to have greater GPP compared to the Texas coastal plain streams as well where GPP
from 12 Austrian sub-alpine streams peaked at 25 g O, m~>d~! [69]. Agricultural streams
elsewhere also have greater GPP, where in six mid-western row-crop draining streams with
high light availability and nutrients, mean GPP was 4.6 g O, m~2d~! peaking at 22.0
g O m—2d~! [29]. In comparison, 33 Austrian streams with a mix of forested, agri-
culture, and urban land uses were slightly similar to slightly higher than Texas coastal
plain streams where GPP ranged from 0.01 to 3.3 g O, m~2d~! [27]. Rates of GPP from
these Texas coastal streams were most similar to those of closed canopy tropical streams
(0.57 g O, m—2d~"), [45]. Canopy cover could explain some of the limitation of light,
for sites where canopy cover was low, turbidity likely decreased light reaching the ben-

thos, where most of the primary production would take place (average turbidity ranged
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from 15-141 NTU). This suggest these streams were likely light limited, resulting in low
rates of GPP [35, 36, 45]. Another contributing factor to low GPP in these ecosystems
may be caused by sandy substrate and frequent bed movement. Across the coupled gra-
dients, a majority of sites had sandy substrate. In a desert stream in Arizona, low GPP
(0.15 to 0.29 g O, m—2d~!) was attributed to bed movement caused by sandy substrate
disrupting primary producers [67]. Again in a rural Australian stream, low GPP (0 to 0.5
g O, m—2d~!) was also attributed to bed movement caused by sandy substrate [6]. In
streams with high bed movement, GPP is often suppressed due to disturbance to primary
producers [6, 67, 68].

Within sites, daily variation of GPP exceeded that of seasonal variation (Figure 10).
There was not strong seasonal variation or a peak of GPP in the spring or summer within
sites. The lack of seasonal trends in GPP appears to be uncommon in other stream ecosys-
tems. For instance, in a small forested Tennessee stream GPP peaked during spring before
leaf out (0.01 to 10.80 g O» m~2d~!), which was attributed to an increase in light due to
longer days in spring prior to canopy leaf out [60]. In 12 Austrian sub-alpine streams GPP
peaked in spring after snow melt (0.01 to 25 g O, m—2d~!) which was also attributed to
increased light [69]. In 6 mid-western row-crop drained streams, GPP also peaked in the
spring (0.1 to 22.0 g O» m~2d~!) which was also attributed to high light availability [29].
Again, in an analysis of 222 stream and rivers across the Unites States, seasonal changes in
light and flow regimes were found to be the strongest drivers of GPP [10]. In the subtropi-
cal Texas coastal plains region, where there is a more subtle shift in seasons, compared to
temperate ecosystems, along with high turbidity in these streams, may be attributed to low

GPP and lack of strong seasonal peaks in GPP seen in other stream ecosystems.
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ER rates from these Texas coastal plain streams were lower, but within range (-0.4 to
-29.0 g O, m~2d~!) of estimates of ER from other stream ecosystems [11]. The median
ER rates across these Texas coastal plain streams were similar to estimates of ER from
an agriculturally impacted tropical stream in Costa Rica (-0.5 to -0.8 g O, m~2d~!) [52].
However, median ER of all sites was lower than estimates of ER from tropical streams with
a mix of open and closed canopy (-4.30 g O, m—2d~!), six mid-western row-crop drained
streams (-0.9 to -34.8 g O, m~2d~1), eight streams with a mix of agriculture, urban, and
reference land uses across the Unites States (-2 to -8 g O, m~2d~!), a small forested head
water stream in Tennessee (-0.99 to -16.01 g O, m~2d1), and in 12 streams across an
Austrian sub-alpine catchment (-0.04 to -54.2 g O, m~2d 1) [11, 29, 45, 48, 60, 69]. As
nutrients and DOC concentrations were relatively high to fuel microbial metabolism (Table
3), I would have expected greater rates of ER; however, rates of ER were on the lower end
of the range reported from other ecosystems [11, 29, 48, 60, 69]. These lower than expected
rates of ER may be explained by the lack of hyporehic exchange caused by low channel
slope. Streams with low slope have decreased hyporehic exchange where an estimated
50-85% of of ER fluxes originate [25, 49, 50, 64].

DOC and Nutrients

Across most sites, DOC concentrations increased along the precipitation gradient. This
trend was expected, as increasing DOC concentrations are linked to increases of terrestrial
primary production [41, 46, 47]. However, the driest site, TRC and the second most mesic
site, EMC did not follow this pattern. TRC is dominated by a dense, intact riparian zone
comprised of native shrub vegetation, anoxic stream water (DO < 0.5 mgL~!) 75% of

the time, and an average discharge of 0.03 m3/s. With possible low hyporheic exchange,
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lack of mineralization of DOC may have caused the DOC concentrations to be higher than
found at other sites. The second site that did not follow the pattern was EMC, this site has
a watershed that is dominated by agriculture and has a sandy riparian zone, this may have
led to a decrease in DOC compared to other sites. The sandy sediment in the riparian zone
contains less organic carbon than riparian zones composed of soil [15]. The increase in
DOC across the precipitation gradient did not drive an increase in ER. A temporal miss-
match in the monthly sampling schedule potentially caused the inability to link interactions
between DOC and ER.

Nutrient concentrations did not drive variation in GPP and ER. All sites, except SFC,
had similar concentrations of ammonium amd nitrate, with no apparent trend across the
gradients (Table 3). Sites receiving WWTP effluent had increased level of nitrate. SFC
is predominantly waste water dependent, likely contributing to increased nitrate and phos-
phate concentrations. This increase in nutrients may have lead to SFC having the second
highest ER for these coastal streams (-2.60 g O» m~2d~!). Generally, increases in nutri-
ent concentrations fuel microbial respiration and lead to increased ER [57]. However, the
results from the SEM (Figure 16) indicate there was not a significant impact of nutrient
concentrations on GPP or ER. Previous studies on eight and nine streams with a mix of
agriculture, urban, and reference land uses across the Unites States and Puerto Rico and
83 streams across the global tropics have also been unable to relate rates of ecosystem
metabolism to nutrient concentrations [11, 45, 48]. The findings from this study and others
suggest weekly or monthly nutrient measurements may be insufficient for linking nutrient
concentrations to changes in ecosystem metabolism and more frequent measurements of

nutrient concentrations are needed to link the effects of nutrients to daily estimates of GPP
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and ER [11, 27].
Discharge

Across the precipitation and land use gradients, WMC had the highest discharge, while
SFC had the most flow variability (Table 4). All sites exhibited quick increases in dis-
charge from frequent precipitation events, with equally quick decreases after precipitation
events. Frequent precipitation events, which increase stream discharge, leads to scouring
of primary producers and increases in turbidity, which may reduce GPP [35, 66]. However,
the low GPP in the Texas coastal streams may already be light limited without increased
turbidity from high flows.
Precipitation and Land use Gradients

With monthly measurements of nutrients, DOC, and turbidity, there was a strong influ-
ence of land use proximal drivers of ecosystem metabolism, with land use driving changes
in nitrate, phosphate, ammonium, and turbidity. However, there was not an influence of
DOC, nitrate, phosphorous, ammonium, and turbidity on GPP and ER. The inability to find
a link between proximal drivers and ecosystem metabolism suggest the snap-shot sam-
pling of nutrients, DOC, and turbidity was too limited to detect responses of ecosystem
metabolism to changes in proximal drivers [11]. The low variation in GPP and ER (Table
IT) may have also prevented linking drivers to ecosystem metabolism. Additionally, these
streams had intact riparian zones and were likely light limited, which may have limited the

response of ecosystem metabolism to changes in land use [10, 29, 40].
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Conclusion

While I was able to parse out the effect of regional drivers (land use and precipitation
regimes) on proximal drivers of ecosystem metabolism (ie. nutrients, DOC, and turbid-
ity), I was unable to elucidate the combined effects of precipitation and land use gradients
on stream ecosystem metabolism. This suggest the two coupled gradients, land use and
precipitation regime, may mask the combined effects on stream ecosystem metabolism.
Future work should focus on the use of high frequency measurements of proximal drivers
to attempt to parse out drivers of ecosystem metabolism in subtropical streams.

A majority of research on stream ecosystem metabolism comes from temperate re-
gions, with tropical and subtropical regions being understudied [45]. These subtropical
Texas coastal plains streams provide valuable insight into how subtropical streams may
differ from their more studied temperate counterparts. These low estimates of GPP suggest
that Texas coastal streams likely rely heavily on allochthonous rather than autochthonous
carbon sources as a basal resource. These are slow, flat streams, which have low GPP
and low to moderate ER. These streams do appear to function differently than their more
temperate counterpart. But in light of global change, teasing apart what drives ecosystem
metabolism will be of importance given that GPP and ER modulate carbon, nutrient fluxes,

and even basal food resources.
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APPENDIX

Metabolism Data

Below are graphs of temporal variation for all sites for GPP (green lines), ER (orange

lines), and NEP (black lines) across the coupled gradients. Sites are arranged arid to mesic
top down.
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