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ABSTRACT

Macroinvertebrates are reflective of their nearby environment and are popularly used to
detect changes in water quality. In this thesis research, macroinvertebrates were collected to
investigate aquatic effects of timber harvesting operations with and without the use of best
management practices (BMPs) in a forested, low-gradient, subtropical watershed in central
Louisiana. ~ Habitat assessments, physicochemical and hydrologic measurements, and
macroinvertebrate sampling were conducted nine times from 2006 to 2010 during the spring and
late summer, at 13 site locations ranging from plot level to watershed outlet. Timber harvesting
occurred in September of 2007. A total of 86,183 macroinvertebrates were identified from 634
samples and grouped into 31 metrics describing taxonomic and functional feeding groups
(FFGs). Timber harvesting, regardless of BMP implementation, negatively affected 14% of the
collected macroinvertebrates. Additionally, bivalve taxa and FFG scraper densities increased at
all of the sites downstream of harvesting activities in the spring sampling events post-harvest.
Macroinvertebrates were further explored with principal component (PC) analysis (PCA),
generalized linear mixed models and zero-inflated models to discern their relationships with
physical instream and riparian characteristics, and water chemistry parameters representative of
the low-gradient, seasonal intermittent headwater streams. PCA composed 19 PCs that
explained 81% of the variation within the physical and riparian parameters.  Two PCs
interpreted as describing stream intermittency helped explain densities in 5 of 19 interpretable
metrics that made up over 83% of collected macroinvertebrates. Bivalve, scraper, and collector-
filterer metrics were positively associated with PCs describing open canopy and immature or
thinned riparian zones. Ephemeroptera, Plecoptera, and Trichoptera (EPT) densities were

positively associated with dissolved oxygen (DO), and undercut banks, and negatively associated

viii



with higher levels of woody-debris, and nitrite concentrations. Intensively collected DO data
suggested that the densities of amphipods, chaoborids, and isopods showed significantly positive
relationships with increasing DO. This adds critical knowledge to spatiotemporal dynamics of
macroinvertebrate communities in Louisiana’s low-gradient headwaters and the effectiveness of
timber-harvest BMP implementation on stream health protection.  The information can be
utilized for the development of biological indices to help manage morphologically similar

streams in subtropical climates.



CHAPTER 1: INTRODUCTION

Forest management activities such as timber harvesting can potentially have adverse
impacts on stream biological conditions. To address these impacts, stream monitoring usually
includes measurements of physical and chemical parameters; however, these brief moment-in-
time measurements may not accurately portray the impairments of dynamic lotic systems (Karr
and Chu, 1999). Organisms living in freshwater for all or part of their life cycle are dependent
on specific resources provided by local geographic and riparian characteristics, and many
organisms are specialized to endure a diversity of harsh conditions. Their community structure
can therefore be helpful to understand changes in water quality and quantity gradients and could
be used as potential bioindicators. Bioindicators can serve many purposes when used to monitor
water quality such as: identifying impaired waters, determining aquatic stressors and impacts,
and indicating improvement (Kenney et al., 2009). Bioindicators can be members of many
different types of organisms including plants, fish, amphibians and invertebrates, each having
some advantages over the others. Many government agencies use macroinvertebrates as their
choice of bioindicator. Macroinvertebrates are ubiquitous and can reflect the overall condition or
health of a stream (Norris and Thoms, 1999) because some portion of their life cycle is closely
linked to biotic and abiotic stream characteristics. The linkage between macroinvertebrate life
cycles and stream conditions may be used to infer stream condition from macroinvertebrate
presence, absence, or density.

Forests cover approximately half of Louisiana’s land surface, and forestry is the largest
agricultural commodity in the state. Because of a large number of water bodies in close

proximity to the forests, silvicultural activities could affect immediate and downstream water



quality. To help industry and landowners abate potential impacts of land use activities
contributing to water quality degradation, forestry best management practices (BMPs) were
developed and are currently voluntary in Louisiana. Timber harvesting BMPs can encompass a
wide array of management guidelines such as: pre-harvest planning, minimally invasive stream
crossings, removal of slash from stream beds, locating road and skidder trails away from water,
and inclusion of streamside management zones. All of these guidelines are designed to reduce
sediment runoff and nutrient input into nearby streams, thus minimizing effects on the physical,
chemical, and biological integrity of the water. Over the past two decades, studies involving
silvicultural impacts on streams and the BMP effectiveness of water quality protection have been
conducted in many climatic regions. However, most of the studies concentrated on upland fast
flowing streams, such as those in the Pacific Northwest (e.g. (Price et al., 2003; Gravelle et al.,
2009). Until now relatively little information is available about whether BMPs are effective in
low-gradient, organic-rich subtropical streams.

Louisiana streams, particularly forested headwaters, are mostly low-gradient, and contain
high amounts of organic material. The headwater streams are susceptible to intermittency,
especially in the drier summer season, and from accumulation of the organic matter. which
further contributes to debris dams. Headwater streams can account for 60% to 80% of
cumulative length for river networks (Benda et al., 2005) and are major sources of water,
nutrients, and organic and inorganic material, ultimately making up the larger more
anthropogenically important downstream systems (Wipfli et al., 2007; Binckley et al., 2010).
There is minimal information on macroinvertebrate communities that inhabit forested stagnant

headwaters of Louisiana, particularly streams that are seasonally intermittent.



To understand and explore an area where little information exists, a multi-disciplinary
project was initiated in a low-gradient watershed in north-central Louisiana to investigate
hydrology, water quality, and stream macroinvertebrates at the local and watershed scale, with
particular focus on the headwater streams and temporal differences among headwaters and main-
stem reaches. The Flat Creek watershed is a representative watershed located in central
Louisiana, and is dominated by actively managed forestland. The project began with a two year
calibration period from December 2005 through August 2007, utilized the paired watershed
design at four harvested plots, with and without the use of BMPs, and monitored a series of
stream hydrologic and physicochemical parameters in addition to collecting macroinvertebrates
in the spring and late summer each year. Three graduate students used this calibration time for
their thesis research (Saksa, 2007; Viosca, 2007; BryantMason, 2008) to characterize the
hydrology, water chemistry, and macroinvertebrate communities to provide baseline information
for this project. In September of 2007, four timber stands were harvested in the watershed,
including thinning in riparian areas, with and without the use of BMPs. Additional monthly
monitoring and macroinvertebrate collections continued throughout 2010.  Two additional
graduate students focused on the hydrology and water chemistry in the post harvest period, and
used the collaborative collected data in their theses research (Brown, 2010; DaSilva et al., In
Review).

This thesis research focuses on macroinvertebrate ecology in low-gradient headwater
streams characteristic of this region. The thesis research presents findings from three sub-studies,
and is divided into five chapters. Following this introduction, Chapter 2 presents the study of
timber harvest BMP effectiveness in low-gradient headwater streams. This chapter focuses

strictly on changes in the benthic macroinvertebrate communities collected during two years,



each before and after timber harvest at seven sites in the Flat Creek watershed. Chapter 3
presents the research on the associations of all macroinvertebrate communities with instream and
riparian habitat characteristics, using principal component analysis. This study encompassed
nine sampling events over five years, at 13 different stream sampling sites throughout the
watershed, to understand spatial and temporal differences of local conditions with
macroinvertebrate communities and functional feeding groups. Chapter 4 focuses on
associations of macroinvertebrate taxonomic and functional feeding groups with water physical
and chemistry parameters, including intensively measured dissolved oxygen. This chapter is
similar to Chapter 3, and concentrates on all macroinvertebrates collected throughout five years
in the watershed. Chapters 2, 3, and 4 are written as stand-alone manuscripts for submission to
peer-reviewed journals. There is some repetition between chapters, because each chapter has its

own introduction, methods, results, discussion, and conclusions sections.



CHAPTER 2: RESPONSES OF STREAM BENTHIC
MACROINVERTEBRATE COMMUNITIES IN A LOW-GRADIENT,
SUBTROPICAL WATERSHED TO TIMBER HARVESTING

2.1 Introduction

Timber harvesting activities have the potential to increase sediments (Beasley and
Granillo, 1988; Stott and Mount, 2004), streamflow (Bosch and Hewlett, 1982; Hicks et al.,
1991; Stednick, 1996), water temperature (Brown and Krygier, 1970; Corbett et al., 1978), and
nutrient export (Likens et al., 1970)) in adjacent stream systems. These changes negatively
affect the abundance and species composition of sensitive macroinvertebrates such as most
Ephemeroptera, Plecoptera and Trichoptera (EPT)(Kaller and Hartman 2004), while favoring
disturbance tolerant taxa, such as Diptera (Collier and Bowman, 2003; Martel et al., 2007).
Forests are the dominant land-use and the most valuable agricultural commodity in Louisiana,
covering about half of the state (approximately 14 million acres) (LSU AgCenter, 2010).

Currently, implementation of forest best management practices (BMPs) is voluntary, and
overall compliance has dipped from 96% in 2002, to 74% in 2009, according to two surveys
conducted by the Louisiana Department of Agriculture and Forestry (Xu and Rutherford, 2005;
Kaller, 2010). Recommended BMPs include maintenance of streamside management zones
(SMZs) to help protect water quality and reduce nonpoint source pollution during and after
forestry operations. The SMZs provide a minimal basal area to be retained during harvesting
activities. Louisiana BMPs are devised to educate forest land owners and operators to help
reduce forest soil movement towards waters of the state (LDEQ, 2000), minimize environmental
impacts, and maintain water quality. Forestry BMPs have been described for pre-harvest
planning, site preparation, road building, felling, skidding, chemical applications, minimization

of stream crossings, and fire management. BMPs encompass SMZs or buffer zones in riparian



areas to ensure bank stabilization, allow vegetative filtration of sediment and fine organic matter,
and protect streams from changes in thermal regimes. These SMZs vary in width and are
dependent on the size and intermittent nature of the stream. BMPs also include timing of
activities to consider soil moisture conditions, and avoiding activities during high-precipitation
periods.

Headwater stream systems can be ephemeral, perennial, or intermittent, and the definition
of which can vary depending on map scale resolution. Consequently, identification of headwater
streams can present a management dilemma, because riparian zones and delineated SMZs, which
can be subject to harvest restrictions, can ultimately cover a large portion of the watershed.
Headwater streams are the sources for larger, more anthropogenically-important downstream
reaches, and can strongly influence the biological, physical, and chemical characteristics in
higher-order streams. During episodic rain events, low-gradient headwater streams carry
enormous loads of organic material that often serves as the most important energy source for
invertebrate production (Vannote et al., 1980; Wallace and Webster, 1996).

There are few studies regarding macroinvertebrates and forested headwater streams,
especially low-gradient, low-flow, high-organic content streams of Louisiana. Although Sloey
(1992) reported changes in macroinvertebrate community structure after various successive years
of forest harvesting in the Kisatchie National Forest, Louisiana, Carroll et al. (2004) found no
differences in pre- to post-harvest macroinvertebrate abundance in samples collected from
control and SMZ-treated streams in Mississippi. Similarly, Kaller and Kelso (2006a) showed
that such disparate factors as riparian zone alterations and feral swine activities could alter

benthic macroinvertebrate communities, whereas Williams et al. (2005) showed no negative



effects on stream biota related to military training activities, including partial timber harvest and
road building.

In 2005 a multi-disciplinary project was initiated in a low-gradient watershed in north-
central Louisiana to monitor hydrology, water quality, and stream benthic macroinvertebrates at
the watershed scale, with particular focus on the headwater streams and temporal differences
among headwaters and main-stem reaches. The Flat Creek watershed has been intensively
managed for timber harvesting operations since the 1970’s. This chapter focuses on benthos
ecology in low gradient headwater streams characteristic of this region, specifically the
responses of the benthic macroinvertebrate community to timber harvest.

In the past two decades, characterization of the structure of stream biotic communities
such as benthic macroinvertebrates has become an essential tool for state and federal water
quality assessment programs in the U.S. Macroinvertebrate communities can reflect the overall
condition or health of a stream (Norris and Thoms, 1999) because some portion of the life cycle
of all taxa is closely linked to biotic and abiotic stream characteristics. Contrary to
physicochemical parameters that are often collected at specific points in time, biological
indicators of water quality may reflect more of a longer-term, integrated response to conditions
in these dynamic ecosystems (Karr and Chu, 1999). For example, macroinvertebrates have been
found to be sensitive to changes in temperature (Swift and Messer, 1971) and light levels
(Haggerty et al., 2004), as well as anthropogenic changes in sediment (Lenat et al., 1981) and
organic inputs from domesticated livestock operations (Davis et al., 2003).

Currently, Louisiana does not have a biological index system for its surface water quality
assessment program, and data continues to be collected to determine how stream biota respond to

changes in stream conditions, and whether these responses can be used to assess stream health.



Our study was designed to further enhance our understanding of stream-biota relationships by
investigating the structure of the benthic macroinvertebrate community in a low-gradient,
forested, headwater stream, its response to timber harvesting activities, and whether significant

changes in community composition are related to BMP implementation.
2.2 Methods

2.2.1 Site Description

The Flat Creek watershed is located in north-central Louisiana, and is part of the
Ouachita River basin which belongs to the northern portion of the U.S. Environmental Protection
Agency Level I1l Southern Coastal Plain Ecoregion (SCPE) (Daigle et al., 2006). The watershed
is predominantly forestland (84%) managed for harvest of loblolly pine (Pinus taeda), but also
includes some pastureland, agricultural fields and hardwoods in riparian areas. The Flat Creek
watershed drains 369 km? and receives an average of 1508 mm of precipitation annually. The
climate is subtropical and precipitation is mostly seasonal, with the majority falling from
November through April. Annual rainfall amounts from 2006 through 2009 in the area were
1301, 893, 1266, and 1269 mm, respectively (Brown, 2010). Average monthly temperatures
fluctuated between 8.0°C in January and 28.6°C in July, with an annual average of 18.2°C. Soils
consist of well drained fine sandy loam at higher elevations to less porous clayey-silt in stream
beds and riparian areas (NRCS, 2007).

Seven monitoring sites were designated for macroinvertebrate sampling on three 1%-order
streams (Figure 2.1). The sites were designed to use a paired approach to determine impacts of
harvesting at the plot scale by comparing BMP implemented and non-implemented sites,

upstream and downstream of harvest sites, and harvested sites with a control (Table 2.1).
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Figure 2.1. Flat Creek watershed, Winn Parish, Louisiana, USA, benthic macroinvertebrate
monitoring site locations.

The control site was spatially distant from forest harvesting activity and was located in the
adjacent Spring Creek watershed. Paired sites upstream and downstream from a harvested stand
with BMP implementation included BMP-1-UP and BMP-1-DN, and BMP-2-UP and BMP-2-
DN. These four sites were located on Turkey Creek, upstream of the junction of Spring Creek.
Sites No BMP-UP and No BMP-DN were designated on Big Creek where timber harvest was

executed without BMP implementation.



Table 2.1. Description of sites in the Flat Creek watershed and harvested areas.

Site Drainage  Stream  Harvested area Harvested area Desianation
area (km?) order above (km?) cumulative (km?2) g
Control 3.0 1 0 0 Reference
BMP-1-UP 12.4 1 0 0 Plot reference
BMP-1-DN 14.3 1 0.24 0.24 Plot treatment
Plot reference/
BMP-2-UP 17.8 1 0.24 0.24 cumulative treatment
Plot treatment/
BMP-2-DN 18.3 1 0.12 0.36 cumulative treatment
No BMP-UP 2.1 1 NA NA Plot reference
No BMP-
DN 34 1 0.25 0.25 Plot treatment

2.2.2 Field Sampling and Measurements

The selected headwaters in the Flat Creek watershed had low baseflow and shallow
depths, which required a modification of a conventional core sampler for quantitative sampling.
The streams were relatively stagnant except for episodic rain events that deliver most woody
debris and organic matter into the stream systems. These low-flow conditions, which precluded
the use of drift nets or Surber samplers for macroinvertebrate collections, resulted in the use of a
modified stovepipe sampler (Merritt et al., 2008) that measured 0.2057 m by 0.2057 m (8.1 inch
by 8.1 inch) square, with a benthic sampling area of 0.0423 m?. For each sample, the top 2.5 cm
of substrate was removed and placed into a 2-L jar, and the water column within the core was

swept for one minute with an aquarium net to capture suspended organisms (Viosca, 2007).
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Figure 2.2a. Macroinvertebrate collection method measuring random reach length.
Figure 2.2b. Setting the modified stovepipe aluminum corer for sample collection.

To determine the location of sampling points, we generated eight random stream reach length
measurements between 8 and 150 m (Figure 2.2a), and took core samples (Figure 2.2b) at the
randomly selected sites along these reaches in April and August 2006, August 2007, May and
August 2008, and April and August 2009. Spring collections included all eight random reach
samples; however, some late summer sample reaches were dry and samples were not collected.
Spring and late summer samples were analyzed separately, as macroinvertebrate communities in
Louisiana streams show significant seasonal changes in species composition (Kaller and Hudson,
2010), and we did not want seasonal turnover to confound the detection of differences among our
planned comparisons. We collected a total of 333 samples that were subsequently preserved in
95% ethanol, filtered through a 500-p sieve and treated with Rose Bengal stain to aid in sorting.
Although present in most of the samples, arachnids, oligocheates, cladocerans, copepods,
hemipterans, homopterans, and ostracods were not included in these analyses due to either
fragility or possible association away from benthic material. Organisms were identified to the
lowest practical taxonomic level, usually family or genus, and were grouped taxonomically and

by functional feeding group (i.e., shredders and scrapers) according to identification guides and
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keys (McCafferty, 1981; Merritt et al., 2008). Shannon-Weiner’s index of diversity calculated
as:
H'=-X piInp;
where p; is the proportion of individuals found in the ith species and In is natural logarithm.
Additionally, Shannon’s evenness index was calculated as:
E =H'/ Hrax

Scores range from 0 to 1, where a value of 1 would mean all species were equally abundant.

2.2.3 Statistical Analysis

Prior to analyses, we selected a limited number of descriptive community metrics for
analyses, and hypothesized their responses to harvesting (Table 2.2). These metrics were
selected because other macroinvertebrate studies in southeastern U.S. streams have found
relationships between these metrics and stream health (Barbour et al., 1996; Davis et al., 2003,
MDEQ, 2003). Data analyses were performed with a generalized linear mixed model framework
(GLMMs, PROC GLIMMIX, SAS version 9.1.3 June 2006 release version) separately for spring
and late summer. For these GLMMs, all taxa were converted to individuals per m?. A negative
binomial distribution was used along with a log link to compensate for overdispersion in the
data.

We tested for differences between the control and treatment sites, as well as before and
after timber harvesting. Additionally, because the sites were designed for specific comparisons,
a priori contrasts were performed before and after harvesting, and between harvested and

unharvested sites.
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Table 2.2. Selected benthic macroinvertebrate metrics and their predicted responses after
increasing perturbation according to Barbour et al., (1996), Fore et al., (1996). Davis et al.,
(2003), MDEQ (2003). EPT abbreviates Ephemeroptera, Plecoptera, and Trichoptera, and FFG
abbreviates functional feeding group.

Metrics Predicted response

Percent EPT Decrease
Total Abundance Decrease
Shannon Wiener Index Decrease
Evenness Decrease
Taxonomic richness Decrease
Percent Dominant Taxa Increase

EPT per m? Decrease
Amphipods per m? Variable®
Bivalves per m? Decrease
Chironomids per m2 Variable®
Coleopterans per m2 Variable®
Dipterans per m2 Variable®
Gastropods per m2 Decrease
Malacostracans per m? Variable®
Megalopterans per m? Variable®
FFG Scrapers per m2 Variable®
FFG Predators per m2 Variable®

FFG Shredders per m2 Variable®

FFG Piercers per m2 Variable®

% Previous studies suggested conflicting outcomes.
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Table 2.3. Planned site comparisons and a priori contrasts to explain timber harvest effects.

Contrasts Explanation of contrasts

BMP-1-UP vs BMP-1-DN before Adjacent BMP implementation similarity validation

BMP-1-UP vs BMP-1-DN after Adjacent BMP implementation timber harvest effect

BMP-2-UP vs BMP-2-DN before Adjacent BMP implementation similarity validation

BMP-2-UP vs BMP-2-DN after Adjacent BMP implementation timber harvest effect

BMP-1-DN before vs after Plot timber harvest site effect

BMP-2-UP before vs after Plot timber cumulative harvest site effect

BMP-2-DN before vs after Plot timber harvest site effect and cumulative effect
2.3 RESULTS

2.3.1 Spring Sampling

We collected a total of 48,461 benthic macroinvertebrates, representing 29 orders and 66
families from 333 samples during the seven sampling events. Total abundance per m? varied
between 3,504 and 39,963 in the spring sample sets (mean = 15,378, standard error = 2,002).
Taxa richness at the family level remained similar (mean =17.14, standard error = 1.17) for all
three sampling events, and ranged from 9 to 26. Shannon-Weiner diversity ranged 0.64 to 2.07
in the spring samples (mean = 1.53, standard error = 0.07), and Shannon evenness for all sites
varied between 0.28 and 0.69 (mean = 0.55, standard error = 0.02). The percent dominant
families in pre-harvest samples were mostly dipterans, although asellid isopods were dominant in
two of the seven sampled sites (BMP-2-UP, and BMP-2-DN) (Table 2.4). Bivalves (97.53%
Sphaeriidae) were dominant in the Big Creek (no BMP) samples in the immediate post-harvest
samples of 2008, although culicids dominated pre-harvest samples. In 2009, spring samples were

exclusively dominated by Chironomidae.
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Bivalve densities increased significantly at BMP-1-DN, BMP-2-UP, and No BMP-DN
after timber harvest in the spring samples (Table 2.5) (Figure 2.3). Additionally, at sites
downstream of BMP implementation (BMP-1-DN, BMP-2-UP, and BMP-2-DN), malacostracan
and shredder densities decreased significantly (Figures 2.4 and 2.5). The number of scraper taxa
increased significantly at BMP-2-UP (Figure 2.6). Amphipod densities were significantly lower
after timber harvest at BMP-1-DN, as well as all of the downstream sites collectively.
Ephemeroptera, Trichoptera, and Plecoptera (EPT) taxa (0.9% of total collected
macroinvertebrates) were mostly uncommon, but were abundant (up to 13.7%) at the control site

before harvest during spring.

8000
7000
6000
-% 5000
= -
S 4000
= 02006
= 3000
E _ =2008
S

2000 2009
1000 ’_rI I —‘
o mrmm ACEAN m

Figure 2.3. Annual bivalve abundances in spring sampling events at seven sites in the Flat Creek
watershed, Winn Parish, Louisiana, USA.

15



25000

20000
=
= 15000
E _
Z 10000 02006
E 2008

5000 = m 2009

0 V_l_l : ’_l_l_ - —i : l : ’_l_l : !_V_._\
$$}' \’\4>Qy \555 n;sa fﬁé <551 Qfsé
C & & W &9’ F &
% ') R') R%) %0 ,éo

Figure 2.4. Annual malacostracan abundances in spring sampling events in the Flat Creek
watershed, Winn Parish, Louisiana, USA.

25000
20000
s
E 15000
§ _
_g 10000 02006
5 02008
5000 — 2009
0 !_I_I : H—— B 1 ‘ l : ’_l_l | l_y_._\

Figure 2.5. Annual shredder abundances in spring sampling events in the Flat Creek watershed,
Winn Parish, Louisiana, USA.
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Figure 2.6. Annual scraper abundances in spring sampling events in the Flat Creek watershed,

Winn Parish, Louisiana, USA.
2.3.2 Summer Sampling

Total abundance varied between 3,033 and 1

53,286 per m? for the late summer samples

(mean = 41,605, standard error = 7,410). Taxa richness (family level) varied between 11 and 28

(mean = 17.77, standard error = 0.92), and Shannon

-Weiner diversity ranged from 0.48 to 1.87

(mean = 1.04, standard error = 0.07). Shannon evenness for all sites varied between 0.15 and

0.66 (mean = 0.37, standard error = 0.03). Total percent dominant taxa were overwhelmingly

dipterans, as 22 of 23 site totals were comprised e
dominated by Ceratopogonidae (Table 2.4).
significantly at BMP-2-UP and BMP-2-DN with

abundances (Table 2.5) (Figure 2.7).
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Figure 2.7. Annual bivalve abundances in late summer sampling events in the Flat Creek
watershed, Winn Parish, Louisiana, USA.

2.3.3 Results Summary

In summary, 2 out of 13 metrics, which represented 7.0% of collected
macroinvertebrates, increased in association with timber harvesting activities. Conversely, 3 of
13 metrics, which represented 13.6% of collected macroinvertebrates, decreased in association
with the timber harvest. More importantly, 8 metrics, which represented up to 83.3% (Table 2.5)
of macroinvertebrates collected during the study, demonstrated no statistically detectable

relationships with timber harvesting or BMP implementation.
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Table 2.4. Dominant Families® in the Flat Creek watershed sampling events followed by (%) of
total taxa collected for that event.

Sites Control BMP-1- BMP-1- BMP-2- BMP-2- No BMP- No BMP-
UP DN UP DN UP DN

Spring CH (54.7) CE (52.0) CH (37.9) AS (45.1) AS(42.4) CU(83.6) CU (53.7)
2006
Spring  CH (49.9) CH (48.7) CH (55.8) CH (45.1) CH (51.6) SP(37.0) SP (41.1)
2008

Spring CH (74.1) CH(72.3) CH(52.6) CH (45.0) CH(36.1) CH (75.4) CH (47.4)
2009

Summer CH (41.7) CE (49.6) CH(78.1) CH(90.9) CH(855)  NA NA
2006
Summer CH (78.3) CH(74.7) CH(70.4) CH(71.1) CH(685)  NA NA
2007
Summer CH (52.6) CH(78.9) CH (58.0) CH (84.9) CH(85.6) NA NA
2008

Summer CH (67.9) CH (70.3) CH (66.5) CH (55.5) CH (63.8) CH (73.8) CH (56.8)
2009

# AS= Asellidae, CH = Chironomidae, CE = Ceratopogonidae, CU = Culicidae,
SP = Sphaeriidae, NA = Not applicable
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Table 2.5. Generalized linear mixed modeling results (o = 0.05) for both spring and late summer
samples for sites compared before and after timber harvest. Late summer samples are shaded.

Signs (+ or -) indicate positive or negative changes in metric value after harvest.

Site Metric F-Value (P>F)
BMP-1-DN Amphipods (-) 4.17 (0.0414)
Bivalves (+) 4.00 (0.0456)
Malacostracans (-) 10.25 (0.0014)
Shredders (-) 8.23 (0.0042)
BMP-2-UP Bivalves (+) 260.06 (0.0001)
Bivalves (+) 6.10 (0.0136)
Malacostracans (-) 3.94 (0.0472)
Scrapers (+) 4.41 (0.0358)
Shredders (-) 3.97 (0.0463)
BMP-2-DN Malacostracans (-) 5.47 (0.0195)
Shredders (-) 4.41 (0.0358)
Bivalves (+) 250.15 (0.0001)
No BMP-DN Bivalves (+) 11.14 (0.0009)
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2.4 DISCUSSION

Differences observed in the abundance of taxonomic and functional feeding groups
during our study suggest that some members of the benthic macroinvertebrate community
assemblages in the Flat Creek watershed changed in response to timber harvesting activities. We
observed decreases in proportions of amphipods and malacostracans post-harvest, which is in
contrast to results reported from a similar study in New Zealand (Thompson et al., 2009). In
contrast to Stone and Wallace (1998) and Haggerty et al. (2004), who documented increases in
shredders and decreases or non-responses of scrapers to logging, we observed increases in the
proportion of bivalves and scrapers in post-harvest samples. However, many more organisms
appeared to be unaffected by timber harvesting based on our predicted responses from the
literature (Barbour et al. 1996; Fore et al. 1996; Davis et al.,, 2003; MDEQ, 2003).
Consequently, it appears from our study that incorporation of BMPs in forestry operations in
low-gradient coastal-plain streams is effective in minimizing significant negative impacts for
most members of the benthic macroinvertebrate community.

The increases in the densities of bivalves immediately downstream of two of the three
plots suggests timber harvesting activities may have improved bivalve habitat quality, as before-
harvest comparisons showed no significant differences. Additionally, late summer samples at
the No BMP sites showed supporting evidence for bivalve enhancement, but we were unable to
statistically examine these data because pre-harvest data was not obtained. In a recent study in
New Zealand, Thompson et al. (2009) found sphaeriid bivalves to increase in total biomass from
pre-harvest to post harvest consistently in their study streams. Scraper taxa in our study, which
were largely gastropods (Ancylidae, Planorbidae, Viviparidae, and Physidae), also increased in

relative abundance downstream of the BMP-1 implemented harvest area (Figure 2.7). However,
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gastropod densities did not statistically differ, suggesting other members (Scirtidae, Caenidae) of
this FFG had increased as well. Scraper increases have been widely recognized as a common
macroinvertebrate response to timber harvest (Murphy and Hall, 1981; Price et al., 2003). This
is likely due to stimulated periphyton growth resulting from a reduction in canopy cover.
Contrary to our predictions, there were no significant increases in total suspended solids in the
studied streams post-harvest (Brown, 2010). Kaller and Kelso (2006c) found that gastropods,
but not most bivalves, were positively correlated with feral hog streamside rooting and
wallowing in a Louisiana coastal plain stream. Feral hogs are present in the Flat Creek
watershed and may have been attracted to the open spaces created by timber harvesting
(Lipscomb 1989). We did not measure sediment deposition, but this harvesting-related impact
has been shown to be tolerated by sphaeriid bivalves (Voshell, 2002).

Although caenid and heptageniid mayflies were included in the scraper FFG (Voshell,
2002), all EPTs exhibited a non-significant trend of post-harvest decline, suggesting the scraper
community and EPTs did not share common responses to timber harvesting. Consequently, it
appears that taxa making up the majority of the scraper communities took advantage of post-
harvest conditions. Decreases in EPT taxa abundance were evident at the control site in the
absence of timber harvesting, which likely contributed to the lack of significance in EPT
abundance at harvested sites. Although EPT abundances are generally low in low-gradient
streams of coastal plains (Sloey, 1992; Davis et al., 2003; Kaller and Kelso, 2006a, 2007), their
relative abundance has been shown to be a reliable indicator of disturbance in the southeastern
United States (Gage et al., 2004). The lack of substantial declines in the relative abundance of
EPT taxa post-harvest suggests that BMP implementation minimized habitat impacts for these

organisms.
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Shredders have been documented to decrease in abundance following perturbations such
as timber harvest (Haefner and Wallace 1981, but see Stone and Wallace 1998) or decreased
input of particulate organic matter (Wallace et al. 1997), which was supported by our
observations at sites below the BMP-implemented harvests. In this study, shredders were mostly
made up of asellid isopods (72.9%), amphipods and crayfish, all of which are malacostracans,
suggesting a common response to harvesting within this phylogenic group. Similarly, Davis et
al. (2003) noted that reference sites in low-gradient intermittent streams in the Middle Atlantic
Coastal Plain had significantly higher crustacean and isopod densities compared to impacted
streams. In contrast; however, Haggerty et al. (2004) found densities of shredders increased in
clear-cut and buffered streams of coastal Washington relative to uncut references. Differences
among these studies could be related to the timing of invertebrate collections (i.e., high inputs of
organic matter soon after cutting, with reduced inputs during subsequent years), the taxonomic
composition of the invertebrate community, and the nature of particulate organic matter inputs in
these systems.

Dominant taxa in the spring samples changed over the course of the study at the
seasonally dry stream sites of the No BMP implementation plot, with dipterans replaced by
bivalves in 2008 and vice versa in 2009. However, the No BMP-DN site was otherwise
statistically similar to No BMP-UP in all other metrics used for spring contrasts. Bivalves have
been shown to be in decline in the southeastern United States (Williams et al., 1993; Lydeard and
Mayden, 1995; Haag and Warren, 1998), and our results suggest that bivalves may benefit in
some, as yet undetermined, manner from timber harvesting in these stream systems.

Because sites without BMP implementation could not be sampled in late summer pre-

harvest and immediate post-harvest periods, we were unable to examine immediate benthic
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macroinvertebrate community responses to timber harvesting. Additionally, the characteristic
extreme variability of macroinvertebrate relative abundance in pre-harvest samples hindered
statistical assessment of community responses, especially for assessing reference stream
community composition. Some of this variability was likely due to substantial differences in
environmental conditions during the study. For example, total rainfall for 2007 (893mm) was
much lower than the long-term average (1508mm), which may have played a role in harvest-
related changes in macroinvertebrate abundances, such as EPT taxa (e.g., Wagner and Schmidt,
2004) as well as other macroinvertebrates (Parr and Mason, 2003). Recruitment failure
associated with lack of sufficient flow during this unusually dry period may have been a
significant factor affecting the densities of many macroinvertebrate taxa we collected (Doisy and

Rabeni, 2001).

2.5 CONCLUSIONS

This study investigated stream benthic macroinvertebrates in a low-gradient subtropical
watershed before and after a timber harvesting operation over a period of four years. BMP
effectiveness in forestry operations appears to minimize significant density effects for most
members of the benthic macroinvertebrate communities. Our study showed that few groups (less
than 14% of total abundance) of taxa or FFGs had negative associations with intensive
silvicultural activities. In headwater streams of the SCPE, we suggest that, relative to natural
stream impacts resulting from seasonal low flows and associated changes in water quality and
stream-riparian zone relationships, stream perturbations related to forestry operations may be
relatively unimportant regarding macroinvertebrate community composition and dynamics.
Further, adaptations to these environmentally-dynamic stream systems may have already

selected for more resilient taxa that may be better able to adapt to short-term changes in riparian
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and upland forest cover than organisms in more temperate systems. Generalist dipteran taxa
appear to be the dominant group of benthic macroinvertebrates in our study area. Unlike other
parts of the U.S., EPT taxa (0.87% of collected macroinvertebrates) are not abundant in these
streams, and they were not useful indicators of harvest-related changes in due to high variation in
densities among and within control and treatment sites. Decreases in shredder and malacostracan
abundance, as well as increases in scraper and bivalve densities may provide insight to
effectively managing timber stands in low-gradient watersheds typical of Louisiana. However,
most benthic macroinvertebrate taxa, including dipterans, odonatans, coleopterans, gastropods,
predators, and piercers exhibited no discernable pre-harvest to post-harvest changes in
abundance, and there were no significant differences in taxa richness, diversity, or evenness
related to harvesting activities. Discerning the differences in macroinvertebrate responses to
natural environmental variation and timber harvesting activities is problematic at best, and is
further hindered when study streams can be seasonally (and stochastically) intermittent. Our
results do suggest, however, that forest management activities, regardless of BMP
implementation, had limited short-term impacts on resident macroinvertebrates in these low-
gradient, subtropical streams. Continued monitoring at the study sites will allow us to better
understand the long-term effects of timber harvesting in these stream systems, particularly the

resilience of stream biota to harvesting-related stream conditions.
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CHAPTER 3: RELATIONSHIPS BETWEEN MACROINVERTEBRATES
AND INSTREAM AND RIPARIAN HABITAT CHARACTERISTICS IN
SEASONALLY INTERMITTENT HEADWATER STREAMS IN CENTRAL
LOUISIANA

3.1 INTRODUCTION

Aquatic macroinvertebrates are common biological organisms that can be used to
describe increasing water quality perturbation. They are part of a larger suite of organisms used
to develop and understand water quality relationships (Hawkins et al., 2000).
Macroinvertebrates and other organisms are used by many local, state, tribal, and federal
organizations (Carter and Resh, 2001) as a means to regulate and manage water bodies of interest
so that they meet their intended uses. Macroinvertebrates are ubiquitous and are especially
diverse in subtropical regions (Vinson and Hawkins, 2003). Macroinvertebrates have been
known to specialize in distinct habitats, such as headwaters, filling unique niches produced from
stream conditions resulting from various processes and characteristics associated with a riparian
environment (Vannote et al., 1980). Headwater streams have been a focus of attention recently,
with debate on the definition of a headwater and whether or not to include them as “protected
waters” under the Clean Water Act (Nadeau and Rains, 2007). Viable definitions of headwaters
are not agreed upon as finer resolutions are not included on maps used by some regulatory
agencies (Meyer et al., 2007). Depending on definition, these stream systems can account for
more 60% to 80% of cumulative length for river networks (Benda et al., 2005) and are major
sources of water, nutrients, and organic and inorganic material, ultimately making up the larger
more anthropogenically important downstream systems (Wipfli et al., 2007; Binckley et al.,
2010). Relationships of macroinvertebrates to their surrounding ecosystems have been
studied considerably in upland, temperate headwaters (e.g., (Collins et al., 2007; Danehy et al.,
2007) and perennial small streams (e.g., (Dewson et al., 2007a; Beugly and Pyron, 2010);
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however, very few studies have investigated low-gradient, intermittent, subtropical headwater
streams. Macroinvertebrate relationships with intermittent streams have been studied in regions
outside of the United States, including the United Kingdom (Smith and Wood, 2002), Portugal
(Pires et al., 2000; Hughes et al., 2008), and Australia (Boulton, 2003; Clarke et al., 2010).
These streams are located in climates much different than the southeastern U.S. Many low-
gradient streams in the southeastern U.S. often become seasonally intermittent, and the large
amounts of organic matter contribute to debris dams (Feminella, 1996). Forested headwater
macroinvertebrates can be affected by flow permanence (Clarke et al., 2010), and the
sedimentation that results from decreased flow (Dewson et al., 2007b). Published research on
macroinvertebrates in seasonally intermittent streams in the southeastern U.S. is limited and
usually focused spatially, such as animal agricultural impacts in Georgia (Davis et al., 2003),
Texas prairies (Hax and Golladay, 1998) and upland streams in Alabama (Feminella, 1996).
Several studies have investigated relationships of macroinvertebrates with woody debris
(Drury and Kelso, 2000; 2007), feral swine activity(2006c), bivalves(2006b), riparian clearing
(Williams et al., 2005; Kaller and Kelso, 2006a) and temporal patterns (Kaller and Hudson,
2010), as well as distributions (Alley, 2004) in central and southwest Louisiana. These studies
provide some basic information on macroinvertebrate communities in a region where stream
intermittency is common. However, the authors did not examine, 1) relationships between
macroinvertebrate community composition, variable flow conditions, and the related
environmental changes; and 2) multiple scales ranging from local reach to watershed. Instream
habitat structure and allochthonous inputs are driven by local reach scale conditions and riparian
characteristics such as vegetative cover and type, whereas the supply of nutrients, sediment,

velocity, and channel structure are consequences of regional conditions, including soil types,
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geomorphology, and landscape features (Benda et al., 2005). The low gradient forested
headwater streams typical of central Louisiana are shaped by flood events that carry large
amounts of organic material into these stream systems. High flows in these streams are
predominantly driven by storms, being very responsive to single precipitation events (Richardson
and Danehy, 2007), and account for a large portion of annual discharge (McBroom et al., 2008).
Recent research in headwater organic matter processes (Clapcott and Barmuta, 2010) has shown
that there are strong relationships with organic matter processes and habitat structure. These
relationships are more common in upstream than downstream reaches and perhaps more
important because of the increased terrestrial/aquatic interface in headwater systems.
Macroinvertebrate communities are directly related to these processes and have unique
associations with the contributions of small and large woody debris (Hrodey et al., 2008; Ogren
and King, 2008; Lester et al., 2009; Kaller and Kelso, 2010) and sediment (Longing et al., 2010)
from the riparian areas and systems (Richardson and Danehy, 2007).

In 2005, a multidiscipline study was initiated in several low-gradient, forested headwater
streams in the Flat Creek watershed of central Louisiana. The study monitored changes in
stream hydrology, chemistry, and benthic macroinvertebrates to determine the effectiveness of
silvicultural best management practices in water quality protection. A comprehensive
assessment completed by Klimesh et al. (In Review) found no significant differences in pre- to
post-harvest functional feeding groups (FFGs) and taxonomic groups of benthic
macroinvertebrates could be attributed to timber harvesting operations. This paper further
investigates the resilient nature of the entire macroinvertebrate community in little studied sub-
tropical, low-gradient, seasonally intermittent, low-order streams in Louisiana. This study aimed

to 1) assess macroinvertebrate communities and their relationships to subtle differences in
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headwater streams physical and riparian characteristics including intermittency, and also 2)
describe other physical or abiotic properties associated with densities of macroinvertebrates at

spatial scales ranging from local reach to watershed.
3.2 METHODS

3.2.1 Site Description

The Flat Creek Watershed is located in north-central Louisiana, which is within the
northern portion of the U.S. Environmental Protections Agency Level 111 Southern Coastal Plain
Ecoregion (SCPE) (Daigle et al., 2006), and eventually drains into the Ouachita River. The
watershed is actively managed for timber harvest of loblolly pine (Pinus taeda) and is primarily
forestland (84%), recently harvested and planted pine stands (12%), and some pastureland (4%).
Riparian areas include bottomland hardwoods are composed of magnolia (Magnolia
grandiflora), sweet gum (Liquidambar styraciflua), water oak (Quercus nigra), and bald cypress
(Taxodium distichum). The Flat Creek watershed drains 369 km? and receives an average of
1508 mm of precipitation annually. The climate is subtropical and precipitation is mostly
seasonal, with the majority falling from November through April. Annual rainfall amounts in the
Flat Creek watershed from 2006 through 2010 were 1301, 893, 1266, 1269, and 804 mm,
respectively (Brown, 2010). Average monthly temperatures ranged between 8.0°C in January
and 28.6°C in July, while the annual average is 18.2°C. The Flat Creek watershed is low-
gradient with channel slopes decreasing from the headwaters (0.5%) to the watershed outlet
(0.1%) (Saksa, 2007; Brown, 2010). Soil type ranges from the moderately well-drained fine
sandy loam (Sacul-Savannah series) in the upland regions to the poorly drained silt loam
(Guyton series) along the Flat and Turkey Creek floodplains to less porous clayey silt in stream
beds and riparian areas (Saksa, 2007; Brown, 2010).
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Monitoring sites were designated for macroinvertebrate sampling on several 1%-, 2" and
3"order streams (Figure 3.1). The study design was to determine spatial characterization of
macroinvertebrates across the watershed (Table 3.1). Two 1*-order sites, 11 and 12, were located
in Spring Creek. Site E3, another 1°-order stream was located on Fish Creek. Seven sites: 13, 14,
15, 16, N1, N2, and E2, were located on Turkey Creek, with 13 being furthest upstream and on the
middle 1%-order section, and E2 as the outlet on the lower section designated as a 2"%-order
stream. 13 and 14 were located upstream of the junction of Spring Creek. Sites 9U and 9D were
located on Big Creek. Site E1 was located on Flat Creek, the watersheds’ mainstem, upstream of

the junction with Turkey Creek and was the only site on a 3"-order system.

3.2.2 Field Sampling

The selected headwaters in the Flat Creek watershed have very low baseflow and shallow
depths (Figure 3.2), which required a modification of a conventional core sampler for
guantitative sampling. The streams are relatively stagnant except for episodic rain events that
deliver most woody debris and organic matter into the stream systems, which precluded the use
of drift nets or Surber samplers. Instead, we used a modified stovepipe sampler (Merritt et al.,
2008) measuring 0.2057 m by 0.2057 m (8.1 inch by 8.1 inch) with a benthic sampling surface
area of 0.0423 m? to collect macroinvertebrates. The top 2.5 cm of substrate was removed and
placed into 2 liter jars. The corer water column was swept for one minute with an aquarium net
to capture suspended organisms (Viosca, 2007), and collected contents were added to the 2-liter

jars.
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Flat Creek

Figure 3.1. Site locations in the Flat Creek watershed, Winn Parish, Louisiana, USA.
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Figure 3.2. Mean wetted width and cross sectional area measurements for stream site reaches
where macroinvertebrates were collected in the Flat Creek watershed, Winn Parish, Louisiana,
USA, from April 2006 to August 2010. Streams are shown from smallest drainage area on the
left to largest on the right.

Eight random stream reach measurements between 8 and 150 meters were generated for
each site, and core samples were taken at along these reaches in April and August 2006, August
2007, April, early May and August 2008, April and August 2009, and April and August 2010.
Spring collections included all eight random reach samples; however, some late summer sample
reaches fell upon intermittent or dry areas and were not collected. Sites N1 and N2 were added
in 2008 and were the only sites sampled in 2010. All samples were collected at baseflow

conditions.

Samples were preserved in 95% ethanol in the field. Sample containers were treated with
Rose Bengal to aid in sorting the organisms from substrate material. Substrate material was

retained and weighed after drying in oven for at least 3 days at 37° Celsius. The samples were

32



rinsed and filtered through a 500-micron sieve. Organisms were identified to the lowest practical
taxonomic level, usually family level, and occasionally genus, and then grouped to various
taxonomic levels and by functional feeding groups (FFGSs) according to identification guides and
keys (McCafferty, 1981; Merritt et al., 2008). Taxonomic resolution was set to family for
consistency with earlier collections (Viosca, 2007) and because finer precision would unlikely
yield additional information (Bowman and Bailey, 1997; Chessman et al., 2007). We did not
include chironomid taxa in our FFG predator group, although some members of Chironomidae

(Tanytarsini) are described as predators (Merritt et al., 2008).

3.2.3 Instream and Riparian Assessments

Substrate composition, channel type, velocity (during visible flow), depth and width
measurements, channel composition, bank angle measurements, canopy cover, and riparian
characteristic estimates were recorded (Figure 3.3) according to methods described by Lazorchak
(1998). Intermittency was determined by observations made during monthly water collection
events from December 2005 through September 2010. Velocity measurements were taken with a
SonTek 30 FlowTracker (SonTek/YSI, Inc., San Diego, CA, USA) at each sampling location
during each macroinvertebrate collection events. Stream velocity was measured with the USGS
mid-section velocity-area method (Brown, 2010). In addition, velocity was taken monthly from
December 2005 to December 2009 providing an overall sample of flow conditions at each of our
sampling locations (Table 3.2). Velocity in late summer samples were assigned zeros at all
visually stagnant pools because flow was not measurable, allowing interpretation for these

analyses.

33



Dominant substrate size-class categories were visually estimated at the location of every
macroinvertebrate sample included; coarse gravel, fine gravel, sand, silt/clay/muck, hardpan,
wood, leaf pack, and other. Channel composition types were designated as run or pool or dry.
Riffle habitats were not observed in the Flat Creek watershed. Canopy cover percentage was
recorded with a concave reflective densiometer. Instream cover was estimated as absent (0%),
sparse (1 - 40%) and dominant (> 40%) for filamentous algae, macrophytes, large woody debris,

small woody debris, live trees or roots, overhanging vegetation, and undercut banks.

Figure 3.3. Measuring physical cross section, wetted width, and instream and riparian
characteristics in the Flat Creek watershed, Winn Parish, Louisiana, USA.

Riparian characteristics were estimated perpendicular to macroinvertebrate collections on
each side of the stream and combined. Categories of vegetation type for canopy, understory, and

ground cover included deciduous, coniferous, broadleaf evergreen, mixed, or none. Vegetation
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estimates for the canopy included large trees (trunk > 0.3m DBH) and small trees (trunk < 0.3m
DBH). Vegetation estimates for the understory and ground cover included woody shrubs and
saplings, and non-woody grasses, herbs, and forbs, and barren soil at each of the random sample
locations. Estimates were categorized as absent, sparse (1-40%), and dominant (> 40%). Late
summer 2007 physical riparian habitat characterizations were not recorded and are not part of the
analysis. Means of the canopy cover percentage estimates were tested for similarity with
analyses of variance (ANOVAS) in SAS (PROC MIXED version 9.2, SAS Institute, Inc., Cary,
North Carolina, USA) among sites to help explain density differences in the macroinvertebrate

communities. Differences between sites were interpreted as significant at alpha < 0.05.

3.2.4 Macroinvertebrate Metrics

Prior to analyses, we selected 31 descriptive macroinvertebrate community metrics
(Table 3.1) for analyses based on previous work in the southeastern U.S. and results outlined in
Klimesh et al.(In Review). These metrics were selected because other southeastern U.S.
macroinvertebrate studies have found relationships useful in their studies (Barbour et al., 1996;
Davis et al., 2003; MDEQ, 2003; Klimesh et al., In Review). Metrics included familial
taxonomic groups and assigned FFGs according to Merritt et al. (2008). All metrics were
transformed to densities of individuals collected per meter squared (# in sample X correction
factor, 23.64066 for eight samples or an inflated factor appropriate for samples less than eight).

Analyses with and relating instream and riparian habitat variables to macroinvertebrate
metrics were performed with one or more of the following methods: principal component
analysis (PCA; PROC FACTOR), generalized linear (gamma) mixed models (GLMMs)(PROC
GLIMMIX), and zero-inflated negative binomial models (PROC GENMOD) with the statistical

software package SAS (version 9.2, SAS Institute, Inc., Cary, North Carolina, USA). Our data
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set included all macroinvertebrates collected in the nine sampling events, grouped into the 31 a
priori metrics and 55 instream and riparian habitat variables, along with 14 physicochemical
variables. Instream and riparian habitat variables were analyzed with PCA to establish
explanatory physical instream and riparian habitat variables (principal components or PCs). Of
these, the top 19 PCs selected by scree plot were chosen for subsequent analyses with the 31 a
priori metrics (Table 3.3). Physicochemical variables were not included with instream and
riparian PCs to minimize confounding effects of variables, and results of analyses of
physicochemical data are presented in Chapter 4.

Statistical procedures used generalized linear mixed or zero-inflated models to test for
relationships, because our data did not satisfy the assumptions of normality, requiring non-
Gaussian error distributions. Eighteen metrics were interpretable in our initial GLMMs when the
Pearson Chi-Square / degree of freedom (hereafter X°/DF) were between 2.0 and 0.50 (Table
3.4). The ephemeropteran and the metric describing members in the orders Ephemeroptera,
Plecoptera, and Trichoptera (EPT) metrics were used with statistical families of zero-inflation
models (Table 3.4), because our high incidence of zeros (densities) was greater than expected for
the underlying probability of counts in our data. Goodness-of-fit criteria were assumed
appropriate when all PC zero-inflated model X?/DF were between 0.50 and 2.0. Associations
were interpreted as significant at alpha < 0.01 to compensate for multiple comparisons following
Bonferroni’s correction. Application of zero-inflated models followed a two-step procedure.
First, each of the 19 PCs was allowed to function as the presence/absence determining variables
and assessed by X?/DF. Once the presence/absence PC was determined, the remaining PCs were

then interpretable for influencing density.
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3.3 RESULTS
3.3.1 Instream and Riparian Conditions and Variations

Observed velocity, wetted width, cross sectional, and canopy coverage percentages and
measurement results are summarized in Table 3.1 for each of the thirteen sites where
macroinvertebrates were collected. Wetted width and cross-sectional area are shown in Figure
3.2 from the smallest drainage area (9U) to the largest (E1) moving left to right across the X axis.
Channel-type classification observations were mostly pools (80%) and runs (16%), with the
remaining sites being dry. Mean linear-wetted width in meters was less than cross section per
meter squared in four of the sampling sites (11, 9U, 9D, and E3), suggesting relative shallow
stream conditions. Canopy-cover percentage (Figure 3.4) was significantly different only when
streams drainage areas were grouped separately in late summer samples or all sampling events
together. Spring canopy-cover percentages failed to show a significant difference between sites
regardless of the stream-size grouping, albeit the results were nearly significant (p = 0.0869 and
p = 0.0747) when grouped into smallest first-order streams and all-together respectively. Late
summer canopy percentages in the small drainage 1%-order stream groups revealed that sites 13
and 9D had significantly less canopy cover. Site 16 was significantly less than site E1 in the
larger stream order group in the late summer samples, but all other sites were similar. When all
of the sites were grouped together for late summer samples, there were a few significant
differences. Sites E3 and 11 were significantly higher in canopy cover percentage than sites 16,
N2, 13, and 9D. Sites 16 and N2 had significantly less coverage than sites E3 and 11, but were
statistically higher than sites 13 and 9D. The canopy cover percentages at sites 13 and 9D were

significantly less than each of the other sites in the late summer.
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Table 3.1. Site reaches in the Flat Creek watershed, Winn Parish, Louisiana, USA,

with observed and recorded physical attributes and measurements.

Stream Site Drainage Stream Stream Mean wetted Mean Cross  Mean velocity* %
area permanence permanence widthm+SD section m? m®/s + SD Canopy
Order )
(km?) spring late summer +SD cover **
Upper U 2.1 Intermittent Intermittent 1.58 £0.59 0.69 +£0.62 N=38 0.001+0.003 80.7 AB
1st
11 3.0 Continual Intermittent 1.97 +0.67 1.01 +0.89 N=47 0.005+0.006 86.9 A
9D 34 Intermittent Intermittent 1.46 +0.80 0.71+£1.01  N=29 0.003+0.006 48.9C
Middle 12 3.6 Continual Continual 3.42 +1.34 5.03+2.78 N=39 0.005+0.009 79.0A
1st
E3 6.1 Continual Intermittent 244 £1.04 1.79 £1.58 N=44 0.005+0.008 835A
13 124 Continual Intermittent 4.08 +1.57 5.82+3.65 N=46 0.013+0.024 59.2BC
14 14.3 Continual Intermittent 4.26 +1.12 5.92 +3.81 N=47 0.019+0.033 848 A
Lower 15 17.8 Continual Continual 6.35 +1.08 11.79+542 N=38 0.026+0.052 79.3 A
1st
16 18.3 Continual Continual N=37 0.018+0.042 725 AB
5.63+1.01 10.46 £5.05
Upper N1 33.8 Continual Continual 4.96 +1.33 7.04 £4.68 N=41 0.026+0.045 834A
2nd
N2 34.2 Continual Intermittent N=41 0.048+0.089 70.7 AB
5.62 +1.65 9.23 46.20
Middle E2 45.1 Continual Intermittent N=44 0.060+£0.102 80.2 A
4.00 £1.48 4.12 £3.25
2nd
Upper E1l 109.6 Continual Intermittent N=32 0.285+0.652 79.8 A
ard 6.55+2.91 8.07 £6.62
r

* Monthly measured discharge from December 2005 to December 2009
**Differing letters indicate statistical differences (p < 0.05) between different sites
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3.3.2 Macroinvertebrates and Habitat Relationships

A total of 86,183 macroinvertebrates in 634 samples were collected from the nine
sampling events. Macroinvertebrate family and order percentages are summarized in Figures 3.5
and 3.6. The highest densities of macroinvertebrates were found at 13 (Figure 3.7), a 1%-order

seasonally intermittent stream section (Table 3.1).
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Figure 3.4. Mean canopy cover percentages by season at 13 low-order streams in the Flat Creek
watershed, Winn Parish, Louisiana, USA. from Spring 2006 to Summer 2010.

Nineteen PCs describing instream or riparian observations were derived from correlations
of 55 instream and riparian variables (Table 3.3).  The 19 PCs together explained 81.1% of
variation among the 55 variables. The interpretations and contribution percentages of each PC
are summarized in Table 3.2. Two PCs (7 and 13) did not contribute to the explanation of
densities in any of the a priori metrics. Overall density associations with the metrics are listed in
Table 3.4. Nineteen macroinvertebrate metrics were interpretable in our statistical models (Table
3.4). Hemipteran, isopod, and megalopteran metric densities were not significantly associated
with any of the 19 PCs. The 2" PC, interpreted as explaining perennial reaches and increased

stream velocity, was associated with decreased densities of dipteran predators. Additionally, PC
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Figure 3.5. Percentages of Families of macroinvertebrates collected from 2006 to 2010 in the
Flat Creek watershed, Winn Parish, Louisiana, USA.
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Figure 3.6. Percentages of Orders of macroinvertebrates collected from 2006 to 2010 in the Flat
Creek watershed, Winn Parish, Louisiana, USA.
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Table 3.2. Interpretation of principal components used in statistical analyses with
macroinvertebrate communities collected from the Flat Creek watershed in Winn Parish,
Louisiana, USA.

Principal % Variance Explanation of riparian and physical attributes
component explained by each

1 11.19 Open canopy with filamentous algae and no woody debris

2 8.15 Perennial, high stream velocity

3 6.63 Undercut banks

4 6.54 Intermittent, Dominant filamentous algae

5 6.00 Open canopy and lots of woody debris

6 5.24 Closed canopy and no macrophytes

7 4.95 Woody substrate

8 4.33 Brushy understory with overhanging vegetation

9 3.99 Stream size

10 3.42 Mixed canopy and understory vegetation type

11 3.22 Moderate instream large woody debris

12 3.04 Woody and hardpan substrate

13 2.57 Overhanging vegetation with heavy organic substrate

14 2.27 Overhanging vegetation with inorganic substrate

15 2.08 Immature riparian zone

16 1.93 Immature riparian zone and dominant instream large
woody debris

17 1.88 Riparian deciduous

18 1.87 Mature riparian zone, dense or heavy collected debris

19 1.83 Parkland-like hardwoods, and moderate barren ground
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Figure 3.7. Densities of macroinvertebrates at sites where macroinvertebrates were collected
from April 2006 until August 2010 in the Flat Creek watershed, Winn Parish, Louisiana, USA.

4 describing intermittency and instream filamentous algae was negatively associated with
chironomid, malacostracan, piercer, and shredder densities (Figure 3.8). Chironomid densities
were positively associated with a PC (9) interpreted as describing increased stream size.
Densities of chironomids were also positively associated with a PC (12) interpreted as describing
instream woody and hardpan substrate, and negatively associated with a PC (10) describing
canopy and understory vegetation type “mixed”. Densities of amphipods were positively
associated with PC 10 and negatively associated with PC 15 describing immature riparian zones.
Bivalve densities were negatively associated with PC 19, interpreted as parkland riparian
conditions. Bivalve and gastropod densities were positively associated with two PCs describing
immature riparian zones (15 and 18). Collector filterer densities were also negatively associated

with PC 19 and positively associated with the 1% PC describing open canopy, and a PC (16)
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Table 3.3. Variables contributing to the principal component analyses. Variables were measured
where macroinvertebrates were collected at 13 sites in the Flat Creek watershed, Winn Parish,
Louisiana, USA. (-) after variable name indicates a negative relationship.

Principal Variables with correlations > 0.30
Component
1 Mean canopy cover, Large trees in canopy absent, Small trees in canopy absent, Ground
wood absent, Sparse filamentous algae, Instream small woody debris absent
2 Perennial, Mean stream velocity, Mean canopy cover(-),
Collected debris weight(-),Channel type run, Channel type pool(-)
3 Undercut banks
4 Intermittent , Big trees in canopy sparse, Understory wood sparse, Filamentous algae
dominant
5 Mean canopy cover(-), Instream woody debris dominant
6 Instream macrophytes absent, Instream macrophytes sparse(-),
7 Ground cover barren dominant, Wood substrate, Live trees and roots absent
8 Understory wood dominant, Instream overhanging vegetation sparse
9 Mean stream depth, Mean wetted-width, Collected debris weight(-)
10 Canopy vegetation type mixed, Canopy vegetation type deciduous,
Understory vegetation type deciduous
11 Instream large woody debris sparse
12 Ground wood dominant, Wood substrate, Hardpan substrate
13 Wood substrate, Leafpack substrate, Canopy vegetation type mixed(-),
Instream overhanging vegetation dominant
14 Understory wood sparse, Ground cover barren(-), Fine substrate,
Instream overhanging vegetation dominant
15 Small trees in canopy sparse, Instream large woody debris dominant
16 Instream live trees and roots dominant
17 Canopy vegetation type deciduous, Canopy vegetation type mixed,
Collected debris weight(-)
18 Large trees in canopy dominant, Understory wood sparse, Collected debris weight
19 Ground cover barren sparse
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Table 3.4. Taxonomic and functional feeding group metrics associated with principal
components (+/-), and presence / absence (P) determining principal components for zero-inflated
negative binomial models. GLMM= Generalized liner mixed model, ZINB= Zero-inflated
negative binomial. EPT = Orders of Ephemeroptera, Trichoptera, and Plecoptera NA = Not

applicable
Metric Model  Principal Component
Amphipods m™ GLMM 10(+), 15(-)
Arachnids m™ GLMM 14(+), 16(+), 17(-), 18(+)
Bivalves m™ GLMM 15(+), 16(+), 19(-)
Ceratopogonids m? ~ GLMM  14(+), 16(-), 19(+)
Chaoborids m™ GLMM 5(-)
Chironomids m™ GLMM 4(-), 8(-), 9(+), 10(-), 12(+), 14(+), 16(-)
Collector filterersm?  GLMM  1(+), 16 (+), 19 (-)
Copepods m™ GLMM  6(-), 12(-), 19(+)
Dipteran predators m? GLMM  2(-), 11(-), 14(+), 16(+), 19(-)
EPTs m™ ZINB  19(P+), 3(+), 5(-), 6(+), 11(-)
Gastropods m™ GLMM  6(-), 15(+), 16(+)
Hemipterans m™ GLMM No significant associations
Isopods m™ GLMM No significant associations
Malacostracans m™ GLMM  4(-)
Megalopterans m™ GLMM No significant associations
Piercers m™ GLMM 4(-), 10(+)
Predators m™ GLMM 16(-)
Scrapers m™ GLMM  14(+)
Shredders m™ GLMM  4(-), 11(+), 17(-)
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Figure 3.8. Number of principal components showing significant (p < 0.01) differences on the
macroinvertebrate metrics used in the generalized linear mixed models. Positive direction
indicates an increase in densities, and negative indicates a decrease in densities.

describing immature riparian zone with instream woody debris. Gastropod and copepod
densities were negatively associated with a PC (6), interpreted as closed canopy without instream
macrophytes. Shredders were positively associated with the 11™ PC interpreted as moderate
amounts of instream large woody debris, and negatively associated with PCs describing
intermittency and filamentous algae (4), and deciduous vegetation type (11). The EPT densities
were positively associated with PCs describing parkland-like hardwoods (19; i.e., very open
understory with large, mature trees), closed canopy without instream macrophytes (6), and
undercut banks (3). EPT densities were negatively associated with the PCs describing open
canopy with lots of instream woody debris, and moderate instream woody debris (5 and 11).

Chironomid, chaoborid, and ceratopogonid densities were the highest represented family
metrics, making up close to 75% of our collected taxa (Figure 3.5). Chaoborids and
ceratopogonids made up a large portion (>90%) of the FFG dipteran-predator group.

Chironomids were associated with seven PCs (Table 3.4), and EPTs and dipteran-predators were
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associated with five PCs each. The PCs involved with the most associated density differences
were PCs 16, 19, 14, and 4 (Figure 3.8). PCs interpreted as explaining immature versus mature
riparian ages (15, 16, and 19) were associated with over half of the interpretable metrics (11 of
19). Six of the nineteen PCs (1, 2, 3, 8, 9, and 18) explained density differences in one metric

each.

3.4 DISCUSSION

3.4.1 Canopy Conditions and Macroinvertebrates

Canopy cover often changes predictably with stream size (Hawkins et al., 2000), and this
phenomenon was evaluated in this watershed as a test of the generalizability of our analyses (i.e.,
similar patterns in canopy cover change would suggest similar habitat dynamics). Our results
indicate that the overwhelming physical or habitat component determining densities of important
macroinvertebrate groups was related to riparian canopy cover and stand age (condition).
Immature riparian PCs suggest few large diameter trees, which can be a result of stand age or,
can also be indicative of thinned riparian stands. In this forested watershed, riparian areas
(streamside management zones) were managed by leaving an unharvested basal area of 11 m?2
per hectare as part of best management practices. Principal components correlated with variables
associated with canopy cover or mature/immature riparian zones, described density differences
in 12 of 19 (63%) of interpretable metrics. The metrics were made up of over 83% of total
collected taxa in the study.

Based on the results, bivalves, collector-filterers, and gastropods were consistently found
in greater densities where riparian areas were immature (thinned) or where canopy cover was
open, or were negatively associated where canopy cover was mostly or completely closed.

Increased canopy cover can decrease available sunlight to streams, therefore limiting periphyton
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growth. Canopy cover differences observed during our study suggest heterogeneity at our
sampling locations. Sponseller et. al. (2001) suggested that riparian forest patches may be
critical to distribution patterns of macroinvertebrates in headwater streams. Increased densities
of bivalves and scrapers would have likely increased from thinned or open riparian areas. This
inference fits well with the timber harvest effects study by Klimesh et al. (In Review) in this
same watershed, where bivalve and scraper densities were shown to increase significantly at
most timber harvest plot level and cumulative treatment effect sites, post-harvest.

Analyses in the Flat Creek watershed indicate two PCs related to increased canopy cover
were important factors on explaining increased EPT densities, which is in agreement with a
study in Ontario, Canada, where, at the local reach scale, invertebrate communities including
EPTs related to forest cover canopy variables (LeCraw and Mackereth, 2010).  Additionally,
EPTs collected from half-log additions in forested Indiana streams were positively related to

canopy cover across streams (Hrodey et al., 2008).

3.4.2 Intermittency and Stream Velocity Associations with Macroinvertebrates
Intermittency was shown to be correlated with two of the 19 descriptive PCs, explaining
significant variation in macroinvertebrate densities in five of 19 interpretable metrics.
Importantly, the most common family in the study increased in reaches that were perennial.
Similar studies describing spatial relationships have found that headwaters susceptible to drought
(which can lead to intermittency) can decimate several groups of macroinvertebrates such as
members of some crustaceans and EPTs (Boulton, 2003). Malacostracan taxa, which included
crangonyctid shrimp densities, were negatively associated with the described intermittent PC 4.
Muenz (2006) found in their study in Georgia that EPTs were helpful indicating stream health in

perennial streams. Experimentally-reduced flow has also shown to decrease densities of EPTs in
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small streams (Dewson et al.,, 2007a). Conversely, other studies have found little to no
differences in macroinvertebrate communities in seasonal compared to perennial streams
(Beugly and Pyron, 2010). Although EPT densities were not directly associated with one of our
two PCs describing intermittency, we suggest riparian habitat conditions, and not intermittent
nature, are more influential to EPT taxa in low-gradient subtropical streams.

Five of our 19 interpretable metrics were statistically associated with stream size or
intermittency; however, and most importantly, the metrics making up the majority of collected
densities of macroinvertebrates (chironomids) responded positively with increased stream size
and perennial reaches. Similarly, dipteran (including chironomids) abundances were found to be
in the deeper pool sections of an intermittent stream study in the Guadiana Basin in Portugal
(Pires et al., 2000). Chironomids are a diverse family and have been shown to inhabit many
specialized habitats (Merritt et al., 2008), and further focus on more precise resolution might
provide clearer relationships of this diverse, widespread taxa. Although our PCs do not support
that chironomid densities are associated with the common intermittent features of the watershed,
they may be the most efficient at colonizing intermittent pools in low-gradient streams.
Conversely, we do show associations with dipteran-predators, and they made up at least 17% of
collected macroinvertebrates in this study. Their densities were found to be associated to stream
conditions related with low stream velocity and intermittency. Similarly, in a low-gradient
stream in Missouri, community composition, as well as diversity, and densities of some FFGs,
were highly correlated to velocity variables (Doisy and Rabeni, 2001) which suggest that
intermittency (no velocity) is also important. However, this may not be true for all southeastern
U.S. streams, as differences in velocity and sedimentation in a recent study in Georgia (Longing

et al., 2010) were not shown to adversely affect the stream biota in streams.
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Our results indicate that even subtle differences in stream velocity can influence
macroinvertebrate densities, as stream velocity was rarely measured in late summer samples.
Shredders were shown in our study to have decreased densities in intermittent reaches with
dominant filamentous algae. This may be explained by the allochthonous material unable to be
processed further downstream. Stream-flow regime is a keystone function in headwater streams,
as it controls the metabolic processes (Clapcott and Barmuta, 2010), and has been shown to
influence macroinvertebrate community structure and diversity (Clarke et al., 2010).

Taxa such as chironomids are extremely efficient at colonizing seasonally dry stream
reaches (low streamflow) from nearby perennial streams (Clarke et al., 2010). In a swamp
environment in Georgia, resident communities were also found to be made up mostly of
ecological generalists that exploit a wide range of conditions, and clear patterns of only a limited
number of taxa showed spatial or temporal variation in abundance (Kratzer and Batzer, 2007).
Intermittency may become more frequent if water resources become limited by further climate
change (Lawrence et al., 2010). For example, considerable less than long term precipitation
averages fell in our watershed in two of the five years of our study. Macroinvertebrates in
headwater streams in central Florida appear to be influenced more by drought conditions than
any type of land use (Cowell et al., 2004). Increased intermittency can also lead to increased
sedimentation, which has been found to reduce flow (Dewson et al., 2007a) and increase
macroinvertebrate drift (Larsen and Ormerod, 2010). This is similar in the Flat Creek watershed
which has abundant beaver dams (Saksa, 2007), and debris dams observed have been shown to
increase sedimentation (Smock et al., 1989; Saksa, 2007; Entrekin et al., 2008; Longing et al.,

2010).
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3.4.3 Undercut Banks and EPT Relationships

EPTs were the only metric positively associated with the PC describing undercut banks.
EPTs have made minimal contributions to collected macroinvertebrates in other studies in the
Southeast, especially Louisiana (Davis et al., 2003; Kaller and Kelso, 2006c, a, 2007; Kaller and
Hudson, 2010). EPTs are more abundant in upland fast-flowing streams, not typical of the Gulf
Coastal Plain. EPTs have been widely accepted as a pollution-intolerant metric for biotic
assessments (Wallace et al., 1996). Caenid mayflies made up over 67% of our collected EPT
metric. In recent work focused on caenid mayflies in the western panhandle of Florida, undercut
banks were important habitats for nymphs (Pescador and Richard, 2006). Undercut banks were
also uncommon in our study, and were observed in only 13% of our riparian assessments. This
association may have implications for further studies of EPT taxa in low gradient streams typical
of the southeastern U.S. We recommend that consideration should be taken when sampling to
include undercut bank microhabitats to ensure the potential collection of proper EPT densities in

these low-gradient, subtropical headwater streams.

3.4.5 Woody-Debris Relationships with Macroinvertebrates

Woody debris was helpful in showing associations with some of the most common taxa
found in our study. The most common family in our samples (Chironomidae) displayed a
positive affinity for instream woody debris substrate. Drury and Kelso (2000) and Kaller and
Kelso (2007) also reported greater abundances of chironomids in woody debris. Conversely,
EPTs were negatively associated with any habitat related to the presence of woody debris (2
PCs); however caenid mayflies made up a large portion (67%) of our sampled EPTs, and
Trichoptera and Plecoptera taxa were generally rare in our samples (together less than 0.05%).

Studies in Louisiana by Drury and Kelso (2000) and Kaller and Kelso (2007) have shown caenid
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mayflies are not strongly associated with woody debris (Kaller and Kelso, 2010). Conversely, a
study in Texas reported higher caenid abundance in woody debris (Phillips, 2003). Further
taxonomic resolution is needed to determine if the mayflies in our study are xylophilic.
Collector-filterers were positively associated with PC 1 that was interpreted as describing an
open canopy with filamentous algae and no woody debris. However, collector filterers were also
associated with the 16" PC describing immature riparian zone with dominant instream large
woody debris. We suggest that the canopy cover and immature or thinned riparian zones are the
dominant variables in these PCs and that woody debris in both PCs were negligible in correlating
to these riparian conditions.

We acknowledge that considerable variability of results is common, even from mostly
pristine streams that have less diversity such as indicated in a recent study in a homogeneous
boreal drainage basin (Heino et al., 2008). Additionally, variation in small segments in
headwater streams in Missouri have accounted for more than the variation in the total stream
system (Doisy and Rabeni, 2001). This implies that headwater, intermittent, stream fauna
relationships with riparian and instream characteristics are still rather unknown. The legacy of
land-use has further complicated with interpretations as previous disturbances may be the
ultimate determining factors on stream-community complexity (Allan, 2004). Historical factors
may have influenced evolutionary adaptations of certain invertebrates and may predominate
when relative disturbance rates are lower, such as in years with less flooding (Fritz and Dodds,
2005). However, the variation describing differences of instream habitats and riparian
characteristics in our study can only provide increasing support that macroinvertebrate
communities in forested headwaters of Louisiana are well adapted to the low baseflow, high

organic material, intermittent nature of these systems, and are resilient to anthropogenic impacts.

51



3.5 CONCLUSIONS

Our results indicate some additional relationships between physical instream and riparian
habitat characteristics with macroinvertebrates in low-gradient, organic-rich headwater streams
in subtropical Louisiana, which is in stark contrast to limited associations in a number of shorter
duration studies in the region (Alley, 2004; Kaller and Kelso, 2006a, 2007; Viosca, 2007;
Markos, 2010). The most important discernible characteristics are canopy cover and riparian age
or condition. Decreased canopy cover explained the presence of some of the most common
macroinvertebrate taxa collected in our study, besides generalist dipterans. These groups
included collector-filterers, bivalves, and gastropods. Stream intermittency and woody debris are
also found to be important characteristics explaining variation in macroinvertebrate
communities. EPT taxa, albeit rare in our study, are made up mostly of pollution tolerant caenid
mayflies, appears to have an affinity for undercut banks, and conditions not associated with
woody debris or open canopy. These results imply that the potential development of indices for
assessing biological integrity of low-gradient intermittent headwaters need to consider undercut
banks, stream intermittency, and riparian visual estimates to accurately investigate the
macroinvertebrate communities. Future studies should also concentrate on some of the rarer taxa
to further investigate macroinvertebrate associations with physical instream and riparian habitat

characteristics in order to determine relationships more vulnerable to change from disturbances.
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CHAPTER 4: RELATIONSHIPS BETWEEN MACROINVERTEBRATES
AND PHYSICOCHEMICAL MEASUREMENTS IN A HUMID,
SUBTROPICAL, LOW GRADIENT WATERSHED IN CENTRAL
LOUISIANA

4.1 INTRODUCTION

Aquatic macroinvertebrates are common biological organisms that can be used to
describe increasing water quality perturbation. They are part of a larger suite of organisms being
used to develop and understand water quality relationships (Hawkins et al.,, 2000). The
Environmental Protection Agency (EPA) mandates that states and tribes implement water quality
monitoring programs for assessing total maximum daily loads (TMDLs) with a wide range of
water quality parameters. Currently, Louisiana does not use macroinvertebrates to monitor
stream system integrity. Conversely, macroinvertebrates and other organisms are used by many
other local, state, tribal, and federal organizations (Carter and Resh, 2001) as tools to regulate
and manage water bodies of interest so that they meet their intended uses. Macroinvertebrates
have also been used in other industrialized countries in different climates and locations for
linking with physicochemical, riparian, and spatiotemporal gradients of many types of variables
including: sediments (Longing et al., 2010), discharge (Dewson et al., 2007a), and drought
(Griswold et al., 2008). However, assessing streams with macroinvertebrates can be labor
intensive, and alternatively, physicochemical parameters may be used.  Nevertheless,
macroinvertebrates are ubiquitous and are especially diverse in subtropical regions (Vinson and
Hawkins, 2003), and should be considered as part of an assessment of water quality integrity,
because they represent more than just point-in-time measurements.

Macroinvertebrates have been the biological choice of many studies in upland regulated
rivers and lotic systems in temperate climates with steeper topographies, such as rocky and hilly
to mountainous. However, the biota may be utilizing different conditions in water chemistry,
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such as high dissolved oxygen (DO) levels resulting from constant surface re-aeration of mixing
moving water, and applicability to lowland systems may not be appropriate. The DO conditions
of fast flowing streams are different than the relatively flat terrain and stagnant conditions of
streams in central Louisiana. Ice and Sugden (2003) have shown DO levels in 43 least-impaired
and reference streams in central Louisiana to be naturally very low, with levels below 5mg/L.
Most macroinvertebrates studied in upland, fast flowing streams are sampled in riffles, whereas
riffles in Louisiana low-gradient streams are rare (Felley, 1992; Isphrording, 1992; Brown,
2006). Similarities between upland and low-gradient systems are limited and negligible at best.
Additionally, many studies fail to use numerous available physicochemical measurements to
understand relationships with water quality and the macroinvertebrates that inhabit the waters of
interest. Furthermore, there is little data involving low-gradient headwater streams, and the
water chemistry links that are associated with macroinvertebrate communities.

In 2005, a multidiscipline study was initiated in several low-gradient, forested headwater
streams in the Flat Creek watershed of central Louisiana. The study monitored changes in
stream hydrology, chemistry, and benthic macroinvertebrates to determine the effectiveness of
silvicultural best management practices in water quality protection. The watershed has been
intensively managed for timber harvest for more than half of the last century. A comprehensive
assessment completed by Klimesh et al. (In Review) discovered that in this watershed, only
minimal differences in pre- to post-harvest functional feeding groups (FFGs) and taxonomic
groups of benthic macroinvertebrates could be attributed to timber harvesting operations. These
results indicate that even intensively managed timber stands in close proximity to the abundant
stream systems in the area have little, if any, negative associations on the benthic

macroinvertebrate communities two years after timber harvest; whereas, harvesting contributed

54



to the success of some groups and increased their densities. In an earlier investigation of the
watershed, relationships were found between DO with the burrowing mayfly Hexagenia
sp.(Viosca, 2007), but the data consisted only of limited (one year) temporal variation during the
early calibration period for the timber harvest study. Conclusions from limited short term studies
may be misleading, and more research is needed to corroborate these findings. Consequently,
we continued the investigation by collecting macroinvertebrates and physicochemical
measurements for a total of five years in the Flat Creek watershed to understand relationships
with physical and water chemistry variables including: nutrient, seasonal, and sediment
gradients.  This study aims to 1) determine macroinvertebrate communities and their
relationships to subtle differences in headwater stream observed physicochemical parameters and
measurements, 2) assess the parameters associated with densities of macroinvertebrates at spatial
scales ranging from local reach to watershed, and 3) make recommendations of including
macroinvertebrate communities metrics that show consistent relationships to potential water

quality monitoring assessment programs.
4.2 METHODS

4.2.1 Site Description

The Flat Creek watershed is located in north-central Louisiana, within the northern
portion of the U.S. EPA Level Il Southern Coastal Plain Ecoregion (SCPE) (Daigle et al.,
2006), and drains a total area of 369 km? to the Ouachita River. The watershed is primarily
forestland (84%) and is actively managed for timber harvest of loblolly pine (Pinus taeda),

recently harvested and planted pine stands (12%), and some pastureland (4%).
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Riparian areas include bottomland hardwoods are composed of magnolia (Magnolia
grandiflora), sweet gum (Liquidambar styraciflua), water oak (Quercus nigra), and bald cypress
(Taxodium distichum). The Flat Creek watershed receives an average of 1508 mm of
precipitation annually. The climate is subtropical and precipitation is mostly seasonal, with the
majority falling from November through April. Annual rainfall amounts in the Flat Creek
watershed from 2006 through 2010 were 1301, 893, 1266, 1269, and 804 mm, respectively
(Brown, 2010). Average monthly temperatures ranged between 8.0°C in January and 28.6°C in
July, while the annual average is 18.2°C. The Flat Creek watershed is low-gradient with channel
slopes decreasing from the headwaters (0.5%) to the watershed outlet (0.1%) (Brown, 2010).
Soil type ranges from the moderately well-drained fine sandy loam (Sacul-Savannah series) in
the upland regions to the poorly drained silt loam (Guyton series) along the Flat and Turkey
Creek floodplains to less porous clayey silt in stream beds and riparian areas (NRCS, 2007;
Brown, 2010).

Monitoring sites were designated for macroinvertebrate sampling on several 1%, 2"- and
3"-order streams (Figure 4.1). The 13 sites were designed to use a spatial approach to determine
characterization of macroinvertebrates at different locations in the watershed (Table 1). The
control sites of 11 and 12 were located in the adjacent Spring Creek watershed. Site E3 was
located on Fish Creek. Seven sites, 13, 14, 15, 16, N1, N2, and E2, were located on Turkey Creek,
with I3 being furthest upstream, and E2 as the outlet. 13 and 14 were located upstream of the
junction of Spring Creek. Sites 9U and 9D were located on Big Creek. Site E1 was located on

Flat Creek, the watersheds’ mainstem, upstream of the junction with Turkey Creek.
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Figure 4.1. Site locations in the Flat Creek watershed, Winn Parish, Louisiana, USA.

4.2.2 Field Sampling

The selected headwaters in the Flat Creek watershed have very low baseflow and shallow
depths, which required a modification of a conventional core sampler for quantitative sampling.
The streams are relatively stagnant except for episodic rain events which deliver most woody
debris and organic matter into the stream systems, which precluded the use of drift nets or Surber
samplers. Instead, we used a modified stovepipe sampler (Merritt et al., 2008) measuring 0.2057
m by 0.2057 m (8.1 inch by 8.1 inch) with a benthic sampling surface area of 0.0423 m? to

collect macroinvertebrates. The top 2.5 cm of substrate was removed and placed into 2-liter jars.
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The corer water column was swept for one minute with an aquarium net to capture suspended
organisms (Viosca, 2007), and collected contents were added to the 2-liter jars.

Eight random stream-reach measurements between 8 and 150 meters were generated, and
core samples were taken at the randomly selected sites along these reaches in April and August
2006, August 2007, April, early May and August 2008, April and August 2009, April and
August 2010 during baseflow conditions. Spring collections included all eight random reach
samples; however, some late summer sample reaches fell upon intermittent or dry areas and were
not collected. Sites N1 and N2 were added in 2008 and were the only sites sampled in 2010.

Samples were preserved in 95% ethanol in the field. Sample containers were treated with
Rose Bengal to aid in sorting the organisms from substrate material. The samples were rinsed
and filtered through a 500-micron sieve. Organisms were identified to the lowest practical
taxonomic level, usually family level, and occasionally genus, and then grouped to various
taxonomic levels and by functional feeding groups (FFG) according to identification guides and
keys (McCafferty, 1981; Merritt et al., 2008). Taxonomic resolution was set to family for
consistency with earlier collections (Viosca, 2007) and because finer precision would unlikely
yield additional information (Bowman and Bailey, 1997; Chessman et al., 2007). We did not
include chironomid taxa in our FFG predator group, although some members of Chironomidae
(Tanytarsini) are described as predators (Merritt et al., 2008).

These metrics were selected because of their contributions to densities and other
southeastern macroinvertebrate studies that have found relationships to be useful in their studies
(Barbour et al., 1996; Davis et al., 2003; Quality, 2003; Klimesh et al., In Review). Metrics
included familial taxonomic groups and assigned FFGs according to Merritt et al. (2008). All

metrics were transformed to densities of individuals collected per meter squared (# in sample X
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correction factor, 23.64066 for eight samples or an inflated factor appropriate for samples less

than eight).

4.2.3 Physicochemical Measurements

In situ water chemistry measurements of DO and temperature were measured monthly
with a YSI 556 (Yellow Springs Instruments, Yellow Springs, OH, USA). Additionally, two
YSI Model 6920 (Yellow Springs Instruments, Yellow Springs, OH, USA) sondes (Figure 4.2)
were deployed at sites N1 and N2 from 2006 through 2010, gathering continuous 15-minute DO

and temperature data.

Figure 4.2. YSI 6920 sonde, used for 15 minute dissolved oxygen and temperature data
collection at two monitoring sites in the Flat Creek watershed, Winn Parish, Louisiana, USA.

Water grab samples were collected at the same macroinvertebrate collection sites monthly
from December 2005 through August 2010. Water samples were analyzed for total suspended
solids (TSS) by the Louisiana State University Agriculture Center Chemistry Laboratory in
Baton Rouge, LA., USA. Samples were processed according to U.S. EPA procedures, with a
holding time of seven days and storage at 4°C. The detection limit for TSS was 5.0 mg/L. Water
samples with TSS concentrations below the detection limit were estimated at 2.5 mg/L (Brown,

2010). Water grab samples were also analyzed for nutrients including ammonium, nitrate,
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nitrite, total Kjeldahl nitrogen (TKN), total and dissolved phosphorus (TP and DP), total carbon
(TC), and total organic carbon (TOC). The samples were filtered and processed as outlined in
BryantMason (2008).

Physicochemical data were grouped (Table 4.2) and were used to explore any
relationships with our a priori macroinvertebrate community metrics. The groups of data
consisted of minimum and maximum temperature measurements, minimum, maximum, and
mean DO concentrations, and observed maximum concentrations of nutrients for all months
previous to collected biological data. It was assumed that the macroinvertebrates successfully
resided in the conditions represented by the maximum or minimum conditions. Data used for
analyses on macroinvertebrate metrics collected during spring sampling events included months
from September (December for the initial sampling event) of the previous year, up through and
included the month that macroinvertebrates were collected (April). The data used for analyses
with macroinvertebrate metrics collected during the late summer sampling events included the
months collected from after the previous macroinvertebrate collection event, up through, and
included August (the month that all of late summer macroinvertebrates were collected). To
avoid confusion with the intensively collected DO data, these data will be termed extensive.
Macroinvertebrates were not collected in the spring of 2007; therefore, all data (one full year)
between September 2006, and August 2007 were grouped, and the means for each month were

used in our analysis.

4.2.5 Extensive and Intensive Analyses
All data were analyzed with generalized linear mixed models (GLMMs) (PROC
GLIMMIX) with SAS, SAS Institute version 9.2, Cary, North Carolina, USA. We used GLMMs

to test for relationships because our data did not satisfy the assumptions of normality, requiring
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non-Gaussian error distributions. We used gamma distributions with a log-link on our data.
Seventeen metrics were interpretable in our initial extensive gamma models when the Pearson-
Chi-Square / degree of freedom (hereafter X?/DF) was between 2.0 and 0.60. All analyses were
deemed significant if p were < 0.01 to follow Bonferroni’s correction for multiple comparisons.
Additionally, as confirmatory statistics, we used intensive DO concentration and temperature
(seasonal) data gathered from two Model 6920 sondes at sites N1 and N2, with
macroinvertebrates collected from the same sites that they were deployed. All extensive
physicochemical analyses were used along with all physical instream and riparian principal
components together outlined earlier in Chapter 3.

DO concentrations are negatively correlated to increasing water temperature, and can
fluctuate diurnally in the summer months. These additional intensive data were used to ensure
that in situ collection timing did not confound our results. Temperature data was used to verify
the seasonal differences in increasing densities of our samples, where positive relationships
indicate higher densities in late summer samples. We used the same a priori metrics from all of
the macroinvertebrate data collected from the two sites in our supplemental analysis. The
intensively collected DO data were processed into daily means, and were further averaged per
temporal-event previous to the macroinvertebrate collection event, identical to the methods

described for the initial physicochemical data described above.

4.3 RESULTS
4.3.1 Physicochemical Nutrient Relationships
A total of 86,183 macroinvertebrates were found in the 634 benthic samples collected

from nine sampling events (Figures 4.3 and 4.4). These data were used in analyses with fourteen
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Table 4.1. Macroinvertebrate metrics collected from the Flat Creek watershed, Winn Parish,
Louisiana, USA, used with extensive and intensive physicochemical variables in the generalized

linear mixed models.

Metric Model (s) Variables (+/-) significantly Intensive DO and seasonal
Interpretable differentat p <0.01 data
Yes or No
All taxa m™ No NA NA
Amphipods m* Yes MaxDO(+) DO(+) confirmed
Arachnids m™ Yes No significant associations NA
Asellids m*? Yes NA Season(-)
Bivalves m™ Yes MaxDO(+), DO(-), MinDO(+), NA
MaxTemp(+)
Ceratopogonids m™ Yes No significant associations NA
Chaoborids m™ Yes TKN(+) DO(+)
Chironomids m™ Yes MaxTemp(-), MinTemp(+), TOC(-), Not interpretable
TC(+), Nitrite(-), TKN(-)
Collector filterers m™ Yes DO(-), MinDO(+), MaxTemp(+) Not interpretable
Coleopterans m™ Yes NA Season not significant
Collector gatherers m™ No NA NA
Copepods m™ Yes DO(-), Ammonium(+), TKN(+), Not interpretable
MaxTemp(+), MinTemp(-),
Dipterans m™ Yes NA Season(+)
Dipteran predators m™ Yes No significant associations NA
EPTs m™ Yes MinDO(+), MaxTemp(+), Nitrite(-)  Not interpretable
Ephemeropterans m No NA NA
Gastropods m™ Yes No significant associations NA
Hemipterans m™ Yes No significant associations NA
Hirudineans m™ No NA NA
Isopods m™ Yes MaxTemp(+) DO(+) and Season(-)
Malacostracans m Yes MaxDO(+), MaxTemp(+), TKN(-) Not interpretable
Megalopterans m™ Yes No significant associations NA
Odonatans m™ No NA NA
Plecopterans m™ No NA NA
Piercers m? Yes MinTemp(+) Not interpretable
Predators m™ Yes No significant associations DO(+)
Scrapers m™ Yes MinTemp(+) Not interpretable
Shredders m™ Yes MaxDO(+), MaxTemp(+) Not interpretable
Turbellarians m™ No NA NA
Trichopterans m™ No NA NA
Viviparids m™ No NA NA

EPT = Orders of Ephemeroptera, Trichoptera and Plecoptera, NA = Not applicable,

DO = Dissolved oxygen, TSS = Total suspended solids, TKN = Total Kjeldahl nitrogen,
TP = Total phosphorus, DP = Dissolved phosphorus, TC = Total carbon,
TOC = Total organic carbon
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Table 4.2. Monthly relevant physicochemical parameters and their observed ranges from
December 2005 to August 2010 at 13 monitoring locations at headwater streams in the Flat
Creek watershed, Winn Parish, Louisiana, USA.

) Unit Observed Range (Mean + Standard
Variable deviation)
Season ° Celsius 3.911031.87 (16.94 £ 5.75)
Dissolved oxygen mg/L 0.03t0 11.94 (4.19 +2.89)
Total suspended solids mg/L 2510417 (22.63 £31.09)
Total phosphorus mg/L 0to0 0.99 (0.08 +0.09)
Dissolved phosphorus mg/L 0t0 0.199 (0.034 +0.025)
Total Kjeldahl nitrogen mg/L 0t024.8 (2.75 +1.96)
Ammonium mg /L 0to 2.28 (0.20 +£0.22)
Nitrate mg /L 01t05.94 (0.25 +0.44)
Nitrite mg /L 0t00.19 (0.02 £0.02)
Total carbon mg /L 0 to 58.06 (24.02 +9.09)
Total organic carbon mg/L 0.131t043.21 (18.84 £7.93)

physicochemical variables derived from the parameters listed in Table 4.2. A total of 31 metrics

were initially analyzed with the physicochemical variables in GLMM’s. Eighteen of the original

31 macroinvertebrate metrics were interpretable (Table 4.1) with the initial extensive models and

satisfied the criteria described above. Arachnids, ceratopogonids, dipteran predators, gastropods,

hemipterans, and megalopterans were interpretable, but the physicochemical parameters did not

provide any associations of observed density differences. Maximum observed TP, DP, nitrate,

TSS, TC, and TIC were not associated with explaining densities in any of the interpretable

macroinvertebrate metrics.
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Figure 4.3. Percentages of Families of macroinvertebrates collected from 2006 to 2010 in the
Flat Creek watershed, Winn Parish, Louisiana, USA.
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Figure 4.4. Percentages of Orders of macroinvertebrates collected from 2006 to 2010 in the Flat
Creek watershed, Winn Parish, Louisiana, USA.
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concentrations of TC and higher nitrite concentrations were associated with decreased
chironomid densities. Maximum observed ammonium concentrations were associated with
increased copepod densities. TKN concentrations were associated with increased densities of
chaoborids and copepods, and also associated with decreased densities of malacostracans and
chironomids.  Total organic carbon concentrations were also associated with decreased

chironomid densities.

4.3.2 Temperature, Seasonal, and Dissolved Oxygen Relationships

Extensive maximum observed temperatures were associated with increased densities of
seven macroinvertebrate metrics. Temperature and seasonal differences in densities were
observed for twelve of eighteen overall interpretable metrics in both extensive and intensive
analyses. Maximum monthly observed temperatures were associated with density increases in
seven of eight metrics. The macroinvertebrate metric densities that increased with sites
measured with higher maximum stream temperatures were bivalves, collector filterers, copepods,
EPTs, isopods, malacostracans, and shredders (Figure 4.5). Monthly minimum observed
temperatures were negatively associated with copepods, and positively associated with
chironomids, scrapers, and piercers. Seasonal variability was contradictory for the intensive
versus the extensive data for isopods and dipterans, but suggested dipteran densities increased in
late summer samples, whereas isopods and asellids decreased in densities.

Monthly observed DO did not display a spatial pattern (Figure 4.6). Extensive highest-
maximum observed monthly DO was positively associated with increased densities of
amphipods, bivalves, malacostracans, and shredders (Table 4.1). Extensive mean monthly DO

was negatively associated with bivalves, collector filterers, and copepods. Extensive highest
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Figure 4.5. Numbers of macroinvertebrate metrics affected by relevant physicochemical
variables. Positive relationship indicates the variable explained increased densities of a
macroinvertebrate metric, and negative explained a decrease in densities of a metric.

minimum observed monthly DO was positively associated with bivalves, collector filterers, and
EPTs. Intensive DO analyses confirmed positive associations of amphipod densities with
increased DO concentrations, and provided additional positive associations with chaoborids,
isopods, and predators. Some metrics that were interpretable in the overall extensive analyses
were not with the intensive DO data and included: bivalves, collector filterers, copepods, EPTs,
malacostracans, and shredders (Table 4.1). EPTs were highest in densities at two sites (Figure
4.6) where monthly DO concentrations were highest (above 5 mg/L)(Figure 4.7). DO in the Flat
Creek watershed was significantly lower in the summer months (May-October) and pooled
perennial sites of 12 and 16 had significantly higher concentrations of DO throughout the year
(BryantMason, 2008). Monthly DO samples were not obtained at the seasonally dry sites of 9U

and 9D in the summer months.
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Figure 4.6. Densities of Ephemeroptera, Plecoptera, and Trichoptera (EPTs) collected in the Flat
Creek watershed, Winn Parish, Louisiana, USA, between 2006 and 2010.
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Figure 4.7. Mean monthly in-situ dissolved oxygen (DO) measurements in 13 sites from January
2006 through December 2010 where macroinvertebrates were collected in the Flat Creek
watershed, Winn Parish, Louisiana, USA.
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4.4 DISCUSSION

4.4.1 Seasonal Effects

Temperatures and seasonality appears to be a strong explanatory variable in our results.
Our results indicate that there is merit for collecting taxa in the two seasons as we did. Stream
temperatures in Louisiana headwater streams cover a wide range throughout the year. Initial
studies done on early collections by Viosca (2007) and in nearby headwater streams of west-
central Louisiana by Williams et. al (2005) and Kaller and Hudson (2010) support that
macroinvertebrates display seasonal variation. Our measurements can only provide qualitative
understanding of spring and late summer seasons. Of most importance is the intensively
collected temperature data suggesting dipterans, the highest collected taxa in our study, was
associated with higher temperatures, evident in the late summer. Seasonal trends are evident,
and provide a need for additional studies in these unique streams, perhaps at monthly intervals to
reveal relationships. In addition to our study, studies on six headwater streams in central Florida
showed increases in macroinvertebrate densities in fall and winter samples (Cowell et al., 2004).
Kaller and Hudson(2010) showed that community composition differed temporally in a
subtropical, coastal plain stream in Louisiana based on monthly macroinvertebrate samples over
the course of one year. The authors mention that an unusually high numbers of taxa exhibited
asynchrony among con-familials throughout the year. These taxa were mostly EPTs or riffle
beetles, which were uncommon in this study. The most common taxa in our study were
dipterans and their densities appeared to be driven by temperature or season. The intensively
collected seasonal temperature data suggest that warmer conditions help explain where the
predator densities are greatest. Predators need to reside nearby to their prey, and the abundance

of dipteran (potential prey) taxa, support this basic trophic premise.
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4.4.2 Dissolved Oxygen and Macroinvertebrates

Concentrations of DO are seasonally low in central Louisiana, and in the Flat Creek
watershed (Ice and Sugden, 2003; BryantMason, 2008; DaSilva et al., In Review); however,
many of the macroinvertebrate communities found in these conditions are numerous and diverse
(Klimesh et al., In Review), and appear to be resilient to these extreme conditions. Higher DO
concentrations are ideal for certain macroinvertebrates, such as members of the widely-accepted
pollution-sensitive metric EPTs. EPTs have been shown to be generally low in densities in
Louisiana (Williams et al., 2005; Kaller and Kelso, 2006a, 2007; Viosca, 2007; Kaller and
Hudson, 2010), but our results suggest similar responses of, albeit low, densities as in upland
streams. The highest densities of EPTs in our study were at the sites collected in the spring with
highest average monthly DO concentrations and coolest temperatures. The highest EPT
densities were statistically significantly associated with the highest minimum dissolved oxygen.
Our results help confirm the early indications of Hexagenia associations to high DO as reported
by Viosca (2007). Amphipods and the phantom midge (Chaoboridae) may also be potential
useful indicators in low gradient headwater stream systems when DO is a target variable of
interest. Other metrics, including EPTs and malacostracans suggest relationships may occur with
DO; however, they were not supported by our intensive confirmatory statistics. Our intensive
data was collected at two sites where DO was generally lower as shown by monthly mean
measurements. It is possible that the macroinvertebrate metrics that were not supported may
have not been well represented in the sites of N1 and N2, since some macroinvertebrates have
been found to be endemic to special conditions such as upmost headwaters (Gooderham et al.,
2007). Samples utilized by Viosca (2007) did not include the sites of N1 and N2.  Amphipods

were mentioned to be potential indicators of stream health in perennial streams of southwestern
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Georgia (Muenz et al.,, 2006). We acknowledge some similarities in the streams in the
southeastern U.S., including Georgia with those in the Flat Creek; however, instream physical
and riparian characteristic associations may provide better macroinvertebrate density
relationships than monthly physicochemical data. DO relationships with bivalve and collector-
filterer densities is not clear. Bivalves were shown to significantly increase after timber harvest
in the watershed, suggesting increased canopy openings stimulated food source production at
sites downstream of harvesting (Klimesh et al., In review). Habitat relationships suggest that
open canopy and immature riparian zones were positively associated with bivalve and collector-
filterer densities (Chapter 3). Decreases in canopy cover would allow more sunlight to penetrate,
thus increasing water temperatures. Maximum observed water temperature associations are
consistent with bivalve and collector-filterer densities; however, contradict shredder and EPT
density results. Stimulated algal growth can temporarily increase DO concentrations; however,
this is wusually limited by nutrient availability.  Additional research is needed on
macroinvertebrate relationships, particularly bivalves and collector-filterers in low-gradient

streams of Louisiana.

4.4.3 TKN, Nitrite and Macroinvertebrates

Total Kjeldahl Nitrogen is the total organic nitrogen, ammonia (NHs), and ammonium
(NH,") in water quality analyses. TKN, nitrate, and nitrite make up total nitrogen. Chironomid
densities in the Flat Creek watershed were positively associated with decreased TKN and nitrite
concentrations.  Conversely, copepod densities were positively associated with increased
concentrations of TKN and ammonium. Chironomids densities were positively associated with
TOC, and the differences in temporal densities suggest that energy flows (organic carbon) may

be different seasonally. Utilizing preliminary data collected in this study, BryantMason (2008)
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found a seasonal difference in inorganic carbon. This was also found in a recent lowland river
study in Australia (Hladyz et al., 2010), where streams are dominated by different carbon sources
during high and low flow periods. Our study did not determining source inputs of organic
carbon, and further investigation is needed to explore and confirm these trends, especially with
macroinvertebrates. The low-gradient forested headwater streams typical of central Louisiana
are affected by episodic flood events which can carry large amount of organic material into these
stream systems. We are hesitant to conclude nutrient relationships based upon our low observed
nutrient concentrations and agree with Williams et al.(2005) that “fauna in central Louisiana
must be resilient to abrupt changes in stream flow and seasonal influxes of silt and shifting sand”

which would include nutrients, and our results may indicate fallible associations.

4.5 CONCLUSIONS

Very few studies have multiple years of collections of macroinvertebrate communities
along with a range of intensive stream physicochemical measurements in low-gradient,
subtropical headwaters. ~ Such information and knowledge of relationships between
macroinvertebrate communities and physicochemical parameters in this unique environment are
valuable for future bioassessment development. Our results indicate that densities of some
macroinvertebrate metrics living in these atypical streams can be explained by temperatures,
seasonality, DO, and nitrogen species. Of particular interest are the metrics linked with DO and
seasons. DO concentration is a critical part of most stream monitoring assessments, and together
with temporal considerations, are perhaps the most important variables to be used in conjunction
with biological indicators. Our results suggest that the highest EPT densities were statistically
significantly associated with the highest minimum DO, indicating a possible threshold level of

toleration. The macroinvertebrate amphipod, chaoborid, and isopod metrics were verified or
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evident with positive relations to intensively collected 15-minute DO and seasonal temperature
data spanning three years. Our findings suggest that if macroinvertebrates are used in
monitoring low-gradient, high-organic content streams like those in the Flat Creek watershed,
relationships of DO should include these metrics, and include, but look beyond commonly used
macroinvertebrates such as EPTs. We suggest further studies are needed to understand
relationships of macroinvertebrate members such as amphipods, chaoborids and isopods, with
seasonal DO fluctuations. EPTs in low-gradient headwaters streams in this subtropical
environment seem to be few; however, further studies are needed to explore linkage between
EPT and nutrients such as nitrite by sampling stream reaches across a range of nutrient and water
chemistry parameters. We suggest additional physicochemical studies should focus on
inclusions of macroinvertebrates, to help understand the associations with parameters used in our
study. These studies should involve more temporal variation (greater than one year). Multiple
seasonal (greater than two) continuous monitoring studies are needed to further understand and

verify temporal changes and relationships observed in headwater low-gradient streams.
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CHAPTER 5: SUMMARY

This thesis research involved a multidisciplinary approach conducted from 2006 through
2010 to understand hydrological, chemical and ecological effects on macroinvertebrates of low-
gradient, subtropical, seasonally intermittent headwater streams in a central Louisiana watershed.
Monitoring locations were located at four 1%-order, two 2"-order, and one 3"-order streams in a
forest dominated watershed that has been continuously managed for timber production in the last
half century. The primary goal of this research was to investigate changes in macroinvertebrate
communities after timber stands were harvested with and without utilizing best management
practices (BMPs). Specifically, the research addressed the questions of (1) Do timber harvest
activities utilizing BMPs impact the resident benthic macroinvertebrate communities? (2) What
members of the benthic macroinvertebrate communities changed after the timber harvesting
event? (3) What drives macroinvertebrate community densities and what groups are associated
with different observed instream and riparian habitat conditions? (4) What physicochemical
measurements can be related to macroinvertebrate communities and their densities? Major
findings from this investigation are summarized below.

Based on 48,461 benthic macroinvertebrate communities collected in 333 samples, before
and after timber harvesting activities at three different plots in the watershed, timber harvesting
regardless of BMP implementation, did not negatively affect the majority of the communities in
the streams. Our results indicate that fewer than 14% of the collected community had limited
decreases in densities, and furthermore, some benthic macroinvertebrate taxa and feeding groups
including bivalves and scrapers, increased in densities following the harvest event. Statistical

differences in a priori metrics were more evident in spring sampling event communities,
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possibly due to dry stream conditions that were observed in some streams and restricted
collections during late summer sampling events.

A total of 86,183 macroinvertebrates were collected from 634 samples during our nine
sampling events from 2006-2010, and used with observed instream, habitat, and riparian
characteristics to investigate relationships. Nineteen principal components (PCs) were derived
from correlations of 55 physical instream and riparian variables measured during
macroinvertebrate collections. The PCs explained over 81% of variation in our variables and
were used with taxonomic and FFG macroinvertebrate metrics to describe density associations.

Stream intermittency was an important characteristic contributing as an explanatory
variable for two of my PCs. Additionally, these PCs explained increases and decreases with
83% of the macroinvertebrate metrics. Densities of EPTs were negatively associated with PCs
describing woody debris, and decreased canopy cover, and were positively associated with
undercut banks. These results imply that development of indices for assessing biological
integrity of low-gradient, subtropical, intermittent headwaters need to consider undercut banks,
intermittent reaches, stream velocity, and riparian canopy-percentage estimates to accurately
investigate the macroinvertebrate communities.

Physicochemical measurements collected for five years were helpful in explaining
densities of some of our macroinvertebrate metrics. Extensive dissolved oxygen (DO) and
stream temperatures were useful in explaining densities of important metrics including EPTSs,
shredders, bivalves, and collector-filterers. The macroinvertebrate metrics of amphipods,
chaoborids, and isopods were corroborated or evident with relations to intensively collected 15-
minute DO data spanning three years. Because of the strong connections of macroinvertebrate

metrics with temperature, season, and DO, | suggest that seasonal density shifts in

74



macroinvertebrate are evident, and therefore, seasonal collection is important to understand the
communities.  Furthermore, maximum observed TKN and nitrite concentrations helped explain
densities differences of some important metrics including EPTs and chironomids.

| have described many relationships of common macroinvertebrates with instream and
riparian habitat characteristics, and physicochemical parameters.  Consequently, these
relationships discovered can serve as baseline data and a starting point to potentially develop
indices for low-gradient headwater streams of Louisiana, should bioindicators become an
essential part of established monitoring programs. Relationships of water quality parameters to
aquatic macroinvertebrate community metrics is a developing discipline, and additional
information continuously contributed and aiding in our understanding of the relationships to
unique or common features of the world’s stream systems. Research with macroinvertebrates in
forested, subtropical, low-gradient, intermittent, headwater streams is different than what has
been investigated elsewhere in the world, and our contributions can help better understand their
resiliency to timber harvesting, as well as relationships with measureable habitat and

physicochemical parameters.
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APPENDIX: List of Taxa

Family Or Order Event

Amphipoda
Asellidae
Cambaridae
Chironomidae
Collembola
Corixidae
Crangonyctidae
Culicidae
Dytiscidae
Sphaeriidae
Tipulidae
Amphipoda
Asellidae
Cambaridae
Ceratopogonidae
Chironomidae
Collembola
Crangonyctidae
Culicidae
Curculionidae
Homoptera
Pisauridae
Planorbidae
Sphaeriidae
Tipulidae
Amphipoda
Ancylidae
Asellidae
Baetidae
Bivalvia
Ceratopogonidae
Chironomidae
Chrysomelidae
Collembola
Corixidae
Crangonyctidae
Culicidae
Curculionidae
Dytiscidae
Ephemeridae
Gomphidae
Haliplidae
Hirudinea
Homoptera
Hydrachnidia
Hydrochidae
Libellulidae
Odonata
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Family Or Order Event 9D U El E2
Perlidae
Physidae
Planorbidae
Sisyridae
Sphaeriidae
Tabanidae
Amphipoda
Asellidae
Bivalvia
Ceratopogonidae
Chironomidae
Corixidae
Crangonyctidae
Dytiscidae
Ephemeridae
Ephemeroptera
Haliplidae
Hirudinea
Libellulidae
Palaemonidae
Perlidae
Physidae
Sphaeriidae
Unionidae
Amphipoda
Ancylidae
Asellidae
Bivalvia
Cambaridae
Ceratopogonidae
Chironomidae
Collembola
Corixidae
Crangonyctidae
Culicidae
Dytiscidae
Elmidae
Ephemeridae
Ephemeroptera
Homoptera
Hyalellidae
Hydrachnidia
Libellulidae
Odonata
Perlidae
Ptiliidae
Pyralidae
Sphaeriidae
Tipulidae
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Family Or Order Event 9D U El E2 E3
Amphipoda
Ancylidae
Asellidae
Baetidae
Bivalvia
Caenidae
Cambaridae
Ceratopogonidae
Chironomidae
Crangonyctidae
Dytiscidae
Ephemeridae
Ephemeroptera
Gomphidae
Gyrinidae
Heptageniidae
Homoptera
Lepidoptera
Palaemonidae
Perlidae
Physidae
Planorbidae
Psychodidae
Sisyridae
Sphaeriidae
Tenebrionidae
Tipulidae
Unionidae
Viviparidae
Amphipoda
Asellidae
Baetidae
Bivalvia
Caenidae
Cambaridae
Ceratopogonidae
Chironomidae
Collembola
Corethrellidae
Corixidae
Crangonyctidae
Culicidae
Dixidae
Dytiscidae
Elmidae
Ephemerellidae
Ephemeroptera
Haliplidae
Hirudinea
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Family Or Order Event 9D U El E2
Hyalellidae
Hydrachnidia
Hydrophiloidea
Lepidoptera
Palaemonidae
Physidae
Sialidae
Sphaeriidae
Viviparidae
Amphipoda
Ancylidae
Asellidae
Bivalvia
Caenidae
Ceratopogonidae
Chironomidae
Coenagrionidae
Collembola
Corduliidae
Corixidae
Crangonyctidae
Culicidae
Dytiscidae
Gomphidae
Haliplidae
Hirudinea
Homoptera
Hyalellidae
Hydrachnidia
Libellulidae
Palaemonidae
Planorbidae
Sialidae
Sphaeriidae
Tabanidae
Unionidae
Amphipoda
Ancylidae
Asellidae
Bivalvia
Ceratopogonidae
Chironomidae
Collembola
Corixidae
Crangonyctidae
Culicidae
Dytiscidae
Haliplidae
Hirudinea
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Family Or Order Event 9D U El E2
Hyalellidae
Hydrachnidia
Lepidoptera
Physidae
Sialidae
Sphaeriidae
Tipulidae
Unionidae
Amphipoda
Ancylidae
Asellidae
Bivalvia
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Collembola
Corixidae
Crangonyctidae
Culicidae
Elmidae
Ephemeroptera
Gastropoda
Hirudinea
Homoptera
Hyalellidae
Hydrachnidia
Libellulidae
Palaemonidae
Physidae
Planorbidae
Saldidae
Sialidae
Sphaeriidae
Tabanidae
Tipulidae
Valvatidae
Amphipoda
Ancylidae
Asellidae
Bivalvia
Cambaridae
Ceratopogonidae
Chaoboridae
Chironomidae
Coenagrionidae
Collembola
Corixidae
Crangonyctidae
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Family Or Order Event 9D U El E2
Culicidae
Dytiscidae
Ephemeroptera
Haliplidae
Hirudinea
Homoptera
Hyalellidae
Hydrachnidia
Lepidoptera
Libellulidae
Physidae
Planorbidae
Scirtidae
Sialidae
Sphaeriidae
Tipulidae
Ancylidae
Arachnida
Asellidae
Bivalvia
Caenidae
Cambaridae
Ceratopogonidae
Chaoboridae
Chironomidae
Corduliidae
Corixidae
Crangonyctidae
Culicidae
Dytiscidae
Gomphidae
Haliplidae
Hirudinea
Homoptera
Hydrachnidia
Lepidoptera
Libellulidae
Limnephilidae
Palaemonidae
Planorbidae
Sialidae
Tabanidae
Bivalvia
Caenidae
Cambaridae
Ceratopogonidae
Chaoboridae
Chironomidae
Collembola
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Family Or Order

Corduliidae
Corixidae
Ephemeridae
Gastropoda
Homoptera
Hydrachnidia
Palaemonidae
Sialidae
Ancylidae
Arachnida
Asellidae
Bivalvia
Cambaridae
Ceratopogonidae
Chaoboridae
Chironomidae
Corixidae
Culicidae
Dytiscidae
Gerridae
Homoptera
Palaemonidae
Planorbidae
Sphaeriidae
Tipulidae
Amphipoda
Ancylidae
Asellidae
Bivalvia
Cambaridae
Ceratopogonidae
Chironomidae
Coenagrionidae
Collembola
Corduliidae
Corixidae
Crangonyctidae
Culicidae
Dytiscidae
Elmidae
Ephemeroptera
Gastropoda
Hirudinea
Hyalellidae
Hydrachnidia
Libellulidae
Naucoridae
Physidae
Scirtidae
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Family Or Order

Sialidae
Tipulidae
Viviparidae
Zygoptera
Ancylidae
Ceratopogonidae
Chaoboridae
Chironomidae
Corixidae
Ephemeroptera
Hemiptera
Homoptera
Hyalellidae
Hydrachnidia
Libellulidae
Naucoridae
Odonata
Palaemonidae
Planorbidae
Scirtidae
Sialidae
Tabanidae
Ancylidae
Arachnida
Asellidae
Bivalvia
Ceratopogonidae
Chaoboridae
Chironomidae
Corduliidae
Corethrellidae
Corixidae
Cosmopterigidae
Culicidae
Gerridae
Gyrinidae
Hirudinea
Homoptera
Hyalellidae
Hydrachnidia
Hydrochidae
Hydrophiloidea
Libellulidae
Palaemonidae
Physidae
Planorbidae
Pleidae
Scirtidae
Sialidae
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Family Or Order Event 9D U El E2
Amphipoda
Ancylidae
Anisoptera
Arachnida
Asellidae
Bivalvia
Ceratopogonidae
Chaoboridae
Chironomidae
Coenagrionidae
Collembola
Corixidae
Corydalidae
Crangonyctidae
Culicidae
Decopoda
Dytiscidae
Haliplidae
Hemiptera
Hirudinea
Hyalellidae
Hydrachnidia
Hydrochidae
Lepidoptera
Libellulidae
Physidae
Planorbidae
Plecoptera
Pleidae
Scirtidae
Sialidae
Sisyridae
Tabanidae
Tipulidae
Zygoptera
Ancylidae
Asellidae
Baetidae
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Gerridae
Gyrinidae
Hirudinea
Hydrachnidia
Libellulidae
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Family Or Order Event 9D U
Sialidae
Sphaeriidae
Turbellaria
Ancylidae
Asellidae
Caenidae
Ceratopogonidae
Chironomidae
Corixidae
Ephemeridae
Gastropoda
Hydrachnidia
Limnephilidae
Sialidae
Sphaeriidae
Unionidae
Ancylidae
Caenidae
Cambaridae
Ceratopogonidae
Chironomidae
Corydalidae
Crangonyctidae
Dytiscidae
Elmidae
Ephemeridae
Ephemeroptera
Gerridae
Heptageniidae
Hydrachnidia
Hydropsychidae
Palaemonidae
Sialidae
Sphaeriidae
Turbellaria
Viviparidae
Amphipoda
Ancylidae
Asellidae
Ceratopogonidae
Chaoboridae
Chironomidae
Coenagrionidae
Corixidae
Culicidae
Gerridae
Hirudinea
Hydrachnidia
Hydrophiloidea
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Family Or Order

Libellulidae
Palaemonidae
Scirtidae
Sialidae
Sphaeriidae
Turbellaria
Amphipoda
Ancylidae
Baetidae
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Coenagrionidae
Corixidae
Culicidae
Dytiscidae
Gyrinidae
Haliplidae
Hydrachnidia
Hydrometrida
Libellulidae
Limnephilidae
Palaemonidae
Planorbidae
Sialidae
Sphaeriidae
Turbellaria
Zygoptera
Ancylidae
Arachnida
Asellidae
Ceratopogonidae
Chaoboridae
Chironomidae
Coenagrionidae
Corduliidae
Corixidae
Culicidae
Hemiptera
Hirudinea
Hyalellidae
Hydrachnidia
Hydrophiloidea
Libellulidae
Megaloptera
Noctuidae
Physidae
Planorbidae
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Family Or Order Event 9D U El E2
Scirtidae
Sialidae
Sphaeriidae
Ancylidae
Asellidae
Baetidae
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Gerridae
Hirudinea
Hydrachnidia
Libellulidae
Planorbidae
Salpingidae
Scirtidae
Sialidae
Sphaeriidae
Turbellaria
Amphipoda
Ancylidae
Baetidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Culicidae
Gerridae
Hydrachnidia
Scirtidae
Sialidae
Sphaeriidae
Turbellaria
Viviparidae
Acariformes
Amphipoda
Asellidae
Brachycera
Ceratopogonidae
Chironomidae
Copepoda
Corixidae
Culicidae
Empididae
Hypogastruidae
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Family Or Order

Sphaeriidae
Tabanidae
Tipulidae
Acariformes
Amphipoda
Asellidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Dytiscidae
Empididae
Isotomidae
Planorbidae
Pulmonata
Scirtidae
Sphaeriidae
Staphylinidae
Tabanidae
Tipulidae
Trichoptera
Veliidae
Acariformes
Amphipoda
Asellidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Dytiscidae
Empididae
Hydrophiloidea
Isopoda
Isotomidae
Physidae
Sialidae
Sphaeriidae
Tipulidae
Viviparidae
Acariformes
Amphipoda
Ancylidae
Asellidae
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
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Family Or Order Event 9D U El E2
Corixidae
Culicidae
Dytiscidae
Empididae
Entomobryidae
Gastropoda
Hydrophiloidea
Hypogastruidae
Lymnaeidae
Physidae
Planorbidae
Poduridae
Potamanthidae
Prosobranchia
Ptilodactylidae
Sialidae
Simuliidae
Sphaeriidae
Tabanidae
Viviparidae
Acariformes
Asellidae
Carabidae
Ceratopogonidae
Chironomidae
Copepoda
Culicidae
Curculionidae
Empididae
Hydrophiloidea
Isotomidae
Libellulidae
Nymphomyiidae
Planorbidae
Sphaeriidae
Staphylinidae
Tabanidae
Amphipoda
Ancylidae
Asellidae
Caenidae
Cambaridae
Ceratopogonidae
Chironomidae
Copepoda
Crangonyctidae
Dytiscidae
Elmidae
Ephemeridae
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Family Or Order Event 9D U El E2
Gyrinidae
Heptageniidae
Hydrachnidia
Palaemonidae
Planorbidae
Sialidae
Sphaeriidae
Tabanidae
Viviparidae
Acariformes
Amphipoda
Asellidae
Ceratopogonidae
Chironomidae
Cladoceran
Copepoda
Corixidae
Curculionidae
Dytiscidae
Empididae
Gomphidae
Libellulidae
Planorbidae
Prosobranchia
Sialidae
Sphaeriidae
Viviparidae
Acariformes
Amphipoda
Ancylidae
Asellidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Culicidae
Dytiscidae
Gastropoda
Gomphidae
Hydrophiloidea
Physidae
Sciomyzidae
Sialidae
Sphaeriidae
Staphylinidae
Tipulidae
Acariformes
Asellidae
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Family Or Order Event 9D U El E2
Bivalvia
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Empididae
Gastropoda
Hydrophiloidea
Planorbidae
Sialidae
Sphaeriidae
Staphylinidae
Viviparidae
Acariformes
Amphipoda
Ancylidae
Asellidae
Ceratopogonidae
Chaoboridae
Chironomidae
Collembola
Copepoda
Corixidae
Culicidae
Dytiscidae
Empididae
Gomphidae
Hydrophiloidea
Libellulidae
Planorbidae
Sialidae
Sphaeriidae
Tabanidae
Amphipoda
Asellidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Hydrophiloidea
Planorbidae
Sialidae
Sphaeriidae
Tabanidae
Acariformes
Amphipoda
Ancylidae
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Family Or Order Event 9D U El E2
Asellidae
Bivalvia
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Culicidae
Dytiscidae
Empididae
Hydraenidae
Hydrophiloidea
Hypogastruidae
Isopoda
Isotomidae
Libellulidae
Physidae
Protoneuridae
Scirtidae
Sialidae
Sminthuridae
Sphaeriidae
Tabanidae
Tipulidae
Acariformes
Amphipoda
Asellidae
Bivalvia
Ceratopogonidae
Chironomidae
Copepoda
Corixidae
Culicidae
Dytiscidae
Empididae
Ephemerellidae
Gastropoda
Isopoda
Isotomidae
Libellulidae
Physidae
Planorbidae
Sialidae
Sphaeriidae
Tabanidae
Tipulidae
Acariformes
Asellidae
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Family Or Order Event 9D U El E2
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Gerridae
Hirudinea
Palaemonidae
Sialidae
Sphaeriidae
Tabanidae
Acariformes
Ancylidae
Canacidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Crambidae
Dolichopodidae
Dytiscidae
Gerridae
Psychodidae
Scirtidae
Sialidae
Sphaeriidae
Tipulidae
Unionidae
Zygoptera
Acariformes
Asellidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Culicidae
Dolichopodidae
Dytiscidae
Gerridae
Hyalellidae
Isotomidae
Odonata
Palaemonidae
Planorbidae
Ptilodactylidae
Sialidae
Sphaeriidae
Tabanidae
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Family Or Order Event 9D U El
Thaumaleidae
Tipulidae
Veliidae
Ancylidae
Asellidae
Cambaridae
Canacidae
Ceratopogonidae
Chironomidae
Crambidae
Crangonyctidae
Dolichopodidae
Elmidae
Empididae
Homoptera
Hydrophilidae
Isotomidae
Lepidoptera
Libellulidae
Sialidae
Sphaeriidae
Stratiomyidae
Tabanidae
Tipulidae
Viviparidae
Zygoptera
Acariformes
Asellidae
Baetidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corduliidae
Corixidae
Crangonyctidae
Hemiptera
Heptageniidae
Homoptera
Isotomidae
Libellulidae
Odonata
Physidae
Planorbidae
Sialidae
Sphaeriidae
Thysanoptera
Tipulidae
Acariformes
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Family Or Order Event 9D U El E2
Ancylidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Dolichopodidae
Ephemeroptera
Gomphidae
Haliplidae
Hirudinea
Hydrophilidae
Libellulidae
Mesoveliidae
Palaemonidae
Plecoptera
Ptilodactylidae
Scirtidae
Sialidae
Sphaeriidae
Tenebrionidae
Turbellaria
Acariformes
Ancylidae
Asellidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Dytiscidae
Libellulidae
Limnephilidae
Palaemonidae
Physidae
Scirtidae
Sialidae
Sphaeriidae
Turbellaria
Acariformes
Ancylidae
Asellidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corduliidae
Corixidae
Crangonyctidae
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Family Or Order Event 9D U El E2
Dytiscidae
Haliplidae
Hebridae
Hirudinea
Hydrophilidae
Libellulidae
Orthoptera
Palaemonidae
Planorbidae
Psychodidae
Sialidae
Sphaeriidae
Veliidae
Zygoptera
Acariformes
Ancylidae
Asellidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corduliidae
Corixidae
Corydalidae
Crangonyctidae
Hydrophilidae
Libellulidae
Mesoveliidae
Odonata
Pelecorhynchidae
Physidae
Planorbidae
Sialidae
Sisyridae
Sphaeriidae
Tabanidae
Veliidae
Zygoptera
Acariformes
Asellidae
Belastomatidae
Bivalvia
Carabidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Dytiscidae
Empididae
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Family Or Order Event 9D U El E2
Hydrophiloidea
Libellulidae
Noteridae
Sialidae
Sphaeriidae
Tabanidae
Acariformes
Bivalvia
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Culicidae
Dytiscidae
Gomphidae
Haliplidae
Hydrophiloidea
Isotomidae
Libellulidae
Sialidae
Sphaeriidae
Tipulidae
Acariformes
Asellidae
Cambaridae
Ceratopogonidae
Chironomidae
Copepoda
Crangonyctidae
Dolichopodidae
Haliplidae
Isotomidae
Planorbidae
Psocodea
Saldidae
Sialidae
Simuliidae
Sphaeriidae
Tabanidae
Thysanoptera
Tipulidae
Zygoptera
Acariformes
Asellidae
Cambaridae
Ceratopogonidae
Chironomidae
Collembola
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Family Or Order Event
Copepoda
Corixidae
Crangonyctidae
Dytiscidae
Elmidae
Homoptera
Libellulidae
Planorbidae
Sialidae
Sphaeriidae
Tanyderidae
Thysanoptera
Tipulidae
Acariformes
Ancylidae
Asellidae
Caenidae
Ceratopogonidae
Chironomidae
Copepoda
Corixidae
Corydalidae
Crangonyctidae
Dolichopodidae
Dytiscidae
Hirudinea
Homoptera
Isotomidae
Palaemonidae
Physidae
Planorbidae
Sphaeriidae
Thysanoptera
Tipulidae
Turbellaria
Zygoptera
Acariformes
Ancylidae
Asellidae
Caenidae
Cambaridae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Corydalidae
Crangonyctidae
Dytiscidae
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Family Or Order

Hirudinea
Homoptera
Hydrophilidae
Libellulidae
Physidae
Planorbidae
Sialidae
Sphaeriidae
Tabanidae
Thysanoptera
Tipulidae
Acariformes
Ancylidae
Asellidae
Cambaridae
Ceratopogonidae
Chironomidae
Copepoda
Crangonyctidae
Dolichopodidae
Dytiscidae
Homoptera
Hydrophilidae
Isotomidae
Libellulidae
Sphaeriidae
Thysanoptera
Tipulidae
Acariformes
Ancylidae
Asellidae
Baetidae
Caenidae
Cambaridae
Ceratopogonidae
Chironomidae
Copepoda
Crangonyctidae
Dytiscidae
Ephemeridae
Ephemeroptera
Heptageniidae
Homoptera
Leptophlebiidae
Palaemonidae
Psychodidae
Ptilodactylidae
Sialidae
Sphaeriidae
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Family Or Order Event 9D U El E2
Tipulidae
Viviparidae
Zygoptera
Acariformes
Ancylidae
Asellidae
Baetidae
Caenidae
Cambaridae
Ceratopogonidae
Chironomidae
Copepoda
Corixidae
Crangonyctidae
Dytiscidae
Ephemeridae
Heptageniidae
Isotomidae
Libellulidae
Ptilodactylidae
Sialidae
Sphaeriidae
Thysanoptera
Tipulidae
Acariformes
Ancylidae
Asellidae
Ceratopogonidae
Chironomidae
Copepoda
Crangonyctidae
Dolichopodidae
Dytiscidae
Homoptera
Hypogastruidae
Physidae
Planorbidae
Sialidae
Sphaeriidae
Tipulidae
Acariformes
Ancylidae
Asellidae
Ceratopogonidae
Chironomidae
Copepoda
Crangonyctidae
Dytiscidae
Hemiptera

(o)}
N
w

N O N B EFP NE BBMOG

54
296

10

N N = SIS

20

15
11

61
235

[o2 3N e> RN o> RN RN o> e M) M) e NN e NN« M« Mo Mo Mo e BN e) M« ) M) I« B o> B« Bl <) B <) e i) B« <) B o) Bie) B o) B> BN o> BiNe> BiNe> BN e > e B e B <) B e> BiNe) BiNe >IN e> BN o> BN e) BN e e BN o)

NN BN

108



Family Or Order Event 9D U El E2 E3

Hirudinea 6 4

Hydrophilidae 6 1

Physidae 6 1

Planorbidae 6 6

Psychodidae 6 1

Sialidae 6 3

Sphaeriidae 6 102

Thysanoptera 6 1

Tipulidae 6 13

Acariformes 6 10
Ancylidae 6 6
Asellidae 6 61
Caenidae 6 1
Ceratopogonidae 6 90
Chironomidae 6 286
Collembola 6 1
Copepoda 6 46
Corixidae 6 7
Corydalidae 6 1
Crangonyctidae 6 19
Culicidae 6 1
Dytiscidae 6 10
Gastropoda 6 1
Gerridae 6 1
Hyalellidae 6 4
Isotomidae 6 4
Physidae 6 3
Planorbidae 6 36

Pleidae 6 1
Sialidae 6 6
Sphaeriidae 6 70
Thysanoptera 6 8
Tipulidae 6 30
Turbellaria 6 2
Zygoptera 6 2
Acariformes 6 3
Ancylidae 6 25
Asellidae 6 124
Canacidae 6 1
Ceratopogonidae 6 60
Chaoboridae 6 1
Chironomidae 6 224
Copepoda 6 45
Crangonyctidae 6 55
Culicidae 6 2
Dolichopodidae 6 1
Dytiscidae 6 20
Hirudinea 6 4
Isotomidae 6 2
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Event

9D

Family Or Order

Libellulidae
Physidae
Planorbidae
Pseudoscorpionida
Scirtidae
Sialidae
Sminthuridae
Sphaeriidae
Thysanoptera
Tipulidae
Acariformes
Ancylidae
Asellidae
Caenidae
Ceratopogonidae
Chironomidae
Copepoda
Crangonyctidae
Dytiscidae
Hirudinea
Homoptera
Mesoveliidae
Physidae
Planorbidae
Sialidae
Sphaeriidae
Tabanidae
Thysanoptera
Tipulidae
Acariformes
Ancylidae
Asellidae
Cambaridae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corduliidae
Crangonyctidae
Dytiscidae
Hirudinea
Physidae
Planorbidae
Sialidae
Sphaeriidae
Tipulidae
Cambaridae
Ceratopogonidae
Chaoboridae
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Family Or Order Event 9D U El E2

~

Chironomidae 1077
Chrysomelidae
Copepoda
Corduliidae
Corixidae
Crangonyctidae
Culicidae
Dolichopodidae
Dytiscidae
Homoptera
Hydrophilidae
Isotomidae
Lepidostomatidae
Noctuidae
Odonata
Sphaeriidae
Tabanidae
Thysanoptera
Tipulidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Culicidae
Dytiscidae
Homoptera
Libellulidae
Perlidae
Planorbidae
Pseudoscorpionida
Sphaeriidae
Tabanidae
Tipulidae
Acariformes
Ancylidae
Asellidae
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Culicidae
Gerridae
Hirudinea
Lepidostomatidae
Libellulidae
Palaemonidae
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Family Or Order Event
Physidae
Sialidae
Sphaeriidae
Tabanidae
Turbellaria
Veliidae
Acariformes
Ancylidae
Asellidae
Caenidae
Canacidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Gerridae
Gyrinidae
Hirudinea
Libellulidae
Palaemonidae
Physidae
Planorbidae
Scirtidae
Sialidae
Sphaeriidae
Tabanidae
Tipulidae
Trichoptera
Turbellaria
Veliidae
Acariformes
Ancylidae
Canacidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Elmidae
Entomobryidae
Gerridae
Physidae
Sialidae
Sphaeriidae
Ancylidae
Baetidae
Caenidae
Cambaridae
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Family Or Order

Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Crangonyctidae
Elmidae
Ephemeridae
Heptageniidae
Hirudinea
Scirtidae
Sialidae
Sphaeriidae
Tabanidae
Tipulidae
Viviparidae
Acariformes
Ancylidae
Asellidae
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Elmidae
Ephemeridae
Gomphidae
Heptageniidae
Hirudinea
Homoptera
Hyalellidae
Isotomidae
Libellulidae
Muscidae
Palaemonidae
Planorbidae
Scirtidae
Sialidae
Sphaeriidae
Tabanidae
Tanyderidae
Turbellaria
Viviparidae
Zygoptera
Acariformes
Ancylidae
Baetidae
Ceratopogonidae
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Family Or Order Event 9D U El E2
Chaoboridae
Chironomidae
Copepoda
Corduliidae
Corixidae
Culicidae
Elmidae
Hirudinea
Homoptera
Hyalellidae
Libellulidae
Palaemonidae
Planorbidae
Scirtidae
Sialidae
Sisyridae
Sphaeriidae
Tipulidae
Zygoptera
Acariformes
Ancylidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Gomphidae
Hyalellidae
Libellulidae
Planorbidae
Scirtidae
Sialidae
Sphaeriidae
Acariformes
Ancylidae
Asellidae
Baetidae
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Hirudinea
Homoptera
Hyalellidae
Libellulidae
Mesoveliidae
Palaemonidae
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Family Or Order

Physidae
Planorbidae
Sialidae
Sphaeriidae
Thysanoptera
Turbellaria
Acariformes
Ancylidae
Asellidae
Cambaridae
Ceratopogonidae
Chironomidae
Copepoda
Corixidae
Dolichopodidae
Dytiscidae
Gomphidae
Haliplidae
Hemiptera
Hirudinea
Hyalellidae
Isotomidae
Libellulidae
Palaemonidae
Physidae
Planorbidae
Pleidae
Scirtidae
Sialidae
Sphaeriidae
Tabanidae
Tipulidae
Turbellaria
Zygoptera
Acariformes
Ancylidae
Ceratopogonidae
Chaoboridae
Chironomidae
Copepoda
Corixidae
Dytiscidae
Hirudinea
Sialidae
Sphaeriidae
Tabanidae
Tipulidae
Viviparidae
Acariformes
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Family Or Order Event 9D U El E2
Aeshnidae
Ancylidae
Asellidae
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Collembola
Copepoda
Corduliidae
Corixidae
Culicidae
Dytiscidae
Ephemeroptera
Hirudinea
Libellulidae
Mesoveliidae
Physidae
Scirtidae
Sialidae
Sphaeriidae
Tipulidae
Trichoptera
Viviparidae
Zygoptera
Acariformes
Aphididae
Asellidae
Caenidae
Cambaridae
Canacidae
Ceratopogonidae
Chironomidae
Copepoda
Corixidae
Crangonyctidae
Dytiscidae
Hirudinea
Isotomidae
Physidae
Planorbidae
Sialidae
Sphaeriidae
Tipulidae
Turbellaria
Acariformes
Ancylidae
Aphididae
Asellidae
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Family Or Order Event 9D U El E2

Caenidae 8 31
Cambaridae 8 1
Ceratopogonidae 8 356
Chironomidae 8 2054
Collembola 8 1
Copepoda 8 115
Corixidae 8 2
Crangonyctidae 8 37
Culicidae 8 1
Dytiscidae 8 5
Haliplidae 8 1
Hirudinea 8 44
Libellulidae 8 1
Noctuidae 8 1
Palaemonidae 8 1
Physidae 8 2
Planorbidae 8 59
Psychodidae 8 1
Saldidae 8 1
Scirtidae 8 1
Sialidae 8 24
Sisyridae 8 2
Sphaeriidae 8 52
Tipulidae 8 4
Turbellaria 8 62
Viviparidae 8 1
Acariformes 9 10
Ancylidae 9 14
Caenidae 9 8
Ceratopogonidae 9 92
Chaoboridae 9 35
Chironomidae 9 409
Copepoda 9 11
Corixidae 9 1
Crambidae 9 1
Gerridae 9 1
Haliplidae 9 1
Homoptera 9 1
Libellulidae 9 9
Planorbidae 9 2
Scirtidae 9 1
Sialidae 9 7
Sphaeriidae 9 7
Tabanidae 9 2
Viviparidae 9 3
Acariformes 9 15
Ancylidae 9 20
Caenidae 9 25
Ceratopogonidae 9 284
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Family Or Order Event 9D U El E2

Chaoboridae 9 17
Chironomidae 9 684
Coenagrionidae 9 1
Copepoda 9 44
Corixidae 9 3
Haliplidae 9 1
Heptageniidae 9 1
Hirudinea 9 1
Hyalellidae 9 4
Hydrophilidae 9 1
Libellulidae 9 18
Naucoridae 9 1
Physidae 9 2
Planorbidae 9 10
Scirtidae 9 2
Sialidae 9 18
Sphaeriidae 9 50
Tabanidae 9 3
Viviparidae 9 1

Event 1 = Spring 2006, Event 2 = Late summer 2006, Event 3 = Late summer 2007,
Event 4 = Spring 2008, Event 5 = Late summer 2008, Event 6 = Spring 2009,
Event 7 = Late summer 2009, Event 8 = Spring 2010, Event 9 = Late summer 2010
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