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A large river system typically derives the majority of its biomass from production within 

the floodplain.  The Neches River in the Big Thicket National Preserve is a large blackwater 

river that has an extensive forested floodplain.  Organic carbon was analyzed within the 

floodplain waters and the river (upstream and downstream of the floodplain) to determine the 

amount of organic carbon from the floodplain that is contributing to the nutrient dynamics in the 

river.  Dissolved organic carbon was significantly higher at downstream river locations during 

high discharge.  Higher organic carbon levels in the floodplain contributed to increases in 

organic carbon within the Neches River downstream of the floodplain when Neches River 

discharges exceeded 10,000 cfs. 

Hurricane Rita passed through the Big Thicket National Preserve in September 2005.  

Dissolved organic carbon concentrations recorded after Hurricane Rita in the Neches River 

downstream of the floodplain were significantly higher than upstream of the floodplain.  

Dissolved organic carbon was twice as high after the hurricane than levels prior to the hurricane, 

with floodplain concentrations exceeding 50 ppm C.  The increase in organic carbon was likely 

due to nutrients leached from leaves, which were swept from the floodplain trees prior to normal 

abscission in the fall. 

A continuum of leaf breakdown rates was observed in three common floodplain species 

of trees: Sapium sebiferum, Acer rubrum, and Quercus laurifolia.  Leaves collected from 

blowdown as a result of Hurricane Rita did not break down significantly faster than leaves 

collected prior to abscission in the fall.  Processing coefficients for leaf breakdown in a 



continuously wet area of the floodplain were significantly higher than processing coefficients for 

leaf breakdown on the floodplain floor. 

The forested floodplain of the Neches River is the main contributor of organic carbon.  

When flow is greater than 10,000 csf, the floodplain transports organic carbon directly to the 

river, providing a source of nutrition for riverine organisms and contributing to the overall health 

of the ecosystem.  
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CHAPTER 1 

ORGANIC CARBON DYNAMICS 

Introduction 

 A floodplain is often a prominent feature of a lotic ecosystem and is known to alter the 

quality and quantity of detritus that enters a stream (Cuffney 1988).  Although there are many 

well-established and thoroughly tested conceptualizations of stream structure and function, such 

as the River Continuum Concept (Vannote et al. 1980), these theories have only recently begun 

to incorporate the lateral (versus longitudinal) gradient influencing rivers, most notably the 

effects of floodplains on stream channel processes (Benke et al. 2000; Bayley 1995; Junk et al. 

1989; Cuffney 1988, 1984). 

 A low-gradient river, such as the Neches River of Texas, is an ideal system to study river-

floodplain exchanges in total organic carbon since it possesses an extensive forested area that is 

currently regularly flooded (Cuffney 1984).  Riparian zones surrounding a river contribute a 

substantial amount of litterfall to the river channel area, so therefore represent a tremendous 

source of organic matter.  The flooding of such rivers has become recognized as an essential 

ecological interaction between the river channel and its associated floodplain (Bayley 1995, 

Benke et al. 2000).  

The flood pulse concept, which can be considered an extension of the River Continuum 

Concept, postulates that a large river system will derive the majority of its biomass from 

production within the floodplain and not from the transport of organic matter within the river 

(Junk et al. 1989).  Historically, however, many believe a floodplain to be an area of high 

disturbance or the site of a catastrophic event, which does have its place in the structure and 

function of an ecosystem.  A flood pulse should not be regarded as a disturbance, but rather as 
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the principle agent controlling the adaptations of many of the biota in the floodplain.  In this 

sense, departures from the normal hydrologic regime are the true disturbance.  Impoundments 

that lead to the prevention of flooding are one such disturbance on a long-term scale (Bayley 

1995). 

 Large rivers often do not have an inherent dominant source of primary production, such 

as algae, phytoplankton, periplankton, and macrophytes.  This is likely due to low light 

penetration, high turbidity, and shifting substrate.  These low levels of autochthonous input 

demand higher levels of allochthonous organic matter input if the riverine food web is to remain 

intact.  In a partially deforested area of the Amazon River floodplain, tree litter production and 

herbaceous macrophyte production were estimated to make up 24% and 69% of total annual 

production, with the remaining 7% attributed to phytoplankton and periplankton (Bayley 1995).  

Alternations between dry and flooded periods on the forested floodplain floor are also thought to 

decompose plant matter at rates similar to their production, with accumulations of detritus rare in 

regularly inundated areas (Bayley 1995).   

Aquatic invertebrates that live in floodplains must also become adapted to these 

alternating influences, and often have r-selected traits, such as high annual growth and mortality 

rates, to quickly colonize areas (Pianka 1970).  Increases in invertebrate populations, most 

notably those of the “shredding” functional feeding group, may also be timed to correspond to 

leaf abscission and entrainment in the fall.  Bayley (1995) states that, due to the significant 

proportion of organic matter in the form of detritus on the forest floor, energy transfer studies 

should “explicitly account for seasonal accumulation and breakdown rates of the various forms 

of particulate and dissolved organic matter.”   
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 The ecological importance of flooding is broader, however, than the entrainment of 

organic matter into the main channel.  A floodplain can impact the plant community composition 

and distribution, can provide a temporary habitat to fish from the main channel, and may also 

serve as a habitat for a diverse assemblage of macroinvertebrates (Benke et al. 2000).  Woody 

habitats, or snags, created by debris washed from forested floodplain areas are particularly 

important as the major stable substrate in sandy-bottomed streams and serve as areas of high 

invertebrate density and production, providing food for fishes.  These habitats can enhance a 

stream’s ability to process nutrients (Wallace and Benke 1984).  The ecological and conservation 

requirements of such systems are of the utmost importance, but before this is ever truly 

addressed, the hydrodynamic properties of a system and the subsequent flow of nutrients must be 

fully understood (Benke et al. 2000).   

River restoration projects that are currently taking place, or are proposed, have the goal of 

restoring environmental flow regimes to improve the health of rivers that have been developed 

for drinking water supplies and hydropower generation.  An example of one such river 

restoration is occurring on the Savannah River in South Carolina and Georgia, and requires a 

lengthy orientation and research process before implementation of flow recommendations may 

begin (Richter et al. 2006).  In addition to changes in hydrology, many stream biota are 

influenced by sediment and riparian disturbance.  As a result, catchment management strategies 

must take into account all of these disturbances in order to protect all aspects of biotic integrity 

(Roy et al. 2006). 

There are, additionally, many unique challenges now facing the Neches River and the Big 

Thicket National Preserve.  There are numerous potential private, state, and federal water 

development projects in its watershed.  Flow dynamics are already altered by dams, particularly 
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by “Dam B” below Steinhagen Reservoir.  The Lower Neches Valley Authority (LNVA) has 

proposed to raise water levels in Steinhagen Reservoir and to increase the size of Lake Sam 

Rayburn.  The particular methodology to meet these ends and any inherent time frame is yet 

unknown.  Another reservoir on the Neches River, the Fastrill Reservoir, has been proposed by 

the city of Dallas and was approved on the 2007 Texas State Water Plan to meet future water 

shortages (Texas Water Development Board 2006).  The relationship between the flow dynamics 

of the Neches River and its floodplain is only partly understood, and further alteration would 

obviously complicate this issue.  

 There is also speculation that the increased volumes in the aforementioned reservoirs 

would be sold to communities outside of the drainage basin, such as the city of Dallas, Texas.  

The effects on the Big Thicket National Preserve could be extremely adverse if large volumes of 

water were diverted from the river before it reached the preserve and the natural floodplain.  

Cypress and tupelo trees and other hydrophilic species could possibly give way to more xeric 

species under an altered flow regime.  Dr. Paul Harcombe and others at Rice University have 

undertaken a study for nearly thirty years to analyze sapling recruitment of various trees in the 

floodplain, specifically in the Neches Bottom and Jack Gore Baygall Units.  This long-term 

study has taken place during flooding, drought, and throughout numerous changes to the 

hydrologic regime of the Neches River and its floodplain.  Dr. Harcombe’s data, combined with 

hydrologic and other ecosystem studies, will serve to demonstrate how this fragile ecosystem has 

changed over the decades, and just as importantly, how its decline might be halted. 

Flood pulses, although unpredictable on a small time scale, will inevitably occur on a 

seasonal basis in historical floodplains, but an even rarer meteorological event that may affect a 

floodplain is a hurricane.  On September 24, 2005, Hurricane Rita made landfall as the fourth 
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most intense hurricane ever recorded and the most intense tropical cyclone observed in the Gulf 

of Mexico (Knabb et al. 2006).  The path of the hurricane passed directly east of the Big Thicket 

ecoregion (Figure 16, Chapter 2), with the counterclockwise winds blowing south and felling 

many trees in the densely forested area.  In addition to the many trees that were felled, the leaves 

of many of the remaining trees were stripped off and deposited on the forest floor, in sloughs, 

and in the river prior to the typical abscission time for this area, which is generally in mid-

November.  This unexpected event took place during the organic carbon study on the Neches 

River floodplain, so data resulting from the hurricane are also included in Chapter Two of this 

document.   

Alterations to the current flow regime have an impact on plant life in the floodplain, 

animal life, and nutrient dynamics required to drive aquatic ecosystems.  Dissolved organic 

carbon (DOC) transport has been shown to be higher in rivers similar to the Neches.  The 

leaching of DOC and POC (particulate organic carbon) from productive floodplain forests 

appears to be one reason for the higher DOC transport in these rivers.  Once in the river, 

processes such as differential biological uptake appear to influence DOC concentration and 

quality.  Longitudinal patterns have been observed in blackwater rivers.  In studies by Meyer et 

al. (1987) and Sabater et al. (1993), the longitudinal pattern followed by both total and 

intermediate molecular weight (MW) DOC concentrations was a linear function of the 

geographic distance along the river.  During low flow conditions, there was a high degree of 

correspondence between patterns of bacterial numbers and low MW DOC (<1000 apparent 

MW).  During periods of high discharge and flow conditions, however, the proportion of high 

(>10,000) and intermediate (1000-10,000) MW fractions increased, and there was no longer a 

clear relationship between bacterial cells and low MW DOC.  Numerous studies have served to 



 6

demonstrate that the quality of DOC decreases at higher discharge (Meyer et al. 1987; Leff and 

Meyer 1991; Sabater et al. 1993).   

The source and amount of organic matter found in similar riverine systems is also 

dependent on the amount of urbanization and disturbance within the watershed.  Meyer et al. 

(2005) additionally demonstrated that nutrient uptake velocities were negatively correlated with 

urbanization; breakdown rates of particular leaf species were positively correlated with 

indicators of urbanization.  In addition to organic carbon fluxes within rivers, bacteria, a major 

biological agent of the utilization of carbon and a key player in the riverine food web, were 

found to be entrained by normal discharges and subsequent flooding of floodplain soils 

(Wainright et al. 1992).  Substantial fluxes of bacteria, DOC, and POC were all seen when water 

was percolated upward through floodplain soils.  Bacteria can make up a major component of 

macroinvertebrate diets and serve as an “important trophic link between organic matter and 

macroconsumers” (Benke et al. 1992). 

 Carbon was artificially added to a blackwater stream in North Carolina, which already 

had high amounts of organic carbon, in order to determine the effects on microbial and 

macroinvertebrate activity (Wilcox et al. 2005).  The study demonstrated that the addition and 

subsequent assimilation of dextrose (the carbon source) increased both the invertebrate 

abundance and biomass, suggesting that the added carbon stimulated the biological activity 

within the stream.  Additionally, it has been shown that freshly leached organic matter is more 

bioavailable than is riverine organic matter by analyzing bacterial growth in water samples 

obtained from the Ogeechee River, a blackwater river in Georgia (Sun et al. 1997).  The 

bioavailability of the organic matter in the aforementioned study was closely related to the 

percentage of aliphatic carbon in the sample, which was more heavily degraded in sites 
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downstream of the carbon input.  Bioavailability of DOC is also “predictable from the ratio of 

hydrogen: carbon and oxygen: carbon of the DOC”, but more work is needed in this field to 

develop simple predictors of the bioavailability of DOC in a range of environments (Meyer 

1994).  In another study in the Ogeechee River (Meyer and Edwards 1990), metabolism in low-

gradient blackwater rivers was shown to become more dependent on allochthonous organic 

carbon coming from the forested floodplain and riparian swamps as the stream size increased.  

Although riparian influences increase rather than decrease along the continuum of the river, 

“higher-order streams are less efficient in organic carbon processing” due to longer turnover 

lengths, but are generally responsible for most of the metabolic activity in such river basins 

(Meyer and Edwards 1990; Jeff and Meyer 1991).   

Dissolved organic carbon is generally the most abundant form of organic carbon in 

streams, the source of which can come from organic matter in the watershed, but according to 

Meyer et al. (1998), also comes from “leaching of organic matter stored in the stream channel.”  

In this particular study, which was conducted in the headwaters of a blackwater stream similar to 

the Neches River, inputs of leaf litter were excluded from the forested stream for 3 years.  It was 

found that the stream-water concentration, export, and instream generation of DOC were reduced 

in the litter-excluded stream as compared to a nearby untreated reference stream.  The source and 

availability of the organic carbon was also found to be highly correlated to seasonality, with 

organic carbon amounts higher in the autumn and winter and lower in the spring and summer.  

The litter exclusion study also demonstrated that the source of organic carbon was higher during 

increasing discharge than during base flow (Meyer et al. 1998).  This and similar studies were 

the impetus and model for this preliminary study of the organic carbon dynamics on the Neches 

River. 
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Study Site Description 

The Neches River is located within the Big Thicket National Preserve in east Texas.  In 

1974, the Big Thicket National Preserve was created to protect and preserve a portion of the 

historic Big Thicket ecoregion (Figure 1).  It was America's first national preserve, which differs 

from a national park in that it is protected for biological and conservation purposes, and was 

placed under the administration of the National Parks Service, a division of the U.S. Department 

of the Interior.  The congressional action creating the Preserve set aside approximately 85,000 

acres of land and water units.  The land area making up the Preserve is not consolidated, but 

scattered into various units over seven counties in east Texas (Figure 2).  In an effort to begin 

consolidating and linking the various units of the Preserve, roughly 10,000 acres were added to 

the original Big Thicket National Preserve (NPS 2007).  The Big Thicket has been referred to as 

the “biological crossroads” of Texas because many major North American biological influences 

intersect each other there: southeastern swamps, Appalachians, eastern forests, central plains, 

and southwest deserts.  An extraordinary number of species coexist in the Big Thicket region due 

to the combination of virgin pine and cypress forest, hardwood forest, meadow, and blackwater 

swamp.   

 

http://www.nps.gov/bith/default.htm�
http://www.anra.org/�
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Figure 1. Big Thicket ecoregion located in east Texas (Diggs et al. 2006: Figure 88. Varying  
conceptions of the Big Thicket. Reproduced with permission from © The Botanical Research 
Institute of Texas, Inc. Modified from Gunter 1971. Figure produced by BRIT/Austin College 
2006). 
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Figure 2. Big Thicket National Preserve units (Piney Woods Outfitters 2006). 
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Figure 3 (continued in Figure 4 on next page). USGS topographic map of the Big Thicket 
National Preserve showing organic carbon sample locations.  1=Neches River at Timber Slough 
Road, 2=Potato Patch Lake, 3=Black Creek at Timber Slough Road.  Scale: 1 grid square = 1 
km2. 
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Figure 4 (continued from Figure 3 above). USGS topographic map of the Big Thicket National 
Preserve showing organic carbon sample locations.  4=Neches River at EW Pipeline, 
5=Harcombe’s Site, 6=Theron’s Transect 1, 7=Sand Slough, 8=Peach Tree Point Lake, 9=Boat 
Lake, 10=Pool Stave Camp Lake, 11=Neches River at Evadale.  Scale: 1 grid square = 1 km2. 
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The Neches River is a large river and drains an estimated 26,000 km2 within East Texas, 

a majority of which flows through the Big Thicket National Preserve (Harcombe et al. 1996).  It 

has often been characterized as a brownwater river due to its high turbidity and high ratio of 

dissolved inorganic to organic compounds.  The Neches River also exhibits characteristics of a 

blackwater river, however, because it has a high total organic carbon load and lower than 

expected pH (Harcombe et al. 1996).  The latter is thought to be a result of the extensive 

floodplain that adjoins the Neches River, lending a large amount of organic debris in the form of 

leaves and other tree parts that have fallen on the floodplain and thereby resulting in high 

concentrations of organic acids (Allan 1995).  The vegetation within the floodplain is primarily 

bottomland hardwood forest, while the uplands contain more pine and mixed pine-hardwood 

forests.   

The particular carbon dynamic study undertaken here focuses on the Neches Bottom and 

Jack Gore Baygall Units (Figure 2), which consist of a seven-mile segment that covers the entire 

floodplain cross-section and contain the largest extent of bottomland hardwood forest in the Big 

Thicket National Preserve.  Generalizations or predictions about the hydrologic regime and 

system metabolism must be adjusted to fit the local characteristics of the drainage basin of the 

Neches River.   

Eleven sampling sites were selected within the Jack Gore Baygall and Neches Bottom 

Units.  An approximate location of the sampling sites may be visualized on the USGS 

topographic map in Figure 3.  The farthest upstream site within the Neches River, which would 

serve as the control station, was located at the junction of Timber Slough Road with the Neches 

River in the Jack Gore Baygall unit and is referred to as the Neches River at Timber Slough 

Road (TSR) (1).  The second and third sampling sites were located northwest and west, 
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respectively, of the Neches River at TSR site and were located at Potato Patch Lake (2) and 

Black Creek (3) where it intersects with Timber Slough Road.  The water within Potato Patch 

Lake and Black Creek, which are actually both large sloughs rather than a lake or creek, does not 

enter the Neches River until farther downstream of the Neches River at TSR site.  The fourth 

sampling location was approximately 6 km downstream of the aforementioned sites and was 

located within the Neches River.  This site, which is referred to as the Neches River at the East-

West (EW) pipeline (4), would serve as the control site upstream of the major floodplain located 

within the Neches Bottom Unit.  Sampling sites 5-10 were all located within the floodplain east 

of the Neches River, within the Neches Bottom Unit, and were referred to as: Harcombe’s Site 

(5), Theron’s Transect 1 (6), Sand Slough (7), Peach Tree Point Lake (8), Boat Lake (9), and 

Pool Stave Camp Lake (10).  With the exception of site 7, Sand Slough, all of the other sloughs 

originate within the floodplain.  Sand Slough, however, originates at a breach in the Neches 

River levee almost directly east of John’s Lake.  The remaining sloughs are generally derived 

from local precipitation or from overflow from adjacent sloughs.  Peach Tree Point Lake, Boat 

Lake, and Pool Stave Camp Lake also derive a considerable amount of their flow from Sand 

Slough, which precedes them from the north.  The final sampling location was within the Neches 

River at the USGS gauging station at Evadale (11), which is approximately 5km downstream 

from Sand Slough.  This station, referred to as the Neches River at Evadale, would serve as the 

point at which the majority of the waters that flowed through the western floodplain in the Jack 

Gore Baygall and the eastern floodplain in the Neches Bottom Unit reentered the river.   

In addition to the organic carbon content of surface waters, the river and stream sediment 

can be an ample source of organic carbon and has the tendency to store carbon loads for long 

periods of time.  Disturbances of the sediment, such as those caused during flooding, can create a 
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real-time interchange between the sediment-water interface, thus making sediment organic 

carbon more readily available to aquatic organisms (Koelmans and Prevo 2003).  A study by 

Metzler and Smock (1990) found that the exchange of detritus between surface and shallow 

sediments occurred throughout the year, but exchange with deep sediments occurred only during 

flooding.  On average, a large flood such as one caused by a hurricane was shown to cause a 

mean scour depth of 6 cm in a sand-bottomed stream.  In this situation, buried leaves were 

processed much more slowly than debris on the sediment surface.   

Objectives  

Maintaining the connection between the river and floodplain is vital for diverse and 

productive invertebrate populations and the higher trophic levels that depend on them (Benke 

2001).  The carbon dynamics relationship ascertained from this study serves as a benchmark and 

will contribute to an understanding of the importance of the Neches River floodplain to the main 

channel ecosystem.  The objectives of this study were to compare the abundance of total organic 

carbon (TOC), dissolved organic carbon (DOC), and particulate organic carbon (POC) in the 

water.  In addition to the organic carbon dynamics of the Neches River and its floodplain, three 

predominant tree species were evaluated to determine their breakdown rates in the floodplain and 

how they might contribute to organic carbon influxes (Chapter 3).   

The following hypotheses were established: 

HO1: A seasonal pattern in DOC and POC will not exist. 
HA1: A seasonal pattern in DOC and POC will exist, with highest concentration and      
         export during flooded conditions and lowest during non-flooded conditions. 
 
HO2:  DOC concentration will not increase significantly as discharge increases. 
HA2:  DOC concentration will increase significantly as discharge increases (dam releases,  
         precipitation). 
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HO3:  There will not be differences in DOC, POC, and TOC concentrations  
         between sites within the Neches River sampling locations. 
HA3:  There will be differences in DOC, POC, and TOC concentrations  
         between sites within the Neches River sampling locations. 
 

Materials and Methods 

Organic Carbon 

 The contribution of the Neches Bottom and Jack Gore Baygall Unit floodplain to 

dissolved organic carbon (DOC) content and particulate organic carbon (POC) concentration was 

estimated by obtaining whole water samples.  These water samples were taken from several sites 

within three main locations to cover the entire floodplain reach: Black Creek and the Neches 

River upstream of the study unit, the main river channel approximately 2 km upstream of the 

study unit, and downstream of the study unit at the Route 96 bridge (Evadale USGS gauge).  

Whole water samples were collected over the course of a year, beginning in June 2005 and 

terminating in July 2006.  Efforts were made to collect water samples during periods of high 

flow and discharge on the floodplain, when possible, and when these conditions existed during 

the study period.  Three replicate samples were taken at each site.  Water samples were collected 

in 250 ml amber glass bottles with TFE-lined screw-top lids.  The bottles were previously acid-

washed, sealed with aluminum foil, and heated at 65°C in a drying oven overnight to avoid any 

contamination prior to sample collection and analysis.  Whole water samples were taken by first 

rinsing the bottle in the sample water, then submerging the bottle under the surface to fill it 

completely without a head space.  Water samples were kept on ice until they could be returned to 

the lab, and were then stored at 4°C with minimal exposure to light and air.  Samples were 

analyzed no longer than 28 days from the date of collection (Franson 1995).   
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Once the samples were returned to the lab, they were poured through a series of 3 sieves 

of varying sizes to separate the different sizes of particulate matter (Table 1).  Samples were 

washed into aluminum weigh boats with milli-q water and allowed to sit in a drying oven at 

55°C until all of they reached a constant weight, indicating that all of the water had been 

evaporated.  The dried samples were weighed on a Mettler AE 240 analytical balance.  The 

sieved sample water was then passed through a 0.5 µm glass fiber filter using vacuum filtration.  

The glass fiber filters and any retained particulate matter were also placed in aluminum weigh 

boats and allowed to sit in a drying oven at 55°C until they reached a constant weight.  The dried 

glass fiber filter samples were also weighed on a Mettler AE 240 analytical balance.  The two 

classes of particulate matter (sieved and fiber filtered) were then burned in a muffle furnace at 

500°C for 30 minutes, allowed to cool, and then reweighed on the analytical balance.  The final 

ashed weight was subtracted from the original dry weight to obtain the ash-free dry mass.  The 

remaining liquid samples, which now only contained dissolved organic matter after sieving and 

fiber filtration, were acidified with 2-3 drops of 85% phosphoric acid in order to lower the pH 

and eliminate the effect of bacterial and fungal growth on sample measurements.  Once acidified, 

samples were then analyzed for dissolved organic carbon with a Tekmar Dohrmann Phoenix 

8000.  The Phoenix 8000 measures organic carbon in an aqueous sample by photochemical 

oxidation via a UV light and a sodium persulfate reagent.  The precision of the analyzer is ± 0.02 

ppm C (Teledyne Instruments 2002).  Due to acidification, inorganic carbon was first purged 

(performed by Phoenix 8000) and then the dissolved organic carbon was detected with a 

nondispersive infrared detector (NDIR).  The organic carbon data was then used to contrast 

periods of normal flow and flooding, as well as seasonal changes in the carbon flux.   
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Table 1. Sieve sizes that whole water samples were passed through prior to organic carbon 
analysis (SS = standard sieve size). 
 
Sieve identification inches micrometers 
sieve 058 (SS=100) 0.0058 147 
sieve 046 (SS=120) 0.0046 117 
sieve 024 (SS=230) 0.0024 61 
glass fiber filter 0.0000197 0.5 

 

Siphon Samplers 

A particularly challenging aspect of this study is the remote location of the Big Thicket 

National Preserve and the ability to rapidly access sampling sites during floodplain inundation.  

Flow and water quality concentrations often change quickly in response to meteorological 

events.  Individuals involved in water data collection are often unable to reach streams quickly 

enough to observe or measure these rapid changes.  In hydrologic studies designed to describe 

changes in water quality, a combination of manual and automated sampling methods have 

commonly been used.  Automated methods are particularly useful for sampling when flow is 

rapidly changing, whereas manual sampling is more applicable to relatively stable flow rates.  

Automated sampling, however, is expensive, so one such method which can satisfy water 

sampling when field personnel are not present is a siphon sampler, also referred to as a single-

stage sampler (Graczyk et al. 2000, Graczyk et al. 1993).  The ability to collect samples 

representing the average quality of water passing through the entire cross-section of a stream has 

not been fully demonstrated for many types of stream sites, but it is hypothesized that this 

methodology will work quite well in the intermittent and permanent streams of Texas.  The 

design of the siphon sampler used in this study was similar to that described by the Inter-Agency 

Committee on Water Resources (ICWR-SS 1961) and by Edwards and Glysson (1988) (Figure 

4).  One liter amber glass bottles were used to collect samples rather than plastic bottles.  Six 

samplers were installed at different levels at the Sand Slough site to collect samples throughout 
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the anticipated range of water levels.  The siphon samplers were installed on 20 November 2005 

and sample bottles were collected and re-deployed on 28 January 2006, 28 February 2006, and 

14 June 2006 (Table 2). 

 

Figure 5. Typical siphon sampler model (Graczyk et al. 2000).  

 
Hydrologic Regime 

Theron Palmer (Ph.D. dissertation research, in progress) undertook the description of the 

hydrologic regime of the Neches River.  Approximately 20 transects were laid out across the 

floodplain east of the river in the Neches Bottom Unit, as well as established relative datums on 

trees in other periodically flooded areas east and west of the river itself.  The ultimate goal was 

to build a relationship between carbon dynamics, flow data, and tree data and indirectly to the 

stream flow via a USGS gauge (Evadale gauge).  Most of the initial transects and datums that 

were laid out over the floodplain at the beginning of the study were destroyed in September 2005 
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when Hurricane Rita swept through the Big Thicket.  Several of the original sloughs in which 

flow was measured at the outset were also filled with debris, so a new transect was laid out.   

Additionally, rather than establishing new points from which to measure an absolute datum for 

elevational purposes, high water marks on cypress trees were used to determine absolute 

elevation in the floodplain.  The absolute elevation was then used to determine the height of 

water in various points throughout the floodplain.  Flow was measured in nineteen different 

sloughs spanning a transect from the east side of the Neches River across the floodplain in the 

Neches Bottom Unit to a constructed levee on the east side of the floodplain.  Flows were 

measured with an electromagnetic open channel flow meter that works well under shallow and 

low flow conditions.  Flow measurements of less than 0.1 foot per second, which is the lower 

limit specified for the flow meter, were rounded down to zero.  Measurements were taken at the 

midpoint of the channel embankments at 60% of the total water depth.  Once flow was measured 

and discharge calculated for these transects, a volumetric estimation about the amount of carbon 

transported through the floodplain was estimated.   

Quality Assurance and Quality Control 

Blanks were run throughout the organic carbon analysis.  Milli-q (0 ppm C) and two 

external standards were run prior to the unknowns and after the unknowns to ensure that there 

was little instrument drift (10 ppm C and 20 ppm C for water samples).  Surface water organic 

carbon content was expected to be within 0.1-20 ppm C.  Three replicates were run on each of 

three samples from a location within the site and the mean ± SD was used for statistical analysis.  

An alpha level of 0.05 was used for all statistical analyses.  Instrumental analysis was performed 

as specified in the user manual for the Tekmar Dohrmann Phoenix 8000.  Water samples for 

organic carbon analysis were stored within a narrow temperature range, which was assured by 
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placing a thermometer in the refrigerator with the samples.  In addition, quality control included 

checking samples in a field notebook to ensure that all samples were collected from the Big 

Thicket locations, and samples were again checked when they were returned to the lab so that all 

were present, accounted for, and subjected to similar transportation and storage requirements.   

Analytical Protocol for Organic Carbon 

A Tekmar-Dohrmann Phoenix 8000 TOC analyzer was used to determine organic carbon 

content of water samples.  This methodology relies on the oxidation of organic carbon into CO2 

by a persulfate solution in the presence of ultraviolet light (Franson 1995).  The Phoenix 8000 

employs a nondispersive infrared detector to directly measure the CO2 produced.  The 

manufacturer’s instructions were followed for analyzer assembly, testing, calibration, and 

operation. 

Time Line for Sample Collection 

Collection of samples for organic carbon analysis began in October of 2004 and 

continued until June of 2006.  Siphon samplers were deployed during this time period.  The leaf 

breakdown study was conducted and samples collected during this time period.  A summary of 

field activities can be seen in Table 2.  

Table 2. Summary of field activities and dates when activities were conducted, from October 
2004 to October 2005.   
 
Activity 10/31/2004 1/11/2005 6/2/2005 7/29/2005 8/22/2005 10/8/2005 
Water samples collected + + + + + + 
Water chemistry       
Siphon samplers deployed       
Siphon samplers collected       
Post-hurricane leaf packs deployed       
Fall leaf packs deployed       
Leaf packs collected       

 
Table 2 continued on next page. 
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Table 2 continued. Summary of field activities and dates when activities were conducted, from 
November 2005 to June 2006.  
 
Activity 11/3/2005 11/20/2006 12/15/2006 1/28/2006 2/18/2006 6/14/2006 
Water samples collected + + + + + + 
Water chemistry  + + + + + 
Siphon samplers deployed  +  + + + 
Siphon samplers collected    + + + 
Post-hurricane leaf packs deployed +      
Fall leaf packs deployed   +    
Leaf packs collected  + + + + + 

Results 

Organic Carbon 

 Dissolved organic carbon (DOC) analyses of samples taken from eleven different sites 

within the Neches River and its floodplain (Tables 3 and 4) were almost all within the range 

expected for surface waters of Texas rivers (between 1-20 ppm).  The only samples that were not 

within this expected range were collected 2 weeks after Hurricane Rita passed directly through 

the study area (collection on 8 October 2005).  Out of the eleven sites sampled, the backwater 

areas within the floodplain had the highest DOC concentrations.  Dissolved organic carbon 

concentration in the water samples collected directly from the three river sites (Neches River at 

Timber Slough Road, Neches River at East-West pipeline, and Neches River at Evadale gauge) 

was much lower than that for the floodplain sites.  Black Creek and Sand Slough typically had 

the highest amounts of DOC throughout the study.  This could possibly be explained by the 

observation that there were relatively few sloughs that actually contained water, and those 

sloughs that contained water were not flowing.  Organic matter decomposition was still likely 

occurring at this time, although the organic carbon was not being flushed into the main river 

channel due to insufficient flow.  Much of the sampling occurred during a particularly dry period 

in which much of the floodplain was in a dry state, so concentrations of DOC would be expected 

to be more concentrated in the smaller amount of available water.   
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 Mean DOC measured in all sites during low discharge conditions (22 Aug 2005) was 

highly significantly different compared to mean DOC measured in all sites during high discharge 

conditions (28 Jan 2006) (Welch’s t-test, p < 0.0001).  Mean DOC measured in the Neches River 

site upstream of the floodplain during low discharge conditions (22 Aug 2005) was highly 

significantly different than mean DOC measured in the Neches River site downstream of the 

floodplain during high discharge conditions (28 Jan 2006) (independent t-test, p = 0.0001).  

Mean DOC concentrations measured from all eleven sites throughout the entire study period 

along the Neches River and its floodplain were highly significantly different (Kruskal-Wallis 

one-way multi-sample test via X2, p < 0.0001).   The mean DOC levels have been separated into 

four significantly distinct groups: Harcombe’s site > Sand Slough > Peach Tree Point = Black 

Creek = Boat Lake = Potato Patch Lake = Theron’s Transect = Pool Stave Camp Lake = Neches 

River at Evadale = Neches River at Timber Slough Road > Neches River at east-west pipeline 

(Student Newman-Keuls, α = 0.05).  Mean DOC measurements taken during all eight collection 

dates along the Neches River and its floodplain were highly significantly different (Kruskal-

Wallis one-way multi-sample test via X2, p < 0.0001).   The mean DOC levels have been 

separated into two significantly distinct groups: October 05 > February 06 = December 05 = 

November 05 = January 06 = June 06 = July 05 = August 05 (Student Newman-Keuls, α = 0.05).  

 Particulate organic carbon (POC) concentrations were much higher than those for the 

dissolved fraction (Tables 5 and 6).  Out of the four fraction sizes that the whole water samples 

were sieved for, the 0.5 µm glass fiber filter, which retained the smallest particle size prior to the 

dissolved fraction, typically demonstrated the largest amounts of POC throughout the study 

period.  This could possibly be attributed to the lack of a sieve for an intermediate mesh size 

between the glass fiber filter and the next highest mesh filter, so that more material was retained 
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on the fiber filter.  The smaller sized particles of organic carbon are potentially more readily 

eaten and assimilated by macroinvertebrates, such as filter-feeders and collector-gatherers (Allan 

1995).  If there was a greater abundance of the larger size fractions, it would be expected that 

there would be a greater abundance of shredding macroinvertebrates that first break down the 

larger particles into smaller particles.  The fact that there was generally much more organic 

carbon in the smaller size fraction range throughout this study indicates that there would more 

likely be collecting and gathering macroinvertebrates.  Shredding macroinvertebrates would still 

likely be present, but in greater abundance in the fall when leaf abscission took place.  Due to the 

nature of Hurricane Rita arriving and stripping the leaves off of the trees prior to the typical leaf 

abscission, the pattern that was observed in this study is not a normal one.  This is associated 

with the observation that some of the highest recorded amounts of POC were observed in the 

sample period 2 weeks following Hurricane Rita (Chapter 2).   

 Mean POC measured in all eleven sites during low discharge conditions (22 Aug 2005) 

was significantly different than mean POC measured in all sites during high discharge conditions 

(28 Jan 2006) (independent t-test, p = 0.0117).  Mean POC measurements from all eleven sites 

along the Neches River and its floodplain were not significantly different from one another 

(Kruskal-Wallis one-way multi-sample test via X2, p = 0.1183).  Mean POC concentrations 

collected during all dates along the Neches River and its floodplain were also not significantly 

different (Kruskal-Wallis one-way multi-sample test via X2, p = 0.6863). 

 The total organic carbon (TOC) results are given in Tables 7 and 8.  It should be noted 

that in the three earliest samples that were collected (31 Oct 2004, 11 Jan 2005, and 2 June 

2005), the sampling methodology was still being standardized, the whole water samples were not 

yet subjected to size fractionation, and there were not any particulate organic carbon results for 
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these three samples.  The Phoenix 8000 organic carbon analyzer measures the total organic 

carbon of a liquid sample, but does not take into account particulate organic carbon if the 

particles are too large.  As a result, TOC results given for those three dates are not as accurate as 

the remaining data points.  For this reason, the remainder of the study samples were sieved so the 

particulate fraction could be subjected to a different analysis for organic content.  The muffle 

furnace method, however, does have limitations in that it does not actually measure the 

particulate organic carbon, but rather the entire organic fraction that burns.  The portion that is 

burned in the muffle furnace is used as a proxy for particulate organic carbon content and is 

generally the most accepted method for achieving this measurement (Allan 1995).   

 Mean TOC measurements recorded from all eleven sites along the Neches River and its 

floodplain were significantly different from each other (Kruskal-Wallis one-way multi-sample 

test via X2, p = 0.0056).   The mean TOC levels have been separated into two significantly 

distinct groups: Harcombe’s site > Boat Lake = Black Creek = Peach Tree Point = Sand Slough 

= Pool Stave Camp Lake = Neches River at Evadale = Potato Patch Lake = Theron’s transect = 

Neches River at Timber Slough Road = Neches River at east-west pipeline (Student Newman-

Keuls, α = 0.05).  Mean TOC levels measured during all collection dates along the Neches River 

and its floodplain were not significantly different from one another (Kruskal-Wallis one-way 

multi-sample test via X2, p = 0.1120).  
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Table 3.  Mean dissolved organic carbon (DOC) in ppm C from sites along the Neches River and 
its floodplain collected prior to Hurricane Rita.  Sites are listed with the most upstream first, 
following with successive downstream sites. NA=no access or not sampled, TSR = Timber 
Slough Road, EW = east-west. 
 
Site 7/29/2005 8/22/2005 
Neches River at TSR 6.62 4.84 
Potato Patch Lake 7.54 4.84 
Black Creek at TSR 9.16 7.17 
Neches River at EW pipeline 6.70 5.29 
Harcombe's site NA NA 
Theron Transect 1 8.25 7.88 
Sand Slough 8.41 8.02 
Peach Tree Point Lake 6.37 6.56 
Boat Lake 6.79 6.34 
Pool Stave Camp Lake 6.48 6.25 
Neches River at Evadale 6.75 4.86 

 
 
Table 4. Dissolved organic carbon (DOC) in ppm C from sites along the Neches River and its 
floodplain collected after Hurricane Rita.  Sites are listed with the most upstream first, following 
with successive downstream sites. NA=no access or not sampled, TSR = Timber Slough Road, 
EW = east-west. 
 
Site 10/8/2005 11/3/2005 12/15/2005 1/28/2006 2/18/2006 6/14/2006 
Neches River at TSR NA 5.37 NA 6.35 13.14 NA 
Potato Patch Lake NA NA NA 13.43 NA NA 
Black Creek at TSR NA NA NA 15.24 15.40 NA 
Neches River at EW 
pipeline 9.25 5.86 NA 6.31 NA 5.61 
Harcombe's site 88.46 NA NA NA NA NA 
Theron Transect 1 NA NA NA 9.11 8.37 NA 
Sand Slough 58.86 18.66 12.28 12.85 14.09 14.15 
Peach Tree Point Lake 55.90 23.57 NA 12.23 12.27 13.16 
Boat Lake NA NA NA NA 12.71 11.49 
Pool Stave Camp Lake NA NA NA 12.50 12.17 NA 
Neches River at Evadale 11.91 5.37 NA 6.49 11.52 6.35 
 
 
  

The Big Thicket received a large amount of local rainfall in January of 2006 and peak 

flow rates recorded at this time at the Steinhagen Reservoir and the Evadale gauge reached 

approximately 12,000 cfs.  Flow rates recorded by USGS gauging stations at Steinhagen 
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Reservoir and the Evadale gauge did not exceed 10,000 cfs during the majority of the study 

period, with the two exceptions of September 2005 (Hurricane Rita) and January 2006.  Figures 

5-15 graphically represent the amount of dissolved organic carbon (DOC) measured in each site, 

with the sites listed with the most upstream first, followed by the successively more downstream 

sites.  The highest level of DOC recorded for the entire study period occurred in water samples 

collected on 8 October 2005 (Figures 8, 9, 11, 12, and 15).  These samples were collected 2 

weeks after Hurricane Rita had swept through the Big Thicket.  Peak flows in the Neches River 

during this time period were observed at approximately 50,000 cfs.  Several of the established 

sampling sites were inaccessible and not immediately sampled following the hurricane due to 

flooding, downed trees, downed power lines, and other hazardous physical barriers.  For these 

sites, the highest amount of DOC was observed on 18 February 2006 (Figures 5, 7, and 13) and 

28 January 2006 (Figures 6, 10, and 14).   
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Figure 6. Mean DOC (ppm) from the Neches River at the EW pipeline. Error bars represent ± 1 
SD from the mean. 
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Figure 7. Mean DOC (ppm) from Potato Patch Lake. Error bars represent ± 1 SD from the mean. 
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Figure 8. Mean DOC (ppm) from Black Creek. Error bars represent ± 1 SD from the mean. 
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Figure 9. Mean DOC (ppm) from the Neches River at the EW pipeline. Error bars represent ± 1 
SD from the mean. 
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Figure 10. Mean DOC (ppm) from Harcombe’s Site. Error bars represent ± 1 SD from the mean. 
 



 30

2005 - 2006
29 Jul. 22 Aug. 8 Oct. 3 Nov. 15 Dec. 28 Jan. 18 Feb. 14 Jun.

M
ea

n 
D

is
so

lv
ed

 O
rg

an
ic

 C
ar

bo
n

 p
pm

 C

0

2

4

6

8

10

12

14

 
 
Figure 11. Mean DOC (ppm) from Theron’s Transect. Error bars represent ± 1 SD from the 
mean. 
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Figure 12. Mean DOC (ppm) from Sand Slough. Error bars represent ± 1 SD from the mean. 
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Figure 13. Mean DOC (ppm) from Peach Tree Point Lake. Error bars represent ± 1 SD from the 
mean. 
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Figure 14. Mean DOC (ppm) from Boat Lake. Error bars represent ± 1 SD from the mean. 
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Figure 15. Mean DOC (ppm) from Pool Stave Camp Lake. Error bars represent ± 1 SD from the 
mean. 
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Figure 16. Mean DOC (ppm) from the Neches River at the USGS gauging station at Evadale. 
Error bars represent ± 1 SD from the mean. 
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Table 5.  Particulate organic carbon (POC) in ppm C from sites along the Neches River and its 
floodplain collected prior to Hurricane Rita.  Sites are listed with the most upstream first, 
following with successive downstream sites. NA=no access or not sampled, TSR = Timber 
Slough Road, EW = east-west; sieve size or fiber filter through which sample was poured is 
indicated after ID. 
 
Site 7/29/2005 8/22/2005 
Neches River at TSR 058 4.0 0.4 
Neches River at TSR 046 1.8 1.8 
Neches River at TSR 024 2.8 1.2 
Neches River at TSR fiber 18 18.8 
Neches River at TSR total 26.6 22.2 
Potato Patch Lake 058 5.6 3.2 
Potato Patch Lake 046 3.8 2.6 
Potato Patch Lake 024 5.4 2.6 
Potato Patch Lake fiber 11.2 12.4 
Potato Patch Lake total 26.0 20.8 
Black Creek at TSR 058 1.6 21.6 
Black Creek at TSR 046 0.2 2.2 
Black Creek at TSR 024 4.0 4.6 
Black Creek at TSR fiber 12.0 40 
Black Creek at TSR total 17.8 68.4 
Neches River at EW pipeline 058 5.6 1.2 
Neches River at EW pipeline 046 5.0 2.0 
Neches River at EW pipeline 024 5.4 2.4 
Neches River at EW pipeline fiber 1.7 16.8 
Neches River at EW pipeline total 17.7 22.4 
Harcombe's site 058 NA NA 
Harcombe's site 046 NA NA 
Harcombe's site 024 NA NA 
Harcombe's site fiber NA NA 
Harcombe's site total NA NA 
Theron Transect 1 058 10.0 1.8 
Theron Transect 1 046 6.0 3.2 
Theron Transect 1 024 3.4 6.0 
Theron Transect 1 fiber 23.6 16.4 
Theron Transect 1 total 43.0 27.4 
Sand Slough 058 4.4 5.8 
Sand Slough 046 5.4 5.6 
Sand Slough 024 6.8 4.4 
Sand Slough fiber 16.0 12.8 
Sand Slough total 32.6 28.6 
Peach Tree Point Lake 058 6.2 5.8 
Peach Tree Point Lake 046 7.2 5.2 
Peach Tree Point Lake 024 4.6 4.0 
Peach Tree Point Lake fiber 14.8 13.2 

 
Table 5 continued on next page.
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Table 5 continued from previous page. 
 
Site 7/29/2005 8/22/2005 
Peach Tree Point Lake total 32.8 28.2 
Boat Lake 058 7.0 3.8 
Boat Lake 046 3.8 3.8 
Boat Lake 024 5.2 0.4 
Boat Lake fiber 452.4 14.4 
Boat Lake total 468.4 22.4 
Pool Stave Camp Lake 058 4.6 2.8 
Pool Stave Camp Lake 046 2.8 1.6 
Pool Stave Camp Lake 024 3.8 1.4 
Pool Stave Camp Lake fiber 17.2 10.0 
Pool Stave Camp Lake total 28.4 15.8 
Neches River at Evadale 058 4.0 3.4 
Neches River at Evadale 046 4.0 2.6 
Neches River at Evadale 024 4.4 2.8 
Neches River at Evadale fiber 21.6 16.8 
Neches River at Evadale total 34.0 25.6 

 
Table 6.  Particulate organic carbon (POC) in ppm C from sites along the Neches River and  
its floodplain collected after Hurricane Rita.  Sites are listed with the most upstream first, 
following with successive downstream sites. NA=no access or not sampled, TSR = Timber 
Slough Road, EW = east-west; sieve size or fiber filter through which sample was poured is 
indicated after ID. 
 
Site 10/8/2005 11/3/2005 12/15/2005 1/28/2006 2/18/2006 6/14/2006 
Neches River at TSR 058 NA 2.6 NA 2.0 6.4 NA 
Neches River at TSR 046 NA 5.8 NA 2.7 4.4 NA 
Neches River at TSR 024 NA 2.4 NA 6.1 9.2 NA 
Neches River at TSR fiber NA 17.2 NA 8.4 28.8 NA 
Neches River at TSR total NA 28.0 NA 19.2 48.8 NA 
Potato Patch Lake 058 NA NA NA 29.6 NA NA 
Potato Patch Lake 046 NA NA NA 5.2 NA NA 
Potato Patch Lake 024 NA NA NA 5.6 NA NA 
Potato Patch Lake fiber NA NA NA 17.6 NA NA 
Potato Patch Lake total NA NA NA 58.0 NA NA 
Black Creek at TSR 058 NA NA NA 5.6 140.0 NA 
Black Creek at TSR 046 NA NA NA 10 4.4 NA 
Black Creek at TSR 024 NA NA NA 9.6 9.6 NA 
Black Creek at TSR fiber NA NA NA 12.8 27.2 NA 
Black Creek at TSR total NA NA NA 38.0 181.2 NA 
Neches River at EW  
pipeline 058 3.2 3.6 NA 13.0 NA 7.2 
Neches River at EW 
pipeline 046 3.0 2.6 NA 15.8 NA 4.8 

 
Table 6 continued on next page.
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Table 6 continued from previous page. 
 
Site 10/8/2005 11/3/2005 12/15/2005 1/28/2006 2/18/2006 6/14/2006 
Neches River at EW 
pipeline 024 1.2 0.8 NA 13.8 NA 6.0 
Neches River at EW 
pipeline fiber 20.4 13.2 NA 24.8 NA 15.6 
Neches River at EW 
pipeline total 27.8 20.2 NA 67.4 NA 33.6 
Harcombe's site 058 132.0 NA NA NA NA NA 
Harcombe's site 046 4.0 NA NA NA NA NA 
Harcombe's site 024 3.6 NA NA NA NA NA 
Harcombe's site fiber 184.0 NA NA NA NA NA 
Harcombe's site total 323.6 NA NA NA NA NA 
Theron Transect 1 058 NA NA NA 4.4 8.4 NA 
Theron Transect 1 046 NA NA NA 6.0 4.8 NA 
Theron Transect 1 024 NA NA NA 4.4 13.6 NA 
Theron Transect 1 fiber NA NA NA 26.0 26.4 NA 
Theron Transect 1 total NA NA NA 40.8 53.2 NA 
Sand Slough 058 3.2 3.2 6.4 5.2 5.2 6.4 
Sand Slough 046 0.2 3.8 0 30.8 6.4 5.2 
Sand Slough 024 2.0 6.2 5.6 10.0 6.4 5.6 
Sand Slough fiber 40.0 13.2 NA 14.8 21.6 18.8 
Sand Slough total 45.4 26.4 NA 60.8 39.6 36.0 
Peach Tree Point Lake 058 2.8 4.2 NA 10.0 18.0 4.4 
Peach Tree Point Lake 046 43.2 3.4 NA 14.6 18.4 4.4 
Peach Tree Point Lake 024 1.0 0.6 NA 11.8 11.6 4.8 
Peach Tree Point Lake fiber 42.8 13.2 NA 15.2 23.2 15.6 
Peach Tree Point Lake total 89.8 21.4 NA 51.6 71.2 29.2 
Boat Lake 058 NA NA NA NA 7.2 12.8 
Boat Lake 046 NA NA NA NA 5.6 8.8 
Boat Lake 024 NA NA NA NA 5.2 13.2 
Boat Lake fiber NA NA NA NA 30.0 14.0 
Boat Lake total NA NA NA NA 48.0 48.8 
Pool Stave Camp Lake 058 NA NA NA 8.4 10.8 NA 
Pool Stave Camp Lake 046 NA NA NA 16.4 1.6 NA 
Pool Stave Camp Lake 024 NA NA NA 10.8 5.2 NA 
Pool Stave Camp Lake fiber NA NA NA 9.8 25.6 NA 
Pool Stave Camp Lake total NA NA NA 45.4 43.2 NA 
Neches River at Evadale 
058 1.4 0 NA 7.6 6.8 3.6 
Neches River at Evadale 
046 4.6 4.4 NA 7.6 2.1 4.4 
Neches River at Evadale 
024 0 24.6 NA 6.4 5.6 4.4 
Neches River at Evadale 
fiber 22.8 14.4 NA 20.8 28.4 23.6 
Neches River at Evadale 
total 28.8 43.4 NA 42.4 42.9 36.0 

 



 36

Table 7. Total organic carbon (TOC) in ppm C from sites along the Neches River and its 
floodplain collected prior to Hurricane Rita.  Sites are listed with the most upstream first, 
following with successive downstream sites. NA=no access or not sampled, TSR = Timber  
Slough Road, EW = east-west. 
 
Site 10/31/2004 1/11/2005 6/2/2005 7/29/2005 8/22/2005 
Neches River at TSR NA NA 7.46 32.22 27.04 
Potato Patch Lake NA NA 10.76 33.54 25.64 
Black Creek at TSR NA 12.76 13.01 26.96 75.57 
Neches River at EW pipeline 6.08 7.33 NA 24.42 27.69 
Harcombe's site NA NA NA NA NA 
Theron Transect 1 6.27 7.56 NA 51.246 25.28 
Sand Slough NA 7.92 11.22 40.01 36.62 
Peach Tree Point Lake NA NA 11.16 39.17 34.76 
Boat Lake NA NA NA 475.19 28.74 
Pool Stave Camp Lake NA NA NA 34.88 22.05 
Neches River at Evadale NA 7.90 7.86 40.75 30.46 
 
Table 8. Total organic carbon (TOC) in ppm C from sites along the Neches River and  
its floodplain collected after Hurricane Rita.  Sites are listed with the most upstream first, 
following with successive downstream sites. NA=no access or not sampled, TSR = Timber 
Slough Road, EW = east-west. 
 
Site 10/8/2005 11/3/2005 12/15/2005 1/28/2006 2/18/2006 6/14/2006
Neches River at TSR NA 33.37 NA 25.55 61.94 NA
Potato Patch Lake NA NA NA 71.43 196.60 NA
Black Creek at TSR NA NA NA 53.24 NA NA
Neches River at EW pipeline 37.02 26.06 NA 73.71 NA 39.21
Harcombe's site 272.46 NA NA NA NA NA
Theron Transect 1 NA NA NA 49.91 61.571 NA
Sand Slough 104.26 45.06 NA 73.65 53.69 50.15
Peach Tree Point Lake 145.70 44.97 NA 63.83 83.47 43.36
Boat Lake NA NA NA NA 60.71 60.29
Pool Stave Camp Lake NA NA NA 57.90 NA NA
Neches River at Evadale 40.71 48.77 NA 48.89 54.44 42.35
 
 

Siphon Samplers 

 Siphon samplers, which were deployed after Hurricane Rita, successfully collected whole 

water samples during the rising phase of the hydrograph.  On two occasions, the intake tubes to 

two of the samplers were clogged with sand and other debris, so the samplers were unable to fill 

with water.  Dissolved organic carbon (DOC) measured from the siphon samplers decreased as 
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the volume of water on the floodplain increased (Table 9).  Similar results were seen with the 

particulate organic carbon (POC) results from the siphon samplers, with amounts generally 

decreasing as the volume of water rose on the floodplain, although further samples are required 

for more conclusive results.  Although both DOC and POC were analyzed in the water collected 

from the siphon samplers, it is preferred that only the dissolved fraction be analyzed due to 

possible microbial degradation of POC within the sample bottle because whole water samples 

often sat in the siphon sampler collecting bottles for periods over several days to weeks before 

collection (Meyer 1994).  In addition, the diameter of the opening to the siphon samplers is 

biased to exclude particles greater than 0.6 cm (0.25 in) in diameter.   

The siphon samplers worked well and had a low failure-to-fill rate.  An aspect that would 

allow for better results would be to collect the water from the siphon samplers in a time period 

no more than 3-4 days after filling of the bottles occurred.  This can be accomplished by 

knowing the relationship between the USGS gauge at Evadale and the flooding of Sand Slough, 

which was accomplished by Theron Palmer in the hydrological characterization portion of this 

study (see “Hydrologic Regime” portion of this chapter).  It must also be noted that the siphon 

samplers are only capable of capturing water during the rising stage of the hydrograph, so merely 

presents a “snapshot” of the organic carbon dynamics on the floodplain.  In order to take samples 

during the falling portion of the hydrograph when flood waters are receding, samples must be 

manually collected, or alternatively, an automated sampler could be used.   
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Table 9. Dissolved organic carbon (DOC) in ppm C from siphon samplers in Sand Slough; id 
refers to distance of sampler above current water level (in cm) when siphon samplers were 
deployed; NW=no water collected from samplers. 
 
Siphon sampler id 1/28/2006 2/18/2006 6/14/2006 

15 19.54 12.95 9.14 
25 11.86 13.45 12.00 
35 7.31 12.04 NW 
45 7.56 13.08 NW 
55 6.40 12.40 NW 
65 6.31 NW NW 

  
Table 10. Particulate organic carbon (POC) in ppm C from siphon samplers in Sand Slough; id  
refers to distance of sampler above water level when siphon samplers were deployed and sieve 
size through which particles were retained; NW=no water collected from samplers. 
 
Siphon sampler id 1/28/2006 2/18/2006 6/14/2006 
SIPH15-058 2.4 14.0 3.6 
SIPH15-046 8 1.2 4.8 
SIPH15-024 2.80 10.4 2.0 
SIPH15 fiber 39.6 58.0 35.2 
SIPH15 total 52.8 83.6 45.6 
SIPH25-058 10.0 20.0 9.2 
SIPH25-046 12.4 2.4 4.8 
SIPH25-024 4.0 9.6 6.0 
SIPH25 fiber 26.0 23.6 28.0 
SIPH25 total 52.4 55.6 48.0 
SIPH35-058 8.0 2.4 NW 
SIPH35-046 7.6 11.2 NW 
SIPH35-024 9.6 11.2 NW 
SIPH35 fiber 28.0 39.2 NW 
SIPH35 total 53.2 64.0 NW 
SIPH45-058 8.8 2.0 NW 
SIPH45-046 11.6 200.4 NW 
SIPH45-024 5.6 2.8 NW 
SIPH45 fiber 23.2 38.8 NW 
SIPH45 total 49.2 244.0 NW 
SIPH55-058 2.8 2.8 NW 
SIPH55-046 3.2 2.0 NW 
SIPH55-024 5.6 3.2 NW 
SIPH55 fiber 30.8 16.8 NW 
SIPH55 total 42.4 24.8 NW 
SIPH65-058 0.8 NW NW 
SIPH65-046 1.6 NW NW 
SIPH65-024 4.8 NW NW 
SIPH65 fiber 27.2 NW NW 
SIPH65 total 34.4 NW NW 
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Water Chemistry 

 Water chemistry results taken during the latter portion of the study period within Sand 

Slough remained relatively consistent throughout the remainder of the analysis period, and were 

within the expected ranges, particularly dissolved oxygen (Table 11).  The dissolved oxygen 

reading dropped notably on the 14 June 2006 reading, while the conductivity was noted to 

increase above the previous baseline readings.  This is consistent with the observation that the 

floodplain was dry at this point, and there had not been localized flooding for several previous 

months, leading to an increase in the dissolved ions in Sand Slough as water evaporated.  The 

low dissolved oxygen level recorded at this time is indicative of an environment that is not 

hospitable to aquatic life.  The conductivity decreased during December 2005 and January 2006, 

a time when there was a large amount of local precipitation, thus causing Sand Slough to have a 

larger volume of water and therefore more diluted dissolved ions. 

 
Table 11. Water chemistry results for Sand Slough. 
 
 11/20/2005 12/15/2005 1/29/2006 2/18/2006 6/14/2006 
Water temperature (°C) 13.5 14.1 18.5 12.3 28.8 
pH 6.70 6.42 7.21 6.65 6.83 
DO (μg/ml) 5.30 5.72 6.04 6.35 3.40 
Conductivity (μmhos) 300 52 110 245 425 

 

Hydrologic Regime 

Water begins moving through Sand Slough at an Evadale gauge reading of approximately 

6000 cfs (Theron Palmer, Ph.D. dissertation research, in progress).  The siphon samplers, which 

were placed in Sand Slough, collected water during the rising stage of the hydrograph, but 

without being present at the time of filling of the samplers, it cannot be accurately determined at 

exactly what time they were filled during flooding.  Palmer established a correlation between the 

Evadale USGS gauge and level loggers placed in Sand Slough that enables an estimate of when 
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water levels in Sand Slough were high enough to fill the siphon samplers.  According to 

Palmer’s research, the lowest of the six siphon samplers begins filling at approximately 26 feet 

above sea level (according to level loggers placed in Sand Slough).  In order to determine the 

date that samplers were filled, 7.75 and 8.3 must be subtracted from the 26 feet, resulting in an 

11-foot difference.  Therefore, when the Evadale gauge reaches 11 feet, the lowest of the siphon 

samplers will begin filling (Palmer 2007).    

 Due to unusually dry weather conditions during the study period, with the exception of 

Hurricane Rita, flow measurements were not taken within Sand Slough or the floodplain during 

the study period from late 2005 until the end of organic carbon sample collection in the summer 

of 2006.  Palmer continued to work on the hydrologic characterization of the floodplain through 

the spring and summer of 2007, during which time flow and subsequent discharge measurements 

were calculated for a transect laid out across the floodplain in the Neches Bottom Unit east of the 

Neches River.  When this was accomplished, flow measurements and transect cross-sectional 

measurements were used to determine the approximate volume of water on the floodplain at any 

given time.  Once the volume of water on the floodplain was estimated, and the amount of 

organic carbon within a single water sample was known, an extrapolation was made to determine 

the amount of organic carbon being retained or washed through the floodplain at any given time.   

The corresponding discharges at nineteen different slough locations were taken across the 

transect spanning the entire east-to-west distance between the Neches River and the constructed 

levee (Table 12).  Discharges were recorded at these locations when the discharge at the USGS 

Evadale gauging station was reported at 11,000 cfs, 7,800 cfs, and 6,300 cfs.  Because organic 

carbon water samples were not taken at this exact time, estimates about the organic carbon 

content on the entire floodplain are merely extrapolations, but may be used to guide subsequent 
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water analysis studies.  For example, at the time of collection for water samples collected on 28 

January 2006, the approximate corresponding discharge at the Evadale gauge was 12,000 cfs.  

Sand Slough (Bridge 3 in Table 12) begins efficiently transporting water from the Neches River 

directly to the lower floodplain at an Evadale gauge reading of 10,000 cfs, yet this discharge 

level is low enough to not crest over the constructed levee (Palmer, personal communication).  

For this reason, the calculated discharges for the transect corresponding to an Evadale discharge 

of 11,000 cfs were used to calculate the approximate amount of organic carbon on the floodplain 

at the time of collection for the 28 January 2006 samples (Palmer, personal communication).  

The DOC content recorded from samples from Sand Slough at this time was 12.85 ppm C (or 

12.85 mg C/l).  The amount of carbon found to be flowing through Sand Slough at a given point 

in time can be calculated as: 

12.85 mg C     x 28.3168 liters     x 2,018 ft3        =   734,520 mg C/sec 
    1 liter        1 ft3   second                or 734 g C/sec 
 

The DOC content for the entire floodplain can similarly be calculated during this 

particular time period, in which the discharge spanning the entire floodplain was 3,990 cfs, 

giving a raw dissolved organic carbon content of 1,452 g C and a total organic carbon content of 

8,321 g C, or 8.3 kg C (TOC for Sand Slough of 73.65 ppm C on 28 January 2006) . The other 

caveat to this general calculation is that, for the purposes of the organic carbon study, organic 

carbon content was not sampled and measured in each of the 19 sloughs that Palmer selected for 

the transect spanning the entire floodplain.  This calculation should be used with caution, but 

may still be a useful tool for extrapolations made about the organic carbon content on the entire 

floodplain at any given time.  For example, when it is difficult to access the floodplain to collect 

water samples for organic carbon analysis, which often happens during flooding conditions when 

it is incredibly important to understand the carbon dynamics, the gauge reading at Evadale may 
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simply be obtained and the same extrapolation made about the organic carbon content on the 

floodplain as above.  It must be noted, however, that the discharges within the transect on the 

Neches Bottom Unit floodplain were all obtained during the falling stage of the hydrograph, so 

further testing will be needed in this area to substantiate whether discharges would vary with 

other phases of the hydrograph.   

Table 12. Discharges (in cfs) calculated at 19 different sloughs within the Neches River 
floodplain across an east-west transect by Theron Palmer.  Total discharge for the transect during  
each sampling time period is recorded in the last row of the table. “Not rec.”=not recorded. 
 
          Discharge at Evadale 
Slough id 11,000 cfs 7,800 cfs 6,300 cfs 
Bridge 1 236 70 36 
Bridge 2 432 322 115 
Bridge 3 2,018 1,213 349 
Bridge 4 514 220 33 
    
Bridge 5 164 128 25 
SA 87 63 Not rec. 
SB 115 92 Not rec. 
SC 185 141 Not rec. 
    
S1 78 15 0 
S2 62 10 0 
S3 7 0 0 
S4 35 0 0 
S5 0 0 0 
S6 44 0 0 
S7 0 0 0 
S8 13 0 0 
S9 0 0 0 
S10 0 0 0 
S11 0 0 0 
    
Total 3990 cfs 2274 cfs 558 cfs 

 

 

 

 



 43

Conclusions and Future Implications     

 Dissolved organic carbon measurements were found to be the most reliable for analysis 

of floodplain conditions, although portions of the original hypotheses were not supported by any 

of the results obtained in this study.  It was found that a distinct seasonal pattern in the DOC and 

POC measurements did not emerge throughout the entire study period (Hypothesis 1).  The only 

notable increase in organic carbon on the floodplain was recorded 2 weeks after Hurricane Rita 

and the subsequent large dam releases.  The ranking of the following months, although not 

statistically significant from one another, did have the highest mean DOC levels in the winter 

months, followed by the spring and summer.  It is now thought that the organic carbon levels 

will markedly decrease immediately following a flood event, as a result of dilution (as observed 

from the decreasing DOC and POC levels in the siphon samplers), but will then increase in the 

week to 2 weeks following the flood.  This is hypothesized because the leaves and other organic 

debris from the forest floor would initially be washed in to the sloughs and river channel, but 

degradation of the leaves into smaller particle sizes, particularly into dissolved portions, would 

take at least a week to occur (Benfield 1996; Allan 1995).   

 Hypothesis 2, which stated that organic carbon levels would increase as discharge 

increases, was somewhat substantiated by this study.  It was not demonstrated to the extent 

originally hypothesized, most likely for the same reasons stated above and the unusual drought 

conditions that predominated throughout this particular study.  Statistical significance was 

attained to demonstrate the profound differences between a baseline organic carbon reading 

during low flow (and no continuity from the Neches River to Sand Slough) and a high flow 

event, as demonstrated by the high discharge in January 2006.  There was also a marked increase 
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in organic carbon following the high discharges resulting from Hurricane Rita; these results are 

followed more closely in Chapter 2.   

Finally, it was hypothesized that there would be a difference in the organic carbon 

between the upstream sites, the downstream sites, and the floodplain sites (Hypothesis 3).  Sand 

Slough, considered to be within the floodplain, consistently had the highest amounts of DOC and 

differed significantly from the organic carbon amounts found in the main river channel sampling 

locations and other floodplain locations.  There was also a significant difference in the dissolved 

organic carbon found in the Neches River upstream of the floodplain study site at the east-west 

pipeline and downstream of the study site at the Evadale gauge.  These results lend credence to 

the theory that Sand Slough is a major contributor to the organic carbon found in the Neches 

River, and that discharge levels high enough to periodically reestablish connectivity between the 

floodplain and the Neches River are vital to maintaining the organic carbon in the river.   

Although no statistical significance was found between the remaining floodplain sights 

and the Neches River at Timber Slough Road site, it is possible that a difference exists, but was 

not seen during this study period.  During the period of time that the Neches River and its 

floodplain was evaluated for this study, the region was experiencing a drought (USGS 2007).  As 

such, there was often not a continuous flow of water between the backwater floodplain areas and 

the main river channel because flooding conditions did not occur.  The baseline organic carbon 

level within the river did increase over two-fold at one point during the study period when there 

was significant flooding after Hurricane Rita.  Although this was the only data point in the study 

that supported the initial hypothesis, the conditions were perfect for demonstrating the concept 

that the organic carbon content would rise if there was sufficient flooding to wash organic 

particles from the forest floor and if continuity between the floodplain sloughs and river 
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occurred.  This single result adds confidence to the earlier hypotheses and it is recommended that 

further studies be done in this same area to substantiate these findings.  It is necessary for 

discharge levels in the Neches River to reach at least 8,000 to 10,000 cfs before water begins 

flowing into Sand Slough from the river and then from Sand Slough back out into the river 

downstream of the floodplain (Palmer, personal communication).  It is predicted that one should 

wait for discharge levels to reach at least this level before samples are obtained so more accurate 

assumptions and conclusions may be drawn about the organic carbon dynamics.   

 The greater fluctuation of POC than DOC in the Neches River and its floodplain leads to 

a proclivity to utilize DOC as a more accurate predictor of nutrient fluctuations and availability 

in the stream ecosystem.  Allan (1995) states that “POC varies with discharge to a much greater 

degree than does DOC, and concentrations are strongly influenced by time elapsed since the last 

scouring of the stream bottom.”  This difference becomes even more profound when the shifting 

sandy substrate of the Neches River is taken into account.  For these reasons, it is highly 

recommended in the future that more attention be focused on the dissolved organic carbon 

content of river and floodplain waters.   

If there was, however, a continuous flow of water from the floodplain to the river during 

prolonged dam releases, it is possible that there would not be the opportunity for large amounts 

of organic matter to build up as a food source within the water and lower concentrations would 

ensue.  This can have an impact on invertebrates, fish, and other aquatic vertebrate assemblages. 
Alteration or elimination of flood cycles can severely limit microbially enriched detritus.  

Benthic macroinvertebrates are dependent on this food source and will potentially decline.  

Macroinvertebrates are an important part of the food web in river systems and may ultimately 

impact fish populations.  Elimination of snags from the main channel may also limit the habitat 
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available for many macroinvertebrates.  Since the Neches River is already impacted by an 

impoundment, it is not automatically assumed that restoration of the floodplain would be the 

most likely course with which to proceed.  In fact, Bayley (1995) states that “restoration of river-

floodplains needs to begin with an experimental approach in which different hydrological 

alternatives are evaluated with respect to natural responses of the landscape and flora.”   

Numerous studies have been conducted on relatively pristine tropical systems in some 

areas of South America (Bayley 1995; Viers et al. 2005; Rueda-Delgado et al. 2006), but these 

non-heavily impacted sites can be applied to temperate river-floodplain ecosystems to generate 

models as to how we might best manage the already-impacted North American rivers and 

streams.  In order to even begin such an experimental approach to restoration, baseline data are 

needed to establish how each individual river-floodplain ecosystem operates within its 

watershed, including information on nutrient dynamics, vegetation structure, hydrology, and 

invertebrate and vertebrate community structure, to name a few.   

Based upon the organic carbon data obtained in this study, it is recommended that a flood 

pulse structure be replicated in the managed dam releases.  This would allow for buildup of 

organic matter within the forest floor during low dam releases, then for washing of the organic 

matter into sloughs for breakdown during larger dam releases.  Finally, a continuous flow of 

water from the sloughs into the main river channel would allow for transfer of organic matter to 

the higher trophic levels found within the river, such as fish and other vertebrates.  This scenario 

would replicate the dam releases that took place prior to and after Hurricane Rita, where a 

minimum of 20,000 cfs would be required to allow for a continuous flow of water between the 

floodplain and the main river channel.  A management strategy of this sort, which is based on 

preliminary and baseline organic carbon data, only takes into account the current amount of 
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water available for dam releases, but would obviously be complicated if the amount of water 

available in Steinhagen Reservoir were reduced or diverted by other impoundments.   

 In addition to analyzing the organic carbon dynamics of the Neches River and its 

floodplain, future collection and documentation of macroinvertebrates will be essential to 

determine differences in assemblages during different flooding regimes.  The analysis of the leaf 

litter breakdown and its contribution to the floodplain organic carbon that took place 

concurrently with the organic carbon and hydrologic studies will hopefully prove helpful in 

determining the bioavailability of organic matter to organisms within the Neches River (Chapter 

4).  These studies and proper management of the Neches River and its floodplain can serve as 

valuable tools to understand the complicated web of nutrient dynamics within riverine 

ecosystems. 
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CHAPTER 2 

HURRICANE RITA AND ITS EFFECTS ON ORGANIC CARBON IN THE NECHES RIVER 

AND ITS FLOODPLAIN  

Introduction 

Flood pulses, although unpredictable on a small time scale, will inevitably occur on a 

seasonal basis in historical floodplains, but an altogether even rarer meteorological event that 

may affect a floodplain is a hurricane.  On September 24, 2005, Hurricane Rita made landfall as 

the fourth most intense hurricane ever recorded and the most intense tropical cyclone observed in 

the Gulf of Mexico (National Hurricane Center 2007).  The path of the hurricane passed directly 

east of the Big Thicket ecoregion (Figure 16), with the counterclockwise winds blowing south 

and felling many trees in the densely forested area.  In addition to the many trees that were 

felled, the leaves of many of the remaining trees were stripped off and deposited on the forest 

floor, in sloughs, and in the river prior to the typical abscission time for this area, which is 

generally in mid-November.  The destruction and devastation that Hurricane Rita left in its path 

was largely overshadowed by Hurricane Katrina, which struck a month prior to Hurricane Rita 

and left a lasting impact in areas east of the Big Thicket National Preserve in Louisiana.   

Although it has been rare for studies of ecosystem functioning to include results from 

before and after a hurricane, such as this study presents, there have been a few (Mascaro et al. 

2005; Romero et al. 2005; Kang and Trefry 2003; Yeakley et al. 2003; Metzler and Smock 

1990).  In 1995, Hurricane Opal uprooted trees and other streamside hillslope vegetation at the 

Coweeta Hydrologic Laboratory in North Carolina, resulting in a significant nutrient loss to the 

stream (Yeakley et al. 2003).  A retrospective study by Kang and Trefry (2003) demonstrated 

that the net effect of hurricanes was to redistribute organic matter, sediment, and nutrients in the 
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lower Everglades and Florida Bay.  In addition to a hurricane’s effects on forest structure and 

carbon dynamics, a study in Nicaragua indicated that hurricanes often create large-scale canopy 

gaps, which frequently promote secondary growth (Mascaro et al. 2005).  This can potentially 

shift the living biomass capacity of the forest from the canopy to undergrowth, and thereby 

reduce the contribution of leaves to the floodplain by deciduous trees.  So although the organic 

carbon within a river and its floodplain may temporarily increase following a hurricane, the long-

term effect could be to significantly reduce the carbon input, at least by deciduous trees.   

Hurricanes also typically deposit a large amount of woody debris, both living and dead 

wood, on a forest floor.  A study in mangrove forests of Florida confirmed that the coarse woody 

debris downed from hurricanes does affect the carbon and nutrient dynamics in these ecosystems 

(Romero et al. 2005).  A study by Metzler and Smock (1990) found that the exchange of detritus 

between surface and shallow sediments occurred throughout the year, but exchange with deep 

sediments occurred only during floods.  They also demonstrated that floods associated with a 

hurricane were shown to cause a mean scour depth of 6 cm in a sand-bottomed stream, and that 

buried leaves were processed much more slowly than debris on the sediment surface.  A flood as 

pronounced as a hurricane will no doubt have a profound effect on the nutrient spiraling and 

trophic dynamics of a similar stream system such as the Neches River of east Texas.   

The following hypothesis was established for this study: 

HO:  Hurricane Rita will not significantly alter the organic carbon concentration within the 
Neches River and its floodplain sampling locations. 
 
HA:  Hurricane Rita will significantly alter the organic carbon concentration within the Neches 
River and its floodplain sampling locations. 
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Figure 17. Hurricane Rita peak winds (derived from NWS 2005); JGB/NBU=Jack Gore 
Baygall/Neches Bottom Units. 
 

Materials and Methods 

Organic Carbon 

 The contribution of the Neches Bottom and Jack Gore Baygall Unit floodplain to 

dissolved organic carbon (DOC) content and particulate organic carbon (POC) was estimated by 

obtaining whole water samples.  These water samples were taken from several sites within three 

main locations, chosen to cover the entire floodplain reach: Black Creek and the Neches River 

upstream of the study unit, the main river channel adjacent to the study unit, and downstream of 

the study unit at the Route 96 bridge (Evadale USGS gauge) (Figure 3).  Whole water samples 

were collected 1 month prior to Hurricane Rita on 22 August 2005, 2 weeks following the 

hurricane on 8 October 2005, and 5 ½ weeks following the hurricane on 3 November 2005.  

Three replicate samples were taken at each site.  Water samples were collected in 250 ml amber 

JGB/NBU
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glass bottles with TFE-lined screw-top lids.  The bottles were previously acid-washed, sealed 

with aluminum foil, and heated at 65°C in a drying oven overnight to avoid any contamination 

prior to sample collection and analysis.  Whole water samples were taken by first rinsing the 

bottle in the sample water, then submerging the bottle under the surface to fill it completely 

without a head space.  Water samples were kept on ice in the field until they could be returned to 

the lab and then at 4°C with minimal exposure to light and air.  Samples were analyzed no longer 

than 28 days from the date of collection (Franson 1995).   

Once the samples were returned to the lab, they were poured through a series of three 

sieves of varying sizes to separate the different sizes of particulate matter (Table 13).  Samples 

were washed into aluminum weigh boats with milli-q water and allowed to sit in a drying oven at 

55°C until they reached a constant weight, indicating that all of the water had been evaporated.  

The dried samples were weighed on a Mettler AE 240 analytical balance.  The sieved sample 

water was then passed through a 0.5 µm glass fiber filter using vacuum filtration.  The glass fiber 

filters and any retained particulate matter were also placed in aluminum weigh boats and allowed 

to sit in a drying oven at 55°C until a constant weight was reached.  The dried glass fiber filter 

samples were weighed on a Mettler AE 240 analytical balance.  The two classes of particulate 

matter (sieved and fiber filtered) were then burned in a muffle furnace at 500°C for 30 minutes, 

allowed to cool, and then reweighed on the analytical balance.  The final ashed weight was 

subtracted from the original dry weight to obtain the ash-free dry mass.  The remaining liquid 

samples, which now only contained dissolved organic matter after sieving and fiber filtration, 

were acidified with 2-3 drops of 85% phosphoric acid in order to lower the pH and eliminate the 

effect of bacterial and fungal growth on sample measurements.  Once acidified, samples were 

then analyzed for dissolved organic carbon with a Tekmar Dohrman Phoenix 8000.  Due to 
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acidification, inorganic carbon was first purged (performed by Phoenix 8000) and then the 

dissolved organic carbon was detected with a nondispersive infrared detector (NDIR).  The 

organic carbon data were then used to contrast the periods of normal flow and flooding prior to 

and after Hurricane Rita.  

Table 13. Sieve sizes that whole water samples were poured through prior to organic carbon 
analysis (SS = standard sieve size). 
 
Sieve identification inches micrometers 
sieve 058 (SS=100) 0.0058 147 
sieve 046 (SS=120) 0.0046 117 
sieve 024 (SS=230) 0.0024 61 
glass fiber filter 0.0000197 0.5 

 

Results 

After Hurricane Rita, there was a large dam release upstream from the study site that 

caused extensive localized flooding.  This delayed sampling for 2 weeks after the destructive 

winds and rains associated with the hurricane.  When the first samples were collected after the 

hurricane, there was still a large amount of water in many of the floodplain’s sloughs, which 

were nearly at their bank-full condition.  Organic carbon levels observed during this time were 

higher than any reported in published literature for any river system (Tables 14 and 16).  Organic 

carbon levels in the main river channel were nearly twice as high as those observed during the 

baseline collecting periods in the summer and early fall of 2005.  These mean organic carbon 

levels in the Neches River decreased rapidly to the original baseline level 5 weeks after the 

hurricane.  TOC levels within the floodplain were consistently higher than in the river, and 

floodplain organic carbon was thought to contribute to increases in the organic carbon within the 

Neches River downstream of the study site where the floodplain waters reenter the water when 

sufficient flow is present. 
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Mean DOC measured in all sites before Hurricane Rita was significantly different than 

mean DOC measured 2 weeks following Hurricane Rita (Welch’s t-test, p = 0.0024).  The mean 

DOC level measured before Hurricane Rita in the Neches River site upstream of the floodplain 

was not significantly different than the mean DOC content downstream of the floodplain 

(independent t-test, p = 0.2855).  Mean DOC concentration recorded after Hurricane Rita in the 

Neches River sites upstream of the floodplain was significantly different than the mean DOC 

content downstream of the floodplain (independent t-test, p = 0.0002).  Mean DOC levels in all 

of the combined Neches River sites prior to Hurricane Rita were highly significantly different 

than mean DOC levels collected from the Neches River sites after Hurricane Rita (Welch’s t-test, 

p = 0.0001).   

Table 14. Dissolved organic carbon (DOC) in ppm C from sites along the Neches River and its 
floodplain collected 1 month prior to Hurricane Rita (8/22/2005) and two subsequent collections 
after Hurricane Rita (10/8/2005 and 11/3/2005).  Sites are listed with the most upstream first, 
following with successive downstream sites. NA=no access or not sampled, TSR = Timber 
Slough Road, EW = east-west. 
 
Site 8/22/2005 10/8/2005 11/3/2005 
Neches River at TSR 4.84 NA 5.37 
Potato Patch Lake 4.84 NA NA 
Black Creek at TSR 7.17 NA NA 
Neches River at EW pipeline 5.29 9.25 5.86 
Harcombe's site NA 88.46 NA 
Theron Transect 1 7.88 NA NA 
Sand Slough 8.02 58.86 18.66 
Peach Tree Point Lake 6.56 55.90 23.57 
Boat Lake 6.34 NA NA 
Pool Stave Camp Lake 6.25 NA NA 
Neches River at Evadale 4.86 11.91 5.37 
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Table 15.  Particulate organic carbon (POC) in ppm C from sites along the Neches River and its 
floodplain collected 1 month prior to Hurricane Rita (8/22/2005) and two subsequent collections 
after Hurricane Rita (10/8/2005 and 11/3/2005).  Sites are listed with the most upstream first, 
following with successive downstream sites. NA=no access or not sampled, TSR = Timber 
Slough Road, EW = east-west; sieve size or fiber filter through which sample was poured is 
indicated after ID. 
 
Site 8/22/2005 10/8/2005 11/3/2005 
Neches River at TSR 058 0.4 NA 2.6 
Neches River at TSR 046 1.8 NA 5.8 
Neches River at TSR 024 1.2 NA 2.4 
Neches River at TSR fiber 18.8 NA 17.2 
Neches River at TSR total 22.2 NA 28.0 
Potato Patch Lake 058 3.2 NA NA 
Potato Patch Lake 046 2.6 NA NA 
Potato Patch Lake 024 2.6 NA NA 
Potato Patch Lake fiber 12.4 NA NA 
Potato Patch Lake total 20.8 NA NA 
Black Creek at TSR 058 21.6 NA NA 
Black Creek at TSR 046 2.2 NA NA 
Black Creek at TSR 024 4.6 NA NA 
Black Creek at TSR fiber 40.0 NA NA 
Black Creek at TSR total 68.4 NA NA 
Neches River at EW pipeline 
058 1.2 3.2 3.6 
Neches River at EW pipeline 
046 2.0 3.0 2.6 
Neches River at EW pipeline 
024 2.4 1.2 0.8 
Neches River at EW pipeline 
fiber 16.8 20.4 13.2 
Neches River at EW pipeline 
total 22.4 27.8 20.2 
Harcombe's site 058 NA 132 NA 
Harcombe's site 046 NA 4 NA 
Harcombe's site 024 NA 3.6 NA 
Harcombe's site fiber NA 184.0 NA 
Harcombe's site total NA 323.6 NA 
Theron Transect 1 058 1.8 NA NA 
Theron Transect 1 046 3.2 NA NA 
Theron Transect 1 024 6.0 NA NA 
Theron Transect 1 fiber 16.4 NA NA 
Theron Transect 1 total 27.4 NA NA 
Sand Slough 058 5.8 3.2 3.2 
Sand Slough 046 5.6 0.2 3.8 
Sand Slough 024 4.4 2.0 6.2 
Sand Slough fiber 12.8 40.0 13.2 

 
Table 15 continued on next page.
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Table 15 continued from previous page. 
 
Site 8/22/2005 10/8/2005 11/3/2005 
Sand Slough total 28.6 45.4 26.4 
Peach Tree Point Lake 058 5.8 2.8 4.2 
Peach Tree Point Lake 046 5.2 43.2 3.4 
Peach Tree Point Lake 024 4.0 1.0 0.6 
Peach Tree Point Lake fiber 13.2 42.8 13.2 
Peach Tree Point Lake total 28.2 89.8 21.4 
Boat Lake 058 3.8 NA NA 
Boat Lake 046 3.8 NA NA 
Boat Lake 024 0.4 NA NA 
Boat Lake fiber 14.4 NA NA 
Boat Lake total 22.4 NA NA 
Pool Stave Camp Lake 058 2.8 NA NA 
Pool Stave Camp Lake 046 1.6 NA NA 
Pool Stave Camp Lake 024 1.4 NA NA 
Pool Stave Camp Lake fiber 10.0 NA NA 
Pool Stave Camp Lake total 15.8 NA NA 
Neches River at Evadale 058 3.4 1.4 0 
Neches River at Evadale 046 2.6 4.6 4.4 
Neches River at Evadale 024 2.8 0 24.6 
Neches River at Evadale fiber 16.8 22.8 14.4 
Neches River at Evadale total 25.6 28.8 43.4 

 

Table 16. Total organic carbon (TOC) in ppm C from sites along the Neches River and its 
floodplain collected 1 month prior to Hurricane Rita (8/22/2005) and two subsequent collections 
after Hurricane Rita (10/8/2005 and 11/3/2005).  Sites are listed with the most upstream first, 
following with successive downstream sites. NA=no access or not sampled, TSR = Timber 
Slough Road, EW = east-west. 
 
Site 8/22/2005 10/8/2005 11/3/2005
Neches River at TSR 27.03 NA 33.37
Potato Patch Lake 25.64 NA NA
Black Creek at TSR 75.57 NA NA
Neches River at EW pipeline 27.69 37.02 26.06
Harcombe's site NA 272.46 NA
Theron Transect 1 25.28 NA NA
Sand Slough 36.62 104.26 45.06
Peach Tree Point Lake 34.76 145.70 44.97
Boat Lake 28.74 NA NA
Pool Stave Camp Lake 22.05 NA NA
Neches River at Evadale 30.46 40.71 48.77
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Conclusions and Future Implications 

 
The inherent destructive capability of a hurricane is one that wreaks fear and havoc on 

human populations, and the impacts that Hurricane Rita left in its path should be of no less 

concern because it passed through a less populated area.  This study indicates that hurricanes can 

have an ecological impact on an area.  In addition to significantly increasing dissolved organic 

carbon within the floodplain waters, the DOC content within the Neches River downstream of 

the floodplain markedly increased in the weeks following the hurricane and consequent dam 

releases.  This demonstrates that discharge levels caused a continuous flow of water from the 

Neches River to sweep through the floodplain, when it sequestered dissolved organic carbon.  

Water from the floodplain reentered the Neches River farther downstream with the other river 

water to dilute the concentration of DOC from the floodplain waters.  The water in the river 

downstream of the floodplain then had a higher DOC concentration than did water upstream, but 

the concentration was less than that in the floodplain. 

The increase in organic carbon in the floodplain waters following Hurricane Rita is likely 

due to the nutrients leached from leaves, which were swept from the trees prior to their normal 

abscission in the fall.  The breakdown rates of the leaves shed from Hurricane Rita were 

considerably slower than those for leaves of the same species that were collected just prior to 

normal leaf abscission, although a statistically significant difference was not observed (Chapter 

3).  Trees typically reabsorb much of the nutrients found within the leaves prior to abscission, a 

phenomenon that could not occur due to the timing of Hurricane Rita.  For this reason, it is 

possible that the peak in organic carbon loading within the river and the floodplain was reached 

earlier than it would have during a typical fall year, and potentially would also be higher because 

more organic nutrient sources would be found in the leaves.  This change in the usually seasonal 
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and pulsatile input of organic carbon likely could disrupt organisms which are dependent on the 

organic carbon as their food source, such as shredding macroinvertebrates.  This study did not 

take into account two complete fall and winter seasons, so it is not possible to compare the 

changes in a year affected by a hurricane versus one not impacted by a hurricane. 

In addition to sweeping leaves from the thousands of trees in the Big Thicket National 

Preserve, Hurricane Rita also contributed debris to the floodplain floor and river.  This debris, in 

the form of twigs, branches, limbs, and even entire trees, not only adds to the potential organic 

carbon source, but contributes to the availability of instream cover for many organisms.  So, 

although the overall impact from Hurricane Rita was devastating to human populations, its 

pulsatile nature and increase in discharge levels were possibly beneficial for the ecosystem of the 

Neches River and its floodplain.  Flow events exceeding 15,000 cfs rarely occur more than once 

every year to 2 years in the Neches River and are probably not sustained long enough to impact 

the amount of organic matter that is broken down on the forested floodplain floor (USGS 2007).  

It is due to the observations made prior to and following Hurricane Rita that the 

recommendations for an alteration of the flow regime of the Neches River were made (Chapter 

1).  This continuity between the river and its natural floodplain are essential to maintaining a 

healthy and diverse riverine ecosystem. 
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CHAPTER 3 

 
LEAF BREAKDOWN ANALYSIS IN THE NECHES RIVER FLOODPLAIN 

Introduction 

Energy available to organisms within streams can be found in two basic forms.  

Autochthonous organic matter is a carbon source and is produced within the stream in the form 

of algae, mosses, macrophytes, and other photosynthesizing organisms.  Allochthonous organic 

matter, also a carbon source, is produced outside of the stream.  Typical examples of 

allochthonous matter include leaves, woody debris such as tree branches and bark, or other 

vegetation growing outside the stream.  When leaves fall from the trees, they sometimes fall 

directly into or are blown into the stream.  The leaves entrained in the water are swept 

downstream, but most are ultimately snagged on physical barriers within the water and clump 

together into leaf packs.   

Leaf packs are a common component of stream ecosystems.  Numerous studies have been 

conducted and it has been established that leaves, as they break down, are a major contributor to 

the energetics of streams.  The leaf breakdown process is now fairly well understood, and it is 

known that variables such as leaf type, water chemistry, temperature, and flow regime greatly 

influence this process.  Since there is a large amount of variation between streams in different 

regions, one cannot assume that breakdown rates will be the same or even similar for identical 

species of trees.    

The leaf breakdown process consists of three well-defined steps, although a continuum 

exists.  Prior to typical leaf abscission, the trees reabsorb most of the nutrients from the leaves, 

such as carbohydrates, starches, and other sugars.  After the reabsorption by the trees, the 
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remaining compounds consist mostly of cellulose and lignin, which are much more structurally 

complex and more difficult to break down.  Once the leaves fall from the trees and enter the 

water, there is a leaching period where water-soluble nutrients are leached from the leaves and 

enter the water.  This leaching period is what typically gives water a “tea” or “coffee” color.  

There is also an initial mechanical breakdown and fragmentation of leaves which increases the 

surface area and primes the leaves for subsequent breakdown.  The second stage of the 

breakdown process is microbial conditioning in which the leaves are colonized by fungi and 

bacteria.  These microbes break down the cellulose and lignin, which, prior to the microbes 

inhabiting them, are not palatable to or easily broken down by macroinvertebrates.  After 

microbial colonization, macroinvertebrates known as “shredders” ingest the leaf material.  The 

leaf material is then either assimilated by the macroinvertebrates or is passed through their 

digestive system and excreted as fecal material (frass).  There is also a fraction of the leaf 

material that is reduced in particle size by the macroinvertebrates, but is not ingested and instead 

remains in the water to be ingested by other organisms (orts) (Benfield 1996; Suberkropp et al. 

1996; Allan 1995).   

Most energy flow in large rivers is not due to primary production from organisms such as 

algae, phytoplankton, periplankton, and macrophytes.  This is likely due to low light penetration, 

high turbidity, and shifting sandy substrate.  Most riverine food webs are dependent on 

allochthonous input and demand higher levels of allochthonous organic matter input if the 

riverine food web is to remain intact.  In a partially deforested area of the Amazon River 

floodplain, tree litter production and herbaceous macrophyte production were estimated to make 

up 24% and 69% of total annual production, with the remaining 7% attributed to phytoplankton 

and periplankton (Bayley 1995).  Alternations between dry and flooded periods on the forested 
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floodplain floor are also thought to decompose plant matter at rates similar to their production, 

with accumulations of detritus rare in regularly inundated areas (Bayley 1995).   

Aquatic invertebrates that live in floodplains have evolved with these alternating 

influences, and often have r-selected traits, such as high annual growth and mortality rates, to 

quickly colonize areas (Pianka 1970).  Increases in invertebrate populations, most notably those 

of the “shredding” functional feeding group, may also be timed to correspond to leaf abscission 

and entrainment in the fall.  Bayley (1995) states that, due to the significant proportion of organic 

matter in the form of detritus on the forest floor, energy transfer studies should “explicitly 

account for seasonal accumulation and breakdown rates of the various forms of particulate and 

dissolved organic matter.” 

Based on these previous studies, a leaf breakdown study in the floodplain of the Neches 

River in the Big Thicket National Preserve was deemed necessary.  No previous studies have 

been done in this region.  The three species of tree that were selected for this leaf breakdown 

study are found in abundance adjacent to the Neches River and in its floodplain.  The first 

species utilized in this study, Acer rubrum L., is commonly known as the red maple and is found 

throughout the floodplain portions of the Big Thicket National Preserve.  Its leaves are typically 

green until autumn, when they turn a vibrant red prior to abscission.  Sapium sebiferum L. 

(sometimes called Triadica sebiferum, but not as commonly accepted), or the Chinese tallow 

tree, is found throughout the Big Thicket National Preserve and is considered to be one of the 

most serious invasive exotics in the United States (Diggs et. al 1999).  Studies have 

demonstrated that Chinese tallow releases compounds that alter the soil chemistry and can affect 

the establishment of native species, thereby displacing native vegetation (Flack and Furlow 

1996; Jubinsky and Anderson 1996).  The effects of Chinese tallow on other vegetation in the 
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Big Thicket have been studied for over 20 years, although attempts to eradicate it from the 

region have been fruitless (Harcombe and Marks 1979).  The final tree species, Quercus 

laurifolia Michaux, is commonly referred to as laurel oak or swamp laurel oak and is similar in 

morphology to water oak and willow oak, both of which are also found in the Big Thicket 

National Preserve (FNA 1997).  Laurel oak is an evergreen to semi-evergreen oak, and 

occasionally loses some of its leaves in the spring.  Because laurel oak does not experience usual 

leaf abscission during the fall, it was only utilized in the Hurricane Rita portion of the leaf 

breakdown experiment.  It was hypothesized that leaf breakdown rates would be fastest for 

Sapium sebiferum, followed by Acer rubrum and Quercus laurifolia (slowest).  It was also 

speculated that there would be a difference between the breakdown rates of leaves placed in 

Sand Slough and in the floodplain, with those in Sand Slough breaking down at a much faster 

rate.  A similar hypothesis was established in regard to the collection method of the leaves, with 

leaves collected just prior to fall leaf abscission decaying at a faster rate than those collected as a 

result of blowdown from Hurricane Rita.  

The hypotheses are as follows: 

HO1:  There will not be a difference in leaf breakdown rates for the three species of leaves. 
HA1:  There will be a difference in leaf breakdown rates for the three species, with breakdown  

occurring fastest for Sapium sebiferum and slowest for Quercus laurifolia. 
 
HO2:  There will not be a difference between the breakdown rates of leaves placed in Sand  

Slough and in the floodplain. 
HA2:  There will be a difference between the breakdown rates of leaves placed in Sand Slough  

and in the floodplain. 
 
HO3:  Leaves collected prior to fall leaf abscission will not decay at a different rate than those  

collected as a result of blowdown from Hurricane Rita. 
HA3:  Leaves collected prior to fall leaf abscission will decay at a different rate than those  

collected as a result of blowdown from Hurricane Rita. 
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Materials and Methods 

 In order to understand the processes that are contributing to the availability of organic 

carbon in the floodplain waters, a leaf breakdown study was undertaken in the fall of 2005.  Leaf 

abscission normally occurs in this ecoregion of Texas in mid-November.  Leaves were 

preferentially collected directly from the trees just prior to their normal leaf abscission, but if this 

was not possible, leaves that had recently fallen on the forest floor were collected in trash bags 

and then separated into monospecific groups.  Mesh bags (1 cm mesh size) were filled with 10.0 

g (± 0.1 g) of leaves from a single species.  The two species of trees common to the floodplain 

that were selected for the fall leaf decomposition study were the Chinese tallow (Sapium 

sebiferum) and red maple (Acer rubrum).  The mesh leaf bags were placed in two sites within the 

study unit:  within the waters of Sand Slough at Bridge 3 in the Neches Bottom Unit, and on dry 

land adjacent to Sand Slough. 

Due to the ravaging winds of Hurricane Rita in September 2005, many leaves were 

prematurely stripped from trees prior to the trees retaining and absorbing much of the nutrients 

as they normally would in the fall season.  For this reason, leaf packs consisting of leaves that 

were stripped during Hurricane Rita were collected following the hurricane and constructed and 

deployed in the same locations as the fall leaf packs.  Three common tree species were selected 

for this portion of the study:  Chinese tallow (Sapium sebiferum), red maple (Acer rubrum), and 

laurel oak (Quercus laurifolia).  Filled leaf packs were attached to a wire mesh frame with cable 

ties for easy retrieval and were anchored in Sand Slough or on the floodplain with concrete 

blocks.  Leaf packs placed on the floodplain adjacent to Sand Slough were expected to remain 

dry for the majority of the study, but were completely covered with water on at least one 

observable occasion in December 2005.   
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 Leaf packs were retrieved on subsequent collect trips throughout the winter of 2005 and 

the spring of 2006 and terminated in the summer of 2006.  The leaf litter bags were placed in 

plastic bags and stored on ice in the field.  Once samples were returned to the laboratory, they 

were frozen if immediate analysis was not attainable.  Leaves were then rinsed over a 500 μm 

mesh sieve with deionized water (macroinvertebrates were retained for later analysis), and then 

dried to a constant mass at 65°C and weighed.  Organic matter contents were determined by 

burning a subsample of the remaining leaves in a muffle furnace at 550°C for 30 minutes to 

calculate the ash-free dry mass (AFDM) (Benfield 1996).     

Results 

Leaf packs that were constructed from leaves collected after blowdown from Hurricane 

Rita were exposed to either Sand Slough or the floodplain adjacent to Sand Slough for a 

maximum of 302 days, whereas leaves collected just prior to fall leaf abscission and placed in 

the same locations as the aforementioned leaves were exposed for a maximum of 265 days.  

Only one species of leaf experienced total degradation during the study period (mean % AFDM 

remaining = 0):  Sapium sebiferum (Chinese tallow) collected both after Hurricane Rita and prior 

to leaf abscission in the fall and placed in Sand Slough (Tables 20 and 33, Figures 23, 24, 34, 

and 35).   

Leaf packs that were placed directly in Sand Slough, compared to those placed in the 

typically dry floodplain adjacent to Sand Slough, almost always experienced higher 

decomposition rates.  The leaf breakdown rates ranged from the slowest for Acer rubrum leaves 

collected after Hurricane Rita placed in the floodplain, which had a processing coefficient of 

0.054 day-1, to the highest for Sapium sebiferum leaves collected in the fall prior to leaf 

abscission and placed in Sand Slough, with a processing coefficient of 0.758 day-1.  The overall 
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processing rates listed from fastest to slowest are as follows: fall wet tallow 0.758 day-1 > fall wet 

maple 0.687 day-1 > Rita wet tallow 0.511 day-1 > Rita wet oak 0.263 day-1 > Rita dry tallow 

0.206 day-1 > Rita wet maple 0.190 day-1 > fall dry maple 0.129 day-1 > fall dry tallow 0.105 day-

1 > Rita dry oak 0.075 day-1 > Rita dry maple 0.054 day-1 (fall = leaves collected prior to leaf 

abscission, Rita = leaves collected after Hurricane Rita blowdown, wet = placed in Sand Slough, 

dry = placed in floodplain, tallow = Sapium sebiferum, maple = Acer rubrum, oak = Quercus 

laurifolia) (Table 27).   

Coefficients of determination (r2) ranged from a low of 0.7853 to a high of 0.9530 in the 

regression analyses used to calculate the leaf processing coefficients, meaning that 78.5% to 

95.3% of the total observations can be accounted for, or explained by, the regression model 

(Table 27).  The ash-free dry mass of each species collected during a different time (Hurricane 

Rita versus fall) and placed in a different location (Sand Slough versus floodplain), is 

summarized in Tables 17-26, graphical representations of the species AFDM lost over time in 

days are provided in Figures 17, 19, 21, 7, 25, 27, 29, 31, 33, and 35.  The natural log-

transformed graphical representation and an associated line of best fit, or trendline, may be seen 

in Figures 18, 20, 22, 24, 26, 28, 30, 32, 34, and 36 (Note: r2 values found in the upper right 

corners of these graphs were generated by Microsoft Excel® (Microsoft Corporation, Redmond, 

WA) and differ slightly from the r2 values generated by the SAS statistical software, which is 

reported otherwise in the text).  According to the leaf processing continuum established by 

Petersen and Cummins (1974), all of the species observed in the Neches River study would be 

classified as having “fast” breakdown rates since their processing coefficients are all greater than 

0.010 day-1. 
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The processing coefficients for leaves collected from blowdown as a result of Hurricane 

Rita were not significantly different than the processing coefficients for leaves collected just 

prior to leaf abscission in the fall (independent t-test, p = 0.2459).  The processing coefficients 

for leaf breakdown occurring in Sand Slough were significantly different than the processing 

coefficients for leaf breakdown occurring in the floodplain adjacent to Sand Slough (Welch’s t-

test, p = 0.0288). 

Table 17. Leaf breakdown results for Sapium sebiferum (Chinese tallow) from leaves collected 
after Hurricane Rita and placed in the floodplain adjacent to Sand Slough.  AFDM=ash-free dry 
mass, SD=standard deviation, ln=natural log, SE=standard error.  
 

Days in 
floodplain Mean AFDM remaining (%) SD ln  SE 

0 100 0 4.605 0.206 
17 91.77 11.690 4.519  
42 66.30 4.012 4.194  
87 65.57 2.468 4.183  

107 61.05 2.967 4.112  
223 42.27 8.009 3.744  
271 29.13 5.451 3.372  
302 15.25 2.621 2.725  
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Figure 18. Mean AFDM (ash-free dry mass) remaining (%, ± 1 standard deviation from the 
mean) of Sapium sebiferum (Chinese tallow) from leaves collected after Hurricane Rita and 
placed in the floodplain adjacent to Sand Slough. 
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Figure 19. Natural log of mean % AFDM (ash-free dry mass) remaining of Sapium sebiferum 
(Chinese tallow) from leaves collected after Hurricane Rita and placed in the floodplain adjacent 
to Sand Slough (solid line).  The slope of the exponential line of best fit, or trendline (dashed 
line) is shown in the upper right corner with the corresponding r-square value. 
 
 
Table 18. Leaf breakdown results for Acer rubrum (red maple) from leaves collected after 
Hurricane Rita and placed in the floodplain adjacent to Sand Slough.  AFDM=ash-free dry mass, 
SD=standard deviation, ln=natural log, SE=standard error. 
 

Days in 
floodplain Mean AFDM remaining (%) SD ln  SE 

0 100 0 4.605 0.054 
17 93.80 5.094 4.541  
42 82.50 0 4.413  
87 76.19 0 4.333  

223 62.09 0 4.129  
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Figure 20. Mean AFDM (ash-free dry mass) remaining (%, ± 1 standard deviation from the 
mean) of Acer rubrum (red maple) from leaves collected after Hurricane Rita and placed in the 
floodplain adjacent to Sand Slough. 
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Figure 21. Natural log of mean % AFDM (ash-free dry mass) remaining of Acer rubrum (red 
maple) from leaves collected after Hurricane Rita and placed in the floodplain adjacent to Sand 
Slough (solid line).  The slope of the exponential line of best fit, or trendline (dashed line) is 
shown in the upper right corner with the corresponding r-square value. 
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Table 19. Leaf breakdown results for Quercus laurifolia (laurel oak) from leaves collected after 
Hurricane Rita and placed in the floodplain adjacent to Sand Slough.  AFDM=ash-free dry mass, 
SD=standard deviation, ln=natural log, SE=standard error. 
 

Days in 
floodplain Mean AFDM remaining (%) SD ln  SE 

0 100 0 4.605 0.076 
17 96.71 4.921 4.572  
42 96.26 4.789 4.567  
87 92.43 3.922 4.526  

107 87.54 13.290 4.472  
223 74.26 7.582 4.308  
302 51.74 0 3.946  
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Figure 22. Mean AFDM (ash-free dry mass) remaining (%, ± 1 standard deviation from the 
mean) of Quercus laurifolia (laurel oak) from leaves collected after Hurricane Rita and placed in 
the floodplain adjacent to Sand Slough. 
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Figure 23. Natural log of mean % AFDM (ash-free dry mass) remaining of Quercus laurifolia 
(laurel oak) from leaves collected after Hurricane Rita and placed in the floodplain adjacent to 
Sand Slough (solid line).  The slope of the exponential line of best fit, or trendline (dashed line) 
is shown in the upper right corner with the corresponding r-square value. 
 
 
Table 20. Leaf breakdown results for Sapium sebiferum (Chinese tallow) from leaves collected 
after Hurricane Rita and placed in Sand Slough.  AFDM=ash-free dry mass, SD=standard 
deviation, ln=natural log, SE=standard error. 
 

Days in 
stream Mean AFDM remaining (%) SD ln  SE 

0 100 0 4.605 0.511 
17 41.15 5.240 3.717  

107 16.24 2.009 2.788  
223 0 0 0  
271 0 0 0  
302 0 0 0  
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Figure 24. Mean AFDM (ash-free dry mass) remaining (%, ± 1 standard deviation from the 
mean) of Sapium sebiferum (Chinese tallow) from leaves collected after Hurricane Rita and 
placed in Sand Slough. 
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Figure 25. Natural log of mean % AFDM (ash-free dry mass) remaining of Sapium sebiferum 
(Chinese tallow) from leaves collected after Hurricane Rita and placed in Sand Slough (solid 
line).  The slope of the exponential line of best fit, or trendline was unable to be calculated. 
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Table 21. Leaf breakdown results for Acer rubrum (red maple) from leaves collected after 
Hurricane Rita and placed in Sand Slough.  AFDM=ash-free dry mass, SD=standard deviation, 
ln=natural log, SE=standard error. 
 

Days in 
stream Mean AFDM remaining (%) SD ln  SE 

0 100 0 4.605 0.190 
17 62.24 7.076 4.131  
87 52.62 2.325 3.963  

223 23.42 0 3.154  
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Figure 26. Mean AFDM (ash-free dry mass) remaining (%, ± 1 standard deviation from the 
mean) of Acer rubrum (red maple) from leaves collected after Hurricane Rita and placed in Sand 
Slough.  
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Figure 27. Natural log of mean % AFDM (ash-free dry mass) remaining of Acer rubrum (red 
maple) from leaves collected after Hurricane Rita and placed in Sand Slough (solid line).  The 
slope of the exponential line of best fit, or trendline (dashed line) is shown in the upper right 
corner with the corresponding r-square value. 
 
 
Table 22. Leaf breakdown results for Quercus laurifolia (laurel oak) from leaves collected after 
Hurricane Rita and placed in Sand Slough.  AFDM=ash-free dry mass, SD=standard deviation, 
ln=natural log, SE=standard error. 
 

Days in 
stream Mean AFDM remaining (%) SD ln  SE 

0 100 0 4.605 0.263 
17 83.75 13.196 4.428  
87 69.53 7.413 4.242  

107 73.09 3.626 4.292  
223 47.19 4.528 3.854  
271 39.11 8.257 3.666  
302 17.00 0 2.833  
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Figure 28. Mean AFDM (ash-free dry mass) remaining (%, ± 1 standard deviation from the 
mean) of Quercus laurifolia (laurel oak) from leaves collected after Hurricane Rita and placed in 
Sand Slough. 
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Figure 29. Natural log of mean % AFDM (ash-free dry mass) remaining of Quercus laurifolia 
(laurel oak) from leaves collected after Hurricane Rita and placed in the floodplain adjacent to 
Sand Slough (solid line).  The slope of the exponential line of best fit, or trendline (dashed line) 
is shown in the upper right corner with the corresponding r-square value. 
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Table 23. Leaf breakdown results for Sapium sebiferum (Chinese tallow) from leaves collected in 
the fall and placed in the floodplain adjacent to Sand Slough.  AFDM=ash-free dry mass, 
SD=standard deviation, ln=natural log, SE=standard error. 
 

Days in 
floodplain Mean AFDM remaining (%) SD ln  SE 

0 100 0 4.605 0.105 
45 73.85 1.238 4.302  
65 86.98 9.364 4.466  

181 61.74 3.074 4.123  
260 44.39 7.303 3.793  
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Figure 30. Mean AFDM (ash-free dry mass) remaining (%, ± 1 standard deviation from the 
mean) of Sapium sebiferum (Chinese tallow) from leaves collected in the fall and placed in the 
floodplain adjacent to Sand Slough. 
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Figure 31. Natural log of mean % AFDM (ash-free dry mass) remaining of Sapium sebiferum 
(Chinese tallow) from leaves collected in the fall and placed in the floodplain adjacent to Sand 
Slough (solid line).  The slope of the exponential line of best fit, or trendline (dashed line) is 
shown in the upper right corner with the corresponding r-square value. 
 

Table 24. Leaf breakdown results for Acer rubrum (red maple) from leaves collected in the fall 
and placed in the floodplain adjacent to Sand Slough.  AFDM=ash-free dry mass, SD=standard 
deviation, ln=natural log, SE=standard error. 
 

Days in 
floodplain Mean AFDM remaining (%) SD ln  SE 

0 100 0 4.605 0.129 
45 78.74 2.328 4.366  
65 61.73 1.040 4.123  

181 62.19 3.928 4.130  
229 56.60 7.318 4.036  
260 50.21 1.254 3.916  
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Figure 32. Mean AFDM (ash-free dry mass) remaining (%, ± 1 standard deviation from the 
mean) of Acer rubrum (red maple) from leaves collected in the fall and placed in the floodplain 
adjacent to Sand Slough. 
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Figure 33. Natural log of mean % AFDM (ash-free dry mass) remaining of Acer rubrum (red 
maple) from leaves collected in the fall and placed in the floodplain adjacent to Sand Slough 
(solid line).  The slope of the exponential line of best fit, or trendline (dashed line) is shown in 
the upper right corner with the corresponding r-square value. 
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Table 25. Leaf breakdown results for Sapium sebiferum (Chinese tallow) from leaves collected in 
the fall and placed in Sand Slough.  AFDM=ash-free dry mass, SD=standard deviation, 
ln=natural log, SE=standard error. 
 

Days in 
stream Mean AFDM remaining (%) SD ln  SE 

0 100 0 4.605 0.648 
45 70.58 5.477 4.257  
65 65.18 3.367 4.177  

181 0 0   
229 1.94 3.368 0.665  
260 0.29 0.769 -1.235  
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Figure 34. Mean AFDM (ash-free dry mass) remaining (%, ± 1 standard deviation from the 
mean) of Sapium sebiferum (Chinese tallow) from leaves collected in the fall and placed in Sand 
Slough. 
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Figure 35. Natural log of mean % AFDM (ash-free dry mass) remaining of Sapium sebiferum 
(Chinese tallow) from leaves collected in the fall and placed in Sand Slough.  The slope of the 
exponential line of best fit, or trendline was unable to be calculated. 
 
 
Table 26. Leaf breakdown results for Acer rubrum (red maple) from leaves collected in the fall 
and placed in Sand Slough.  AFDM=ash-free dry mass, SD=standard deviation, ln=natural log, 
SE=standard error. 
 

Days in 
stream Mean AFDM remaining (%) SD ln  SE 

0 100 0 4.605 0.687 
45 94.12 8.106 4.545  
65 62.23 3.845 4.131  

181 34.01 7.560 3.527  
229 21.37 8.881 3.062  
260 2.92 4.132 1.072  
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Figure 36. Mean AFDM (ash-free dry mass) remaining (%, ± 1 standard deviation from the 
mean) of Acer rubrum (red maple) from leaves collected in the fall and placed in Sand Slough. 
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Figure 37. Natural log of mean % AFDM (ash-free dry mass) remaining of Acer rubrum (red 
maple) from leaves collected in the fall and placed in Sand Slough (solid line).  The slope of the 
exponential line of best fit, or trendline (dashed line) is shown in the upper right corner with the 
corresponding r-square value. 
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Table 27. Processing coefficients (-k) for all leaf packs placed directly in Sand Slough and in the 
floodplain adjacent to Sand Slough, listed in order of slowest to fasted decay rate. “Rita” = 
leaves collected as a result of blowdown from Hurricane Rita, “fall”=leaves collected just prior 
to leaf abscission in the fall, “dry”=leaves placed in floodplain adjacent to Sand Slough, 
“wet”=leaves placed directly in Sand Slough, “tallow”=Sapium sebiferum, “maple”=Acer 
rubrum, “oak”=Quercus laurifolia. 
 
id -k (/day) r2 intercept slope 
Rita dry maple 0.054 0.9364 4.553 -0.0020 
Rita dry oak 0.075 0.9136 4.650 -0.0020 
Fall dry tallow 0.105 0.9168 4.569 -0.0028 
Fall dry maple 0.129 0.7853 4.463 -0.0020 
Rita wet maple 0.190 0.9340 4.434 -0.0058 
Rita dry tallow 0.207 0.9076 4.596 -0.0051 
Rita wet oak 0.263 0.8420 4.643 -0.0046 
Rita wet tallow 0.511 0.9530 4.271 -0.0158 
Fall wet maple 0.687 0.7853 4.913 -0.0110 
Fall wet tallow 0.758 0.9300 5.070 -0.0230 

 

Conclusions and Future Implications 

 Nearly all processing coefficients measured for this leaf breakdown study exceeded the 

expected decay rates.  Another unexpected outcome was that there was not a statistically 

significant difference in processing coefficients between leaf packs collected from leaves blown 

down from Hurricane Rita versus leaves collected from normal fall abscission.  It was expected 

that the fall leaves would have a much higher processing coefficient because they had much less 

initial organic content.  The fall leaf packs were observed to generally break down faster than 

their hurricane counterparts.   

 The leaves placed directly in the flooded environment of Sand Slough almost always 

(except for Acer rubrum collected from Hurricane Rita) decayed at a statistically faster rate than 

leaves placed in the almost always dry situation of the floodplain adjacent to Sand Slough.  This 

result was possibly confounded by the “dry” leaf packs being covered with water for 
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approximately 2 weeks in December 2005.  The semi-wet environment of the floodplain was 

inundated with overflow from Sand Slough at some point during the study.  This result was not 

entirely unexpected, however, since this is the nature of a floodplain.  Organic matter entrained 

on the floodplain is exposed to a different environment because it is often dry, yet spates of 

overland flow created by upstream dam releases or local precipitation can lead to water standing 

on the floodplain for periods of time.  Because much of the floodplain is located in a densely 

forested area in humid East Texas, the ground is often saturated and water may remain on the 

floodplain for a prolonged period of time.  It is theorized that a study similar to this one could be 

replicated, but the results in no way could be duplicated because the flooding patterns change so 

much on a seasonal and yearly basis.   

 The processing coefficient of 0.758 day-1 for Sapium sebiferum (Chinese tallow), 

although the highest in this study, was not as high as a previously recorded rate of 4.33 day-1 

(Cameron and Spencer 1989).  The previously reported rate by Cameron and Spencer (1989) is 

the only one currently available in peer-reviewed literature, but the exact calculations that were 

used to determine the rate were not included in the publication.  The Chinese tallow, which is in 

the Euphorbiacea family, is considered to have a fast decay rate.  Cameron and Spencer (1989) 

state that the low ratio of lignin to initial nitrogen concentration, which is highly correlated with 

decomposition rates in hardwood species, may contribute to the rapid breakdown of Chinese 

tallow.  An incredibly invasive species, Chinese tallow was first introduced into coastal Texas in 

the late 1800’s.  Chinese tallow is found in high numbers in the Big Thicket National Preserve, 

especially in the floodplain and along sloughs.  Based on the results from this study and previous 

studies (Cameron and Spencer 1989), Sapium sebiferum may enhance the productivity of the 
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ecosystem in which it is currently found because of the rapid decay and addition of nutrients into 

the system.   

 Acer rubrum (red maple) exhibited breakdown rates ranging from 0.054 day-1 to 0.687 

day-1, which was higher than the previously reported rates, which averaged 0.004 day-1 for the 

maple family (Webster and Benfield 1986).  This places the red maple as an intermediate 

between Chinese tallow and laurel oak with regard to its processing coefficients.  It decays at a 

medium to fast pace, so is still a viable resource for organic matter on the floodplain floor and 

falls in the intermediate range on the continuum of leaf breakdown.  

 Leaf breakdown rates of species in the oak family (Fagaceae) are typically considered to 

be slow and average approximately 0.0025 day-1 (Webster and Benfield 1986).  Processing 

coefficients for Quercus laurifolia (laurel oak) in the Big Thicket ranged from 0.075 day-1 to 

0.263 day-1, which is much higher than previous records.  Although not as fast in decomposition 

as its tallow and maple counterparts, laurel oak is obviously contributing to the organic carbon 

pool within the floodplain waters, and may even represent a more sustained source of organic 

matter than the faster-decaying Chinese tallow.  This particular species of oak was not included 

in any of the original leaf breakdown studies of the Fagaceae family, so more data are needed to 

conduct a more thorough analysis of its processing coefficient, but this brings about another 

issue regarding decay rates: they are highly variable.   

The variability associated with leaf processing rates is high because there are so many 

factors that play into this complex process.  Water temperature, bacterial populations, water flow 

rates, macroinvertebrate populations, substrate, pH, conductivity, and countless other factors all 

contribute to the leaf breakdown process.  It is apparent that not all of these conditions can be 

controlled in a field situation, and although laboratory experiments strive to control these 
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variables when explaining the leaf breakdown process, in reality the actual breakdown that is 

occurring in nature is subjected to these complex variables that fluctuate greatly between 

biogeographic regions.  In summary, the leaf breakdown process is complex, and the nature of 

processing coefficients should only be studied in situ.  The leaf breakdown study undertaken in 

the Neches River floodplain is the first of its kind in that particular ecoregion.  Processing 

coefficients provide a general understanding about the process in which organic matter is broken 

down into organic carbon.  The continuum of processing coefficients that is demonstrated in a 

particular biogeographic region potentially allows food sources to be available throughout the 

year.  Once the organic matter is broken down into its constituent organic carbon parts, it thus 

becomes an available food source for thousands of organisms dependent on the riverine 

ecosystem.     
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CHAPTER 4 

SUMMARY AND FUTURE IMPLICATIONS 

 
The overall objective of this study was to determine the contribution of the floodplain to 

the main channel of the Neches River.  Through the joint hydrology and organic carbon study, it 

was determined that Sand Slough and the other floodplain channels contribute to riverine organic 

carbon when Neches River discharges exceed 10,000 cfs.  Dissolved organic carbon was found 

to be a more accurate predictor than particulate organic carbon for nutrient fluctuation and 

availability in the river.  A distinct seasonal pattern in the organic carbon dynamics did not 

emerge during this study, but the highest mean dissolved organic carbon concentrations were 

observed in winter months, followed by the spring and summer.  Organic carbon levels did 

significantly increase following high discharge as compared to low discharge in the river.  This 

demonstrated that Sand Slough is a major contributor to river organic carbon when connectivity 

is established between the upstream, floodplain, and downstream areas. 

It is now hypothesized that organic carbon levels will markedly decrease immediately 

following a flood event, as a result of dilution.  After this initial decrease during the rising phase 

of the hydrograph, organic carbon will then increase in the week to 2 weeks following the flood 

once the organic matter has begun the breakdown process in the floodplain.  Based on the results 

from this organic carbon study, it is recommended that a flood pulse structure be replicated in the 

managed dam releases upstream at Dam B at Steinhagen Reservoir.  A flood pulse of 

approximately 20,000 cfs is recommended at least twice a year to flush organic carbon from the 

floodplain floor into the river.  This would allow for a buildup of organic matter in the forest 

floor during low dam releases when water would not inundate the forested floodplain floor, and 

still maintain the hydroelectric capacity of the dam.  With water beginning to flow over the 
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banks of the Neches River and into the cut in the bank at Sand Slough (at 8,000 to 10,000 cfs), 

organic matter would be washed into the floodplain sloughs for subsequent breakdown.  There 

would then be a continuous flow of water from the sloughs into the main river channel to allow 

for transfer of organic matter to the higher trophic levels found within the river. 

Increased discharge levels after Hurricane Rita in September 2005 caused a continuous 

flow of water from the Neches River to sweep through the floodplain, where it sequestered 

organic carbon.  Organic carbon levels on the floodplain reached record-high concentrations, and 

then contributed to organic carbon levels in the main river channel that were nearly twice as high 

as baseline concentrations.  The increase in organic carbon was likely due to nutrients leached 

from leaves, which were swept from trees prior to normal abscission in the fall.  One 

consequence of such a large storm passing through the Big Thicket during this particular time of 

year is that the peak in organic carbon loading was possibly reached earlier than during a typical 

fall year.  It is also likely that the organic carbon concentrations were higher than they would 

have been during a fall blowdown of leaves because more nutrients were remaining in the leaves.  

This change in the usually seasonal and pulsatile input of organic carbon could disrupt organisms 

dependent on it as their food source.  Some species of macroinvertebrates, for instance, have life 

histories tied to fall leaf abscission so that they may take advantage of this seasonal nutrient 

resource (Allan 1995).   

Hurricane Rita also served as an example of a high discharge flood for this study since 

the remainder of the study was conducted primarily in a drought year.  In addition to the impact 

that a hurricane has on organic carbon dynamics, it can affect algae, bacteria, fungi, 

macroinvertebrates, fish, and other vertebrates that live in this river-floodplain ecosystem.  

Organic matter from the floodplain floor was washed into the sloughs and river from the 
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localized flooding created from the hurricane, in addition to the over-bank flow from the dam 

releases.  Woody debris was also washed from the floodplain into the river, which has the 

potential to increase habitats for macroinvertebrates and fish.  This type of increase in available 

habitat has been shown to enhance the productivity of similar riverine ecosystems (Allan 1995). 

The leaf breakdown study served to demonstrate the time frame in which much of the 

organic matter on the floodplain floor is decaying.  Leaves that were placed directly in a 

floodplain slough decayed at a faster rate than those placed on the floodplain floor.  Leaves 

collected after blowdown from Hurricane Rita generally decayed at a faster rate than those 

collected prior to fall abscission, but there was not a significant difference.  These results 

indicate that there are numerous variables influencing leaf breakdown in the forest floor, and that 

the leaves blown or washed into floodplain sloughs have a greater chance of ultimately being 

broken down into labile organic carbon available to be transported to the river.  The rapid decay 

rate of Sapium sebiferum (Chinese tallow) may enhance the productivity of a riverine ecosystem 

(Cameron and Spencer 1989), but this effect may only be short-lived.  Chinese tallow is an 

invasive exotic tree that is currently found throughout the floodplain of the Neches River in the 

Neches Bottom Unit.  In the future, if Chinese tallow were able to outcompete other species of 

deciduous trees, it is possible that there might be a monospecific stand of Chinese tallow in the 

floodplain.  Reducing the diversity of tree species in the forested floodplain would limit the 

amount of organic matter available over the course of a year until the following time period 

when abscission occurs.  By limiting tree diversity, there would only be a temporary source of 

nutrition in the floodplain as a result of the Chinese tallow leaf breakdown.  After these leaves 

had decayed, there would be limitations in the availability of nutrients for the remainder of the 

year because there would no longer be a continuum of leaf breakdown with the other species 
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removed.  In this scenario, organisms living in the floodplain waters and river channel would not 

have a reliable organic carbon source and potentially rapidly decline in response to the 

nutritional shortcoming.  Once microbes and invertebrates dependent on the organic carbon 

began to decline, higher trophic levels dependent on them would also begin to decrease in 

numbers because their food source was limited.  The current continuum of leaf breakdown in the 

Neches River floodplain and associated sloughs adds to the ecological impact of the floodplain 

on the river. 

It is also possible that the organic carbon food source could decline in the floodplain if 

water levels were not sufficient enough to periodically inundate the floodplain.  Low discharge 

rates below 8,000 cfs would not allow water to flow from the Neches River into Sand Slough, 

and therefore water would not enter the floodplain except from local precipitation.  Since the 

Neches River is already altered by a dam below Steinhagen Reservoir, it is necessary to recreate 

historical flood pulses to preserve the integrity of the river-floodplain interaction.  Without 

periodic inundation of water on the floodplain, it is hypothesized that there would be record-low 

levels of organic carbon in the Neches River and that production, which is often used as a 

measurement of ecosystem health, would be degraded (Allan 1995).  Woody vegetation would 

also accumulate on the floodplain floor and not be washed into the river, thereby decreasing the 

amount of habitat for organisms in the river and indirectly decreasing biodiversity and 

production in the river.   

The addition of another dam on the Neches River or alterations to water levels in the 

upstream impoundments would complicate this situation and ultimately divert water away from 

the floodplain.  Although the impact of such alterations may not immediately be seen after water 

diversions, the long-term degradation and ecological impact could in turn affect human 
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economics by eliminating the natural variation of the flood pulse in the river-floodplain 

ecosystem.  This would eliminate the buffering capacity of the floodplain in extreme hydrologic 

events, such as flooding or hurricanes, which is an economic value that is often underestimated 

(Junk et al. 1989).  Much has been discovered about the impact of human actions on the 

environment.  As humans continue to develop and utilize our natural resources, we should also 

make efforts to understand the long-term consequences of these actions.  The river-floodplain 

ecosystem of the Neches River is a unique environment that should be preserved and every 

attempt should be made to maintain its integrity. 
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