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ABSTRACT 

 
Central Appalachian headwater streams in coalfield areas are prone to mining disturbances, and 

compensatory mitigation is required in cases of documented impacts. Stream construction on 

reclaimed mines is a common mitigation strategy. Streams constructed as compensatory 

mitigation are meant to restore structural and functional attributes of headwater streams and are 

often evaluated by measuring structural ecosystem characteristics. However, replacement of 

stream ecosystem functions is essential for mitigation of mining disturbances from an ecosystem 

perspective. This research compared selected structural and functional measures in eight 

constructed streams on mined areas to those of four forested reference streams across two years. 

Three organic matter functions were evaluated: riparian litterfall input, leaf breakdown, and 

periphyton accrual. Constructed streams were typically warmer than reference streams and also 

had elevated specific conductance, elevated oxidized nitrogen concentrations, depressed benthic 

macroinvertebrate richness, and lower levels of canopy cover. Functionally, litterfall input and 

total leaf breakdown means for constructed streams were approximately 25% and 60% of 

reference means, respectively. Leaf breakdown in constructed streams appeared to be inhibited 

as a result of reduced processing by benthic macroinvertebrates as well as inhibition of microbial 

and physicochemical pathways. Constructed streams with total breakdown rates most similar to 

reference-stream levels had the coldest stream temperatures. Areal periphyton biomass, benthic 

algal standing crop, and senescent autotrophic organic matter in constructed streams were 

roughly quadruple, double, and quintuple those of reference streams, respectively. Indicator 

ratios also suggested stream-type differences in periphyton structure. Mean algal accrual was 

greater in constructed streams than in reference streams during leaf-on seasons. My results 

suggest that light is likely the primary factor driving accrual rate differences during summer and 

fall, but that  temperature may also be important during fall. Planting a diverse assemblage of 

native riparian trees and ensuring their successful development can inhibit benthic irradiance and 

thermal energy inputs while providing similar quantity and quality of OM to constructed streams, 

thereby fostering replacement of reference-like OM functions in some streams.
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CHAPTER 1. Introduction  

 

Background.  

High-intensity surface coal mining in Central Appalachia has resulted in elevated rates of land- 

use change (Townsend et al. 2009) and geomorphic alteration at broad, landscape scales (Hooke 

1999). Because of the highly-dissected landscape and relatively high drainage densities 

characteristic of the region (Leopold et al. 1964), headwater streams (1st- and 2nd- order) are 

particularly susceptible to mining-related impacts (USEPA 2005, 2011). Surface mining 

operations remove large amounts of rock overlying coal seams, creating “mine spoils”. Mine 

spoils in excess of  those required to create post-mining landforms are often disposed in adjacent 

valleys, and have buried thousands of km of headwater streams in Central Appalachia (USEPA 

2005, 2011). 

 

The U.S. Army Corps of Engineers is tasked with permitting mine spoil disposal as “fill” in  

headwater streams through the Clean Water Act [section 404]. The federal regulation 

implementing Section 404(b)(1) of the Clean Water Act, also known as the Compensatory 

Mitigation Rule, requires mitigation when all appropriate and practicable measures to avoid and 

minimize stream impacts have been exhausted (33 CFR § 332/40 CFR § 230). Although adverse 

impacts of mining on headwater streams can be minimized, complete avoidance of these impacts 

is unlikely in the near future because of the continued use of coal as an energy source and in 

industrial processes. Therefore, mitigation will likely remain a common method of ameliorating 

negative effects of coal-mining on surface waters in this region. 

 

When employed as compensatory mitigation, stream construction is intended to replace or 

restore the structural and functional attributes of stream ecosystems that were lost as a result of 

anthropogenic disturbances. Structural measures represent an ecosystem attribute at a point in 

time (e.g., concentrations, macroinvertebrate abundances), whereas functional measures are 

processes or rates that represent how ecosystem attributes change through time (e.g., rates of 

productivity or transport; Bunn and Davies 2000). Post-construction assessments are required to 

determine whether such stream mitigations are replacing ecosystem attributes lost as a result of 

mining (33 CFR§332/40 CFR § 230); however, Palmer and Hondula (2014) found that these 
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assessments overwhelmingly relied on evaluations of structural metrics alone. Although little is 

known concerning ecosystem functions in constructed coalfield streams meant as compensatory 

mitigation (Palmer and Hondula 2014), the USEPA has encouraged direct measurement of 

functional metrics in stream mitigation assessments (Harman et al. 2012).  

 

Characterization of organic matter (OM) is fundamentally important to describing the overall 

structure and function of lotic ecosystems. Headwater streams buried as a result of mining 

activities in Central Appalachia typically originate in forested landscapes. As a result of dense 

riparian cover, the energetic resource base of forested streams is generally dominated by 

allochthonous OM, with concomitantly low-levels of autochthonous OM (Minshall 1967, 1978, 

Fisher and Likens 1973, Cummins 1974, Vannote et al. 1980). However, both allochthonous 

(e.g., Cummins 1973, 1974) and autochthonous OM (e.g., Coffman et al. 1971, Mayer and 

Likens 1987) can serve as important energy sources for stream biota in forested headwater 

streams and along the lotic continuum (Vannote et al. 1980). Additionally, allochthonous inputs 

of wood can influence sediment (Valett et al. 2002) and OM transport (Webster et al. 1990), 

nutrient retention (Webster et al. 2000, Valett et al. 2002), and habitat structure (Wallace et al. 

1995a, Palmer et al. 1996). Therefore, alteration of production, yield, or composition of OM 

resources available to stream communities could substantially affect overall structure and 

function of headwater and downstream ecosystems. 

 

Only three studies have investigated ecosystem-level functions in streams constructed on Central 

Appalachian mine sites relative to reference headwater streams with forested riparian areas (Fritz 

et al. 2010, Northington et al. 2011, Petty et al. 2013). The majority of constructed streams 

included in one of these studies were not meant as mitigation (Fritz et al. 2010). Additionally, 

effects of legacy mining were evident in one of the forested streams studied by Petty et al. 

(2013), whereas all forested streams studied by Northington et al. (2011) were affected by legacy 

or current mining within their immediate catchments. Nonetheless, results of all three studies 

provide evidence that mining processes and/or construction techniques can alter OM functions 

(Fritz et al. 2010, Petty et al. 2013), or ecosystem processes that are directly related to OM 

functions (Northington et al. 2011).  
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Relative to reference-streams, Fritz et al. (2010) and Petty et al. (2013) observed slower leaf 

breakdown rates in coarse–mesh bags for constructed streams in eastern Kentucky and southern 

West Virginia coalfields, respectively. It is unclear whether depressed leaf breakdown rates 

observed by those authors were solely a product of reduced benthic macroinvertebrate feeding, 

or if physicochemical and microbial processing of leaves was also inhibited. Petty et al. (2013) 

also documented that retention rates of artificial sticks were greater in constructed streams than 

in forested reference streams. In Virginia coalfield streams, Northington et al. (2011) compared 

gross primary production, community respiration, net ecosystem production, and ammonium 

uptake rates between two stream types that had similar water quality and had been influenced by 

mining-disturbances within their catchment. Those authors reported higher rates of gross primary 

production for the largely de-canopied constructed streams relative to streams with developed 

riparian canopy cover. Furthermore, some structural attributes (e.g., temperature, canopy cover, 

nutrients, and/or benthic macroinvertebrate metrics) with potential to influence OM functions 

differed between stream types in each of those studies. 

 

Problem summary and need for research.   

Surface mining in Central Appalachian coalfields will likely persist in the near future, and 

continued impacts to headwater streams can be expected. Constructed streams are meant to 

mitigate for mining-induced impacts to these streams, but assessments based on structural 

metrics indicate that many of these mitigation projects are not restoring or replacing structural 

ecosystem attributes (see Palmer and Hondula 2014). Moreover, there is a paucity of research 

concerning ecosystem function of constructed headwater streams influenced by mining in 

Central Appalachia (Fritz et al. 2010; Northington et al. 2011; Petty et al. 2013), despite the 

increased interest in using functional metrics in mitigation assessment frameworks (Harman et 

al. 2012).   

 

Organic matter resources are fundamentally important to the structure and function of lotic 

ecosystems, and much remains unknown concerning OM functions in coalfield streams 

influenced by mining. To date, no studies have characterized allochthonous OM inputs or 

autochthonous OM accrual in constructed streams influenced by coal-mining relative to forested 

reference streams.  
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Purpose, goals, and objectives.  

The primary purpose of this dissertation research was to examine how selected OM functions 

differ between streams constructed on mined areas and forested reference streams not influenced 

by mining and to determine factors that could be driving OM functional differences.  The goals 

of this research were to: 

1) contribute to the body of knowledge regarding ecosystem functions in constructed 

streams meant as mitigation for mining-induced losses in Central Appalachian coalfields, 

2) determine factors that could potentially be manipulated during construction to produce 

reference-like OM functions, and  

3) evaluate selected OM functions in the context of assessment frameworks to suggest 

potential candidate metrics. 

 

Specific objectives of each primary research chapter (Chapters 4 and 5) were to: 

1)  compare selected OM functions between constructed and reference stream types,  

2) evaluate specific OM functions of individual constructed streams relative to reference 

means, and  

3) examine relationships between OM functional metrics and ecosystem structural metrics 

among constructed streams—emphasizing factors that may be manipulated during 

construction to promote development of reference-like OM functions. 

 

Research context and selected OM functions.  

To address the above goals, I measured several OM functions in eight constructed headwater 

streams on mine sites and four forested reference streams within relatively undisturbed 

catchments. All 12 study streams are located in the four primary coal-producing counties of 

southwestern Virginia (viz., Wise, Dickenson, Buchanan, and Russell) within the Appalachian 

Plateau physiographic region (Fenneman 1938) and on similar coalfield geology.   

 

The OM functions I measured in each stream were broadly divided into three classes: 1) litterfall 

metrics, 2) periphyton and algal accrual metrics, and 3) leaf breakdown metrics. Litterfall and 

accrual of periphyton and algae were meant to functionally characterize important sources of 

allochthonous and autochthonous OM, respectively. Litterfall is perhaps the major source of 
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allochthonous OM in forested headwater streams of Central Appalachia as compared to 

dissolved OM fractions (see Wallace et al. 1995b) or particulate OM fractions from lateral 

movement (see Webster et al. 1995, Benfield 1997). Benthic algae are the most ubiquitous 

primary producers in lotic ecosystems (Biggs 1996), and in combination with microbial 

heterotrophs, comprise the periphyton community (Wetzel 2001). Although biomass of 

periphyton and algae is typically low in forested headwater streams, these sources of 

autochthonous OM can be particularly important as energetic resources to stream biota (see 

Coffman et al. 1971, McIntire 1973, Mayer and Likens 1987). 

 

In contrast to measuring OM sources, leaf breakdown metrics were intended to provide insight 

into the pattern and mechanisms controlling how an important source of allochthonous OM (i.e., 

leaves) is processed in streams. I determined leaf breakdown rates using litterbag techniques with 

two different mesh-diameters (coarse and fine mesh). Fine mesh is meant to exclude benthic 

macroinvertebrates, thus partitioning effects of combined physicochemical and microbial 

processing on leaf breakdown (Gessner and Chauvet 2002, Young et al. 2008). Composite 

functional indicator variables based on breakdown rates were also used to discern the relative 

importance of benthic macroinvertebrate feeding on the leaf breakdown process (Chergui and 

Pattee 1990, Gessner and Chauvet 2002).   

 

Collectively, litterfall, periphyton and algal accrual, and leaf breakdown metrics provide an 

enhanced functional understanding of OM dynamics in constructed headwater streams meant as 

mitigation for mining-induced disturbances in Central Appalachia. Comparing these measures to 

forested reference streams, should provide insight into how mining processes and/or stream 

construction techniques have altered OM dynamics. Furthermore, characterizing such OM 

dynamics in conjunction with routine physiochemical monitoring could aid in evaluating how 

specific factors may be controlling these processes. All three types of OM measures (i.e., 

litterfall, periphyton and algal accrual, and leaf breakdown metrics) are temporally integrative, 

economical, and conceptually simple; those functional metrics that can effectively discern 

between stream types may be useful in assessment frameworks.  
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Research overview.  

The review of scientific literature in Chapter 2 serves to put this research into a broader context. 

Specifically, I discuss the historical importance of coal and its impacts on headwater streams, the 

role of headwater streams in lotic networks, stream mitigation and assessment for mining-

induced impacts, and significance and sources of OM in headwater streams. I also provide 

justification for the specific OM functions I chose to study as descriptors of OM dynamics in 

headwater streams, and review the literature concerning constructed streams meant as mitigation 

for Central Appalachian coal-mining to date. Chapter 3 covers detailed research methods.  

 

In Chapter 4, I compare structural attributes of constructed and reference streams, and I address 

the specific objectives listed above with respect to two stream functions representing 

allochthonous OM dynamics (riparian litterfall, leaf breakdown). I hypothesized that litterfall 

input rates in constructed streams would be depressed as a result of lower riparian canopy cover 

and that total leaf breakdown rates would be depressed as a result of reduced benthic 

macroinvertebrate feeding. Additionally, I evaluate leaf breakdown in fine mesh and use a 

variety of techniques to explore the likely direct and indirect causes of observed leaf breakdown 

patterns. 

  

I address similar objectives in Chapter 5, but with respect to autochthonous OM functions. I 

hypothesized that constructed streams would have faster periphyton and benthic algal accrual 

rates relative to forested reference streams as a result of low levels of riparian shading. I also 

compared periphyton biomass (as AFDM), algal standing crop (as chl-a), and non-autotrophic 

senescent OM within the periphyton mat (as phaeopigments) between stream types over long-

term exposures and short-term accrual periods. Additionally, I discuss observations and 

implications of two non-taxonomic structural indicator ratios (AFDM : chl-a and                      

chl-a : phaeopigment) and explore how potentially causative structural variables may be driving 

observed periphyton and algal differences. 

 

Finally, in Chapter 6, I synthesize key findings and conclusions from Chapters 4 and 5, and 

summarize implications of this research in the context of stream construction practices and 

functional assessment frameworks. 



 7

REFERENCES 

 BENFIELD, E. F. 1997. Comparison of litterfall input to streams. Journal of the North American 
Benthological Society 16:104–108. 

BIGGS, B. J. F. 1996. Patterns in benthic algae of streams. Pages 31–56 in R. J. Stevenson, M. L. 
Bothwell, and R. L. Lowe (editors). Algal ecology: freshwater benthic ecosystems. 
Academic Press, San Diego, CA. 

BUNN, S. E., AND P. M. DAVIES. 2000. Biological processes in running waters and their 
implications for the assessment of ecological integrity. Hydrobiologia 422/423:61–70. 

CHERGUI, H., AND E. PATTEE. 1990. The processing of leaves of trees and aquatic macrophytes in 
the network of the River Rhone. Internationale Revue der gesamten Hydrobiologie und 
Hydrographie 75:281–302. 

COFFMAN, W. P., K. W. CUMMINS, AND J. C. WUYCHECK. 1971. Energy flow in a woodland 
stream ecosystem: I. Tissue support trophic structure of the autumnal community. Archiv 
für Hydrobiologie 68:232–276. 

CUMMINS, K. W. 1973. Trophic relations of aquatic insects. Annual Review of Entomology 
18:183–206. 

CUMMINS, K. 1974. Structure and function of stream ecosystems. BioScience 24:631–641. 

FENNEMAN, N. M. 1938. Physiography of Eastern United States. McGraw Hill, New York, NY. 

FISHER, S. G., AND G. E. LIKENS. 1973. Energy flow in Bear Brook , New Hampshire : an 
integrative approach to stream ecosystem metabolism. Ecological Monographs 43:421–439. 

FRITZ, K. M., S. FULTON, B. R. JOHNSON, C. D. BARTON, J. D. JACK, D. A. WORD, AND R. A. 
BURKE. 2010. Structural and functional characteristics of natural and constructed channels 
draining a reclaimed mountaintop removal and valley fill coal mine. Journal of the North 
American Benthological Society 29:673–689. 

GESSNER, M. O., AND E. CHAUVET. 2002. A case for using litter breakdown to assess functional 
stream integrity. Ecological Applications 12:498–510. 

HARMAN, W., R. STARR, M. CARTER, K. TWEEDY, M. CLEMMONS, K. SUGGS, AND C. MILLER. 
2012. A function-based framework for stream assessment and restoration projects. US 
Environmental Protection Agency, Office of Wetlands, Oceans, and Watersheds, 
Washington, D.C. EPA 843-K-12-006. 

HOOKE, R. L. 1999. Spatial distribution of human geomorphic activity in the United States: 
omparison with rivers. Earth Surface Processes and Landforms 24:687–692. 



 8

LEOPOLD, L. B., M. G. WOLMAN, AND J. P. MILLER. 1964. Fluvial processes in geomorphology. 
WH Freeman, San Francisco. 

MAYER, M. S., AND G. E. LIKENS. 1987. The importance of algae in a shaded headwater stream 
as food for an abundant caddisfly (Trichoptera). Journal of the North American 
Benthological Society 6:262–269. 

MCINTIRE, C. D. 1973. Periphyton dynamics in laboratory streams: a simulation model and its 
implications. Ecological Monographs 43:399–420. 

MINSHALL, G. W. 1967. Role of allochthonous detritus in the trophic structure of a woodland 
springbrook community. Ecology 48:139–149. 

MINSHALL, G. W. 1978. Autotropy in stream ecosystems. BioScience 28:767–771. 

NORTHINGTON, R. M., E. F. BENFIELD, S. H. SCHOENHOLTZ, A. J. TIMPANO, J. R. WEBSTER, AND 

C. E. ZIPPER. 2011. An assessment of structural attributes and ecosystem function in 
restored Virginia coalfield streams. Hydrobiologia 671:51–63. 

PALMER, M. A., P. ARENSBURGER, A. P. MARTIN, AND D. DENMAN. 1996. Disturbance and patch 
specific responses: the interactive effects of woody debris and floods in lotic invertebrates. 
Oecologia 105:247–257. 

PALMER, M. A., AND K. L. HONDULA. 2014. Restoration as mitigation: analysis of stream 
mitigation for coal mining impacts in southern Appalachia. Environmental Science & 
Technology 48:10552–10560. 

PETTY, J. T., G. GINGERICH, J. T. ANDERSON, AND P. F. ZIEMKIEWICZ. 2013. Ecological function 
of constructed perennial stream channels on reclaimed surface coal mines. Hydrobiologia 
720:39–53. 

TOWNSEND, P. A., D. P. HELMERS, C. C. KINGDON, B. E. MCNEIL, K. M. DE BEURS, AND K. N. 
ESHLEMAN. 2009. Changes in the extent of surface mining and reclamation in the Central 
Appalachians detected using a 1976-2006 Landsat time series. Remote Sensing of 
Environment 113:62–72. 

USEPA. 2005. Mountaintop mining/valley fills in Appalachia final programmatic environmental 
impact statement. U.S. Environmental Protection Agency, Region 3 Office, Philadelphia, 
PA. EPA 9-03-R-05002. 

USEPA. 2011. The effects of mountaintop mines and valley fills on aquatic ecosystems of the 
central Appalachian coalfields. U.S. Environmental Protection Agency, Office of Research 
and Development, National Center for Environmental Assessment, Washington, D.C. 
EPA/600/R-09/138F. 



 9

VALETT, H. M., C. L. CRENSHAW, AND P. F. WAGNER. 2002. Stream nutrient uptake, forest 
succession, and biogeochemical theory. Ecology 83:2888–2901. 

VANNOTE, R. L., G. W. MINSHALL, K. W. CUMMINS, J. R. SEDELL, AND C. E. CUSHING. 1980. The 
river continuum concept. Canadian Journal of Fisheries and Aquatic Sciences 37:130–137. 

WALLACE, J. B., J. R. WEBSTER, AND J. L. MEYER. 1995a. Influence of log additions on physical 
and biotic characteristics of a mountain stream. Canadian Journal of Fisheries and Aquatic 
Sciences 52:2120–2137. 

WALLACE, J. B., M. R. WHILES, S. EGGERT, T. F. CUFFNEY, G. J. LUGTHART, AND K. CHUNG. 
1995b. Long-term dynamics of coarse particulate organic matter in three Appalachian 
mountain streams. Journal of the North American Benthological Society 14:217–232. 

WEBSTER, J. R., S. W. GOLLADAY, E. F. BENFIELD, D. J. D’ANGELO, AND G. T. PETERS. 1990. 
Effects of forest disturbance on particulate organic matter budgets of small streams. Journal 
of the North American Benthological Society 9:120 – 140. 

WEBSTER, J. R., J. L. TANK, J. B. WALLACE, J. L. MEYER, S. L. EGGERT, T. P. EHRMAN, B. R. 
WARD, B. L. BENNETT, P. F. WAGNER, AND M. E. MCTAMMANY. 2000. Effect of litter 
exclusion and wood removal on phosphorus and nitrogen retention in a forest stream. 
Verhandlungen des Internationalen Verein Limnologie 27:1337–1340. 

WEBSTER, J. R., J. B. WALLACE, AND E. F. BENFIELD. 1995. Organic processes in streams of the 
eastern United States. Pages 117–187 in C. E. Cushing, K. W. Cummins, and G. W. 
Minshall (editors). Ecosystems of the World: River and Stream Ecosystems. Elsevier, New 
York, NY. 

WETZEL, R. G. 2001. Limnology lake and reservoir ecosystems. Academic Press, San Diego, 
CA. 

YOUNG, R. G., C. D. MATTHAEI, AND C. R. TOWNSEND. 2008. Organic matter breakdown and 
ecosystem metabolism: functional indicators for assessing river ecosystem health. Journal 
of the North American Benthological Society 27:605–625. 

 

 

 

 

 

 

 

 



 10

CHAPTER 2. Literature Review 

 

Introduction to the literature review. 

Definition of the issue. Coal mining in central Appalachia has impacted headwater streams 

(USEPA 2005, 2011), and these impacts can persist downstream because of the connectivity of 

lotic networks (see Palmer et al. 2010, Lindberg et al. 2011, Bernhardt et al. 2012). Stream 

construction is one common compensatory stream mitigation method and is meant to ameliorate 

losses of headwater stream structure and function caused by landscape disturbances such as 

mining (33 CFR § 332/40 CFR § 230). However, regulatory requirements of mitigation 

assessments are generally restricted to structural evaluations, and little research exists concerning  

effectiveness of constructed streams at replacing ecosystem functions lost as a result of mining 

(Palmer and Hondula 2014). Therefore, there is a need for research that evaluates the functional 

condition of such streams and indicates measures that can be taken to improve mitigation efforts. 

 

Reasons for review and sequence. I review the literature to provide background concerning the 

importance of headwater streams, the mining process and how it affects these streams, types of 

stream mitigation, and common methods of assessment. Relevant terminology and regulations 

associated with stream mitigation and assessment are covered in each of these subsections. 

Additionally, I review research that demonstrates the significance of organic matter (OM) as a 

major contributor to structure and function of lotic ecosystems, I discuss important sources of 

OM, and I make the case for evaluating several OM functions as descriptors of functional 

differences between constructed headwater streams meant as mitigation versus forested reference 

streams. I discuss findings of other authors that have studied ecosystem functions of constructed 

streams in the Central Appalachian coalfields to put this research into the context of the current 

state of knowledge.  Lastly, I summarize the literature and justify my approach to this topic.  

 

Scope. The scope of this review is primarily limited to mitigation efforts for mining-induced 

stream impacts to headwater streams in the coalfields of Central Appalachia, as well as 

assessment and characterization of OM functions in these streams. With respect to structural 

factors that could influence selected OM functions, I focus on direct effects and relegate relevant 

discussion of indirect effects to subsequent research manuscripts in the dissertation.   
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Coal mining and headwater streams in Central Appalachia.  

Coal extraction is integral to economic activity throughout much of the Central Appalachian 

region, and has been practiced in this region for more than a century (Abramson and Haskell 

2006). Elevated levels of geomorphic (Hooke 1999) and land-cover change (Townsend et al. 

2009, Sayler 2014) have been documented in this region and are primarily a consequence of 

high-intensity surface mining in high-relief areas.  

 

Headwater streams (1st- and 2nd-order) are unique ecosystems that serve to enhance biodiversity 

of riverine systems (Meyer et al. 2007), link soil, surface, and groundwater biogeochemical 

processes (McClain et al. 2003, Vidon et al. 2010), provide connectivity among components of 

the hydrologic cycle (Freeman et al. 2007), and transport matter and energy from riparian zones 

longitudinally down the river network (Vannote et al. 1980, Hill and Webster 1983, Wallace et 

al. 1995b). As such, their value is increasingly recognized. Because of the highly dissected 

landscape and relatively high drainage densities characteristic of this region (Leopold et al. 

1964), these streams are particularly impacted by surface mining activities.  

 

Large amounts of  rock from above or between coal seams, or “overburden”, are removed as a 

result of contour surface mining and mountain-top mining (MTM). Following removal, 

overburden is referred to as mine spoil and expands in volume by a factor of approximately 20-

30% primarily caused by increased pore space from physical fragmentation. This excess volume 

necessitates disposal of mine spoil regardless of whether the land will be returned to approximate 

original contour (AOC) or if an alternate post-mining landform will be constructed. Typically, 

spoil material in excess of what is required to construct post-mining landforms is placed in 

adjacent valleys. Central Appalachian mine spoils generally release high concentrations of 

sulfate (SO4
2-), bicarbonate (HCO3

-), calcium (Ca 2+) and magnesium (Mg 2+) ions as they 

weather (Orndorff et al. 2010, Daniels et al. 2013), and have been associated with elevated ionic 

strength observed in headwater streams (Fritz et al. 2010, Palmer et al. 2010, Griffith et al. 2012) 

and downstream reaches in this region (Lindberg et al. 2011, Merriam et al. 2011, Bernhardt et 

al. 2012). From 1992 through 2002, USEPA (USEPA 2005, 2011) documented a “loss” or burial 

of more than 1,900 km  of headwater streams in the region as a direct result of mine spoil 

disposal  (i.e., valley fills, VFs) associated with surface mining.  
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Valley fills that bury these streams are permitted by the U.S. Army Corps of Engineers through 

the Clean Water Act [CWA; section 404]. The overarching purpose of the CWA is to restore and 

maintain the integrity of waters of the U.S. [section 101]. The final compensatory mitigation 

rule, established under section 404(b)[1], requires mitigation to offset stream losses when all 

appropriate and practicable measures to avoid and minimize these impacts have been exhausted 

(33 CFR § 332/40 CFR § 230). Given the important role of coal as an energy source and in 

industrial processes, coal extraction and utilization are likely to persist in the near future. 

Therefore, complete avoidance of mining-related impacts on fundamentally important headwater 

streams is unlikely, and the need to ameliorate these impacts with effective mitigation is present.  

 

Stream mitigation: types and terminology.  

There are four types of compensatory mitigation: restoration, enhancement, preservation, and 

establishment of aquatic sites (33 CFR § 332/40 CFR § 230). The first three terms refer to 

mitigation actions occurring on previously existing sites. The fourth term, “establishment”, refers 

to creation of a site that did not exist prior to impact. This type of mitigation is commonly 

applied to ameliorate the impact of coal mining activities on headwater streams in Central 

Appalachia and is the focus of this research.  

 

In contrast to the regulatory definition of restoration, ecological restoration is defined as “an 

intentional activity that initiates or accelerates the recovery of an ecosystem with respect to its 

health, integrity and sustainability” (SER 2004). In this broad sense, “restoration” could 

encompass all four types of compensatory mitigation. Disagreement between informal and 

regulatory definitions contributes to the ambiguity of this term. Furthermore, “restoration” 

implies that a successful endpoint has been achieved, and this is a tenuous proposition for newly 

constructed streams in any context. Several authors have classified newly established streams 

using different terminology depending on study objectives. Northington et al. (2011) variously 

referred to “restored” and “reconstructed” channels, and Palmer and Hondula (2014) use the term 

“created”. Both Fritz et al. (2010) and Petty et al. (2013) used the term “constructed”, but many 

of the channels in the former study were meant as valley fill drains (i.e., “groin ditches”) and 

were not intended to ameliorate mining-induced impacts. I also avoid using the term 
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“restoration” to describe streams in the present study that have been established on mined areas 

with the intent of replacing streams lost as a result of mining activities and refer to these as 

constructed streams. 

 

Assessment of stream mitigations: structure vs. function.  

Under the CWA, mitigation projects are intended to replace and restore ecosystem structural and 

functional attributes that were lost due to permitted disturbances. The compensatory mitigation 

rule requires that assessment of these projects is based on regular monitoring and measurable 

performance standards (33 CFR§332/40 CFR § 230). From a regulatory perspective, function has 

been defined as “physical, chemical, and biological processes” (33 CFR§332/40 CFR § 230). 

That is, structural measures represent an ecosystem attribute at a point in time (e.g., 

concentrations, macroinvertebrate abundances), whereas functions are processes or rates that 

represent changes in ecosystem attributes through time (e.g., rates of productivity or transport; 

see Bunn and Davies 2000). Although many structural metrics are intended to indicate functional 

condition of streams (e.g., functional feeding groups, fish guilds) and can effectively track 

ecosystem functions in some contexts (e.g., Wallace et al. 1996), many authors recognize that 

structural metrics are not necessarily adequate surrogates for functional performance (Bunn 

1995, Bunn and Davies 2000, Benstead et al. 2009).  

 

 The USEPA has specifically encouraged use of direct functional metrics in stream assessments 

(Harman et al. 2012). Despite this, Palmer and Hondula (2014) reported that assessments of 

central Appalachian coalfield (eastern Kentucky, southwest Virginia, and southern West 

Virginia) stream mitigation projects were generally limited to evaluation of structural measures. 

Of the 434 stream mitigation projects considered by those authors, visual assessment of habitat 

quality was the most common method of evaluation, although chemical and biological data were 

reported for some streams (< 33%). Based on reported structural data, those authors concluded 

that stream mitigations for mining-induced disturbance were not adequately replacing ecosystem 

attributes, but they acknowledge that “the extent to which mitigation projects for surface mining 

result in recovery of lost aquatic resource functions is largely unknown”. I am aware of only 

three published studies that have attempted to characterize ecosystem function of constructed 

headwaters impacted by mining in central Appalachia to date (Fritz et al. 2010; Northington et 
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al. 2011; Petty et al. 2013), and many of the streams in those studies were either not  

intentionally constructed for mitigation (Fritz et al. 2010) or were not compared to minimally 

disturbed forested reference streams (Northington et al. 2011). 

 

Organic matter in headwater streams: significance and sources.   

The OM resource base is fundamentally important as a determinant of structure and function in 

headwaters and downstream environments. Classical literature in stream ecology has shown that 

forested headwater streams are predominantly open ecosystems, dominated by allochthonous 

inputs of OM from riparian zones (e.g., Minshall 1967, 1978, Fisher and Likens 1973, Cummins 

1974, Vannote et al. 1980).  Coarse particulate OM entering streams is converted to dissolved 

and fine particulate OM via coupled biotic and abiotic mechanisms and serves as an energy 

source for many stream biota in forested headwater streams (Cummins 1973, 1974) and along 

the lotic continuum (Vannote et al. 1980). Furthermore, riparian contributions of woody OM can 

increase retention of fine sediments (Webster 1990) and particulate OM (Webster et al. 1994) 

and limit nutrient export (Webster et al. 2000, Valett et al. 2002), thus altering resource and 

habitat availability that can affect stream biota in headwaters (Wallace et al. 1995a) and 

downstream (Jones et al. 1999, Sutherland et al. 2002). Therefore, allochthonous OM is an 

important contributor to ecosystem structure and functional dynamics in lotic networks that 

originate in forests.  

 

In contrast to allochthonous OM, the contribution of in-stream autotrophs to the OM resource 

base in forested headwater streams is typically small (Minshall 1978). Periphyton communities 

are comprised of all viable heterotrophic and autotrophic microbes living on—or associated 

with—submerged surfaces (Wetzel 2001). When measured as ash-free dry mass (AFDM), the 

periphyton mat also includes any associated non-living OM (e.g., extracellular polymeric 

substances, dead cells, or embedded allochthonous detritus). Benthic algae are the most 

ubiquitous primary producers in lotic ecosystems (Biggs 1996) and are a part of the periphyton 

mat. Despite generally low biomass in forested headwater streams, algae are replete with 

nutrients and fatty acids (Delong and Thorp 2006, Cashman et al. 2013) compared to 

allochthonous detrital material (Zimka and Stachurski 1976) and are a high-quality food source 

utilized by some benthic macroinvertebrates (Cummins 1973, Vannote et al. 1980). Relatively 
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low densities of  periphyton biomass can support a disproportionate amount of grazer biomass as 

a result of rapid microbial turnover (McIntire 1973), and Coffman et al. (1971) reported that 

periphytic algae supported more consumer biomass in a small forested Pennsylvania stream than 

did detritus. Additionally, Minshall (1978) emphasizes that autochthonously generated OM, 

particularly periphyton, accounts for a majority of the trophic budget in many open canopy 

streams. Collectively, findings of other authors indicate that autochthonously generated OM can 

play an important role as a determinant of structure and function in headwater and downstream 

lotic ecosystems.  

 

Organic matter budgets provide a holistic view of ecosystem energy flow via estimation of total 

inputs, outputs, and storage (e.g., Fisher and Likens 1973). However, accurate estimation of 

some OM fractions (e.g., fine particulate OM and dissolved OM) is particularly difficult, 

considering that several studies have documented that OM transport can vary based on 

vegetative assemblage composition, seasonal timing of inputs, and/or episodically with discharge 

(Bilby and Likens 1979, 1980, Meyer and Tate 1983, Webster and Golladay 1984). Therefore, 

OM budgets require high-intensity sampling efforts that are time consuming, thus limiting their 

utility within assessment frameworks. In contrast, measures that characterize major sources of 

OM (i.e., allochthonous vs. autochthonous) and OM processing could provide insight into how 

structure and function of forested headwater streams differ from constructed streams impacted by 

mining while limiting sampling requirements to manageable levels. Furthermore, characterizing 

such OM dynamics in conjunction with routine physiochemical monitoring could facilitate 

insight into factors that may control these processes.  

 

Selected organic matter functions: importance and measurement. 

Litterfall input.  Riparian litterfall is perhaps the greatest source of allochthonous OM to forested 

Central Appalachian headwater streams. In three forested headwater streams in western North 

Carolina, Wallace et al. (1995b) estimated that  litterfall accounted for approximately 90% of 

total OM inputs, in contrast to dissolved OM, which contributed only 10%  on average. With 

respect to riparian subsidies of particulate OM, direct-fall of litter to forested Appalachian 

headwater streams typically contributes more than does lateral movement (a.k.a., “blow-in”).  

Based on estimates from several headwater streams in the Appalachians of Virginia, Tennessee, 
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and North Carolina, between 70% and 88% of the particulate OM subsidies from riparian areas 

were from direct fall (see Webster et al. 1995, Benfield 1997). Based on the findings of other 

authors, litterfall inputs are an important descriptor of allochthonous resources available to 

stream communities in forested headwaters. Therefore, comparing rates and timing of litterfall in 

constructed- and forested reference streams can provide information concerning how mining and 

construction processes may have altered an important source of allochthonous OM from a 

functional perspective.  

 

Leaf breakdown.  Leaf breakdown is a function of biotic processes, such as microbial and 

macroinvertebrate activity, coupled with abiotic processes, such as physical fragmentation and 

leaching of organic compounds (see Webster and Benfield 1986).  Breakdown rates provide 

insight into how allochthonous OM is processed in lotic ecosystems. Measuring mass-loss of 

leaves in coarse-mesh bags, and applying these data to a first-order decay model (i.e., simple 

negative exponential model), is a commonly used method to evaluate the leaf breakdown process 

(see Webster and Benfield 1986, Benfield 2007). A number of authors have investigated this 

process in low-order streams that differ with respect to in situ abiotic structure, biotic structure, 

and/or catchment land-use (e.g., Wallace et al. 1982, Webster and Waide 1982, Benfield and 

Webster 1985, Whiles and Wallace 1997, Sponseller and Benfield 2001). Additionally, leaf 

breakdown coefficients have been determined for several mining-impacted streams (Siefert and 

Mutz 2001, Schlief and Mutz 2005, Simmons et al. 2008, Fritz et al. 2010, Petty et al. 2013).  

 

Widespread application of common leaf breakdown methods to headwater streams provides a 

basis for putting results from this study into a broader context. Other authors have advocated use 

of fine-mesh bags, meant to exclude benthic macroinvertebrates, in combination with coarse-

mesh bags (Gessner and Chauvet 2002, Young et al. 2008). Use of fine-mesh indicates the 

contribution of combined physicochemical and microbial factors to the breakdown process in the 

absence of feeding by shredders (Chergui and Pattee 1990, Robinson and Gessner 2000, 

O’Connor et al. 2000, Gessner and Chauvet 2002, Wright and Covich 2005). Gessner and 

Chauvet (2002) have presented a compelling case for using multiple indicator ratios based on 

leaf breakdown rates in stream functional assessments (e.g., coarse mesh/fine mesh, impact 

site/reference site); however, these metrics have not been widely tested. Testing the ability of 
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such metrics to discern between mining-influenced constructed streams intended as mitigation 

and forested reference streams may inform development of functional assessment protocols.  

 

Periphyton and algal accrual. In contrast to litterfall input and leaf breakdown rates that are 

intended to describe allochthonous OM dynamics, periphyton-based metrics can provide insight 

into autochthonous OM functions. Moreover, as periphyton is partly comprised of algae, 

isolating this component of the microbial community using chlorophyll-a (chl-a) provides a 

means of characterizing the most commonly occurring autotrophic OM component in small 

streams (Biggs 1996). Benthic algae are particularly important to the overall OM resource base 

in small unshaded streams (see Minshall 1978). Evaluating structural metrics in light of 

spatiotemporally variable factors (Hill et al. 2001) facilitates inferences concerning controls on 

periphyton biomass or standing crop; however, biomass densities and production rates may be 

limited by the same or different factors (Borchardt 1996).  

 

Several authors have used accumulation of periphyton biomass (AFDM) or algal standing crop 

(chl-a) to characterize autochthonous production in Appalachian headwater streams (Kevern et 

al. 1966, Greenwood and Rosemond 2005) and in lotic ecosystems elsewhere (Bothwell 1985, 

1988, Munn et al. 1989, Biggs 1990). Depending on methodology, model, and assumptions, 

these metrics have been variously referred to as area-specific accrual or growth rates. 

Additionally, taking sufficient precautions to limit effects of herbivory, scour, and emigration 

(see Feminella et al. 1989, Aloi 1990, Biggs and Kilroy 2000) allows isolation of the effects of 

aggregate bottom-up factors (i.e., light, nutrients) and temperature on accrual rates. Temperature-

adjusted metrics (i.e., per degree-day) have also been used to remove effects of differential 

temperature regimes when comparing accrual rates between stream types (Hladyz et al. 2011), 

thus isolating effects of bottom-up factors on accrual. Collectively, well-controlled methods 

(e.g., grazing and scour precautions), temperature adjustment, and comparison of accrual 

between stream types should indicate whether functional shifts in autochthonous resources have 

occurred in constructed streams, relative to reference, and the relative importance of bottom-up 

factors and temperature effects that may be driving any such differences.  
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Function and structure of mining-influenced constructed streams of Central Appalachia.  

To date, I am aware of only three studies that have measured ecosystem functions of constructed 

headwater streams in Central Appalachian coalfields (Fritz et al. 2010, Northington et al. 2011, 

Petty et al. 2013). Stream classification differed among all of those studies (Fritz et al. 2010, 

Northington et al. 2011, Petty et al. 2013). The forested streams (i.e., “unrestored”) that were 

included by Northington et al. (2011) were all influenced by legacy or current mining within 

their immediate catchments. Similarly, Petty et al. (2013) reported that mining and gas well 

discharges unknown to the authors at the time of site selection substantially affected water 

quality of some forested streams in that study. In contrast, none of the forested streams studied 

by Fritz et al. (2010) were influenced by mining. However, excepting a single constructed stream 

in that study, all were ephemeral or intermittent streams on top of valley fills (i.e., “groin-

ditches”), and were meant as water conveyances rather than as mitigation. In contrast, this 

dissertation research and Petty et al. (2013) both exclude streams built on VFs (i.e., “groin 

ditches”) and restrict analysis to perennial constructed streams. Seven of eight constructed 

steams in my study were intended as compensatory mitigation for mining losses, whereas 

construction of the eighth was intended to reproduce the appearance of a natural stream channel 

but preceded current compensatory mitigation requirements.  

 

Two of those studies, published after this research was initiated, compared allochthonous OM 

functional metrics of constructed headwater streams in Central Appalachian coalfields to those of 

forested headwater streams (Fritz et al. 2010, Petty et al. 2013). Petty et al. (2013) documented 

that retention of artificial sticks (as a rate) was greater in constructed streams than in reference 

streams, but those authors did not put their results in the context of characteristic ambient levels 

of OM available to those streams. Measures that rely on deployment of artificial or foreign 

substrates (e.g., leaf breakdown, retention, export rates) are limited to inferences concerning 

stream potential to perform a given function when the substrate is available; however, putting 

such results in the context of OM inputs or standing stocks facilitates additional insight into OM 

dynamics as they occur within a stream under ambient conditions. Fritz et al. (2013) reported 

that coarse benthic organic matter (CBOM) standing stocks in ephemeral streams differed 

between two constructed streams draining VFs and four forested reference streams, but that 

intermittent or perennial reaches did not differ. However, the perennial streams subject to mining 
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influence in that study included natural stream channels in addition to constructed channels. I am 

not aware of any studies that have compared allochthonous OM inputs, as litterfall or otherwise, 

between forested reference streams and constructed streams meant as mitigation for mining-

impacts. 

 

Constructed streams draining mined-areas in eastern Kentucky (Fritz et al. 2010) and southern 

West Virginia (Petty et al. 2013) also had slower leaf breakdown rates relative to forested 

reaches. These studies allow for comparisons of leaf breakdown rates among mining-impacted 

constructed streams in Virginia to those of other constructed streams in Central Appalachian 

coalfields. Furthermore, they provide a basis for evaluating whether breakdown differences 

between forested reference and constructed streams are consistent among different coalfield 

areas within the region. Both Fritz et al. (2010) and Petty et al. (2013) suggested that the 

depressed breakdown rates they observed in constructed streams were primarily a result of 

reduced maceration by benthic macroinvertebrates. However, there is also evidence that coating 

of leaves by ochre precipitates in some mining-impacted streams can lead to slower leaf 

breakdown by reducing microbial colonization and processing (Gray and Ward 1983, Siefert and 

Mutz 2001, Schlief and Mutz 2005), and by inhibiting physical fragmentation (Schlief and Mutz 

2005). Fritz et al. (2010) measured ergosterol concentrations on leaves; although they did not 

find differences between stream types, those authors noted that this microbial biomass indicator 

may not adequately represent fungal activity. Macroinvertebrate exclusion from leaf packs in 

constructed coalfield streams has not yet been used to evaluate relative importance of combined 

physicochemical and microbial factors on leaf breakdown. 

 

Northington et al. (2011) compared gross primary production, community respiration, net 

ecosystem production, and ammonium uptake rates of constructed streams impacted by mining 

in southwestern Virginia coalfields, to rates in “unrestored” reaches. The unrestored streams in 

that study were surrounded by mature riparian trees, but were not classified as reference streams 

because they were characterized by mining within their catchment and influenced by effects of 

mine drainage. Those authors reported that gross primary production (GPP) was the only 

functional metric that differed between stream types, and was significantly higher in constructed 

reaches than in “unrestored” reaches. Their findings indicate that in-stream autotrophy may be 
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stimulated by mining and construction processes as a result of reduction in canopy. Those 

authors used open-channel methods to estimate GPP, an autotrophic function. However, 

characterizing accrual of periphyton and algae based on direct measurements of biomass and 

standing crop could also be useful functional descriptors of autochthonous OM dynamics. Such 

measures have not yet been reported for constructed streams in Central Appalachian coalfields. 

 

Relative to forested headwater streams, low levels of riparian canopy, warmer stream 

temperatures, altered benthic macroinvertebrate communities, augmented discharge, and/or 

elevated nutrient concentrations have been reported in some constructed streams in this region 

(Fritz et al. 2010, Petty et al. 2013). These structural dissimilarities could result in alteration of 

other ecosystem functions, which have not been investigated thus far. For instance, 

autochthonous OM biomass could be altered in such streams via top-down (i.e., grazing), 

bottom-up (i.e., nutrients, light), or confounding (e.g., temperature, scour) pathways, particularly 

with respect to the benthic algal component of the periphyton. Additionally, it is likely that 

reduced riparian canopy would result in reduced rates of litterfall input, and leaf breakdown in 

fine-mesh (excluding macroinvertebrates) could also be altered indirectly as a result of a number 

of physicochemical stream-type differences (see review by Webster and Benfield 1986). 

 

Summary and conclusion of the review. 

Replacement of lost stream ecosystem functions is an essential part of mitigation for mining-

induced stream impacts. Relatively little is known about ecosystem functions in constructed 

headwater streams on mined areas in Central Appalachia, and assessment of constructed 

mitigation efforts are largely based on structural measures (Palmer and Hondula 2014). Only 

three studies (Fritz et al. 2010, Northington et al. 2011, Petty et al. 2013) have compared any 

ecosystem functions between constructed streams on mined-areas in the Central Appalachians to 

streams with mature riparian vegetation, and two have reported differences in leaf breakdown 

rates between these stream types in eastern Kentucky (Fritz et al. 2010) and southern West 

Virginia (Petty et al. 2013).  There is also evidence to suggest that autotrophic OM functions can 

be altered in the constructed streams, relative to unmined streams (Northington et al. 2011). 

Rates of litterfall input, leaf breakdown excluding macroinvertebrates, and periphyton and algal 

accrual are undocumented for constructed streams on mined areas in this region, and several of 
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these measures (excepting litterfall input) are rarely reported for forested headwater streams in 

this region or elsewhere. However, a number of structural differences between these stream types 

have been reported in Appalachian coalfield areas (see Fritz et al. 2010, Petty et al. 2013) that 

could result in alteration of such functions via direct or indirect pathways. Finally, differences in 

temporal variation (e.g., annual or seasonal) of functional metrics between constructed and 

reference streams have not yet been reported, and this could be an important aspect of 

characterizing functional differences between these stream types. 

 

An enhanced understanding of ecosystem functions in these streams could improve mitigation 

efforts by identifying factors that influence these processes; particularly those factors that could 

be manipulated during construction to yield functions similar to those of forested headwater 

streams in the region. Furthermore, research that addresses the functional status of such 

constructed streams could aid in the establishment of robust assessment protocols that include 

both structural and functional metrics.  
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CHAPTER 3. Detailed Methods 
 
 

SITE SELECTION, SURVEY, and DELINEATION  

I studied eight low-order constructed streams impacted by mining and four forested reference 

streams without a history of mining in their immediate catchment in four counties of Virginia, all 

located on Pocahontas coal-bed geology within the Appalachian Plateau physiographic region 

and level-three ecoregion 69 (Figure 3.1; Table 3.1; USEPA 2014). Riparian canopy was 

predominantly open for the majority of constructed streams, and physical habitat was variable 

based on construction techniques (Appendix A.6). Although all constructed streams had distinct 

stream channels, construction techniques ranged from rudimentary channel construction with 

mine spoil serving as bank or stream bed substrate to Natural Channel Design (NCD) techniques 

coupled with riparian plantings. Reference streams had no current or legacy mining within the 

immediate catchment, a minimum of 50 m of mature riparian forest on each bank, and a 

minimum USEPA rapid bioassessment protocol (RBP) habitat score ≥ 175 (Barbour et al. 1999). 

Anthropogenic disturbances other than mining (e.g., recent selective forest harvest, roads, and/or 

gas wells) were present in three of the four forested reference catchments; however, these 

disturbances did not have substantial effects on water chemistry or in-stream habitat based on 

samples and assessments from preliminary visits. Human activities, including recreational trails, 

were not apparent in one reference catchment. Therefore, these reference streams represent a 

range from “best condition” to “minimally disturbed” within the coalfield region. 

 

With respect to non-anthropogenic physical attributes, catchment and stream characteristics were 

intended to span equivalent ranges across stream types (Table 3.2). To ensure this, I delineated 

100 m stream reaches of contiguous riparian structure and channel morphology characteristics, 

surveyed them in July 2010 following the methods of Fritz et al. (2006), and initiated 

preliminary characterization of each study catchment using a combination of digitally rasterized 

graphic USGS quadrangles (DRGs; USDA-NRCS, http://datagateway.nrcs.usda.gov/) and aerial 

photography from the National Agriculture Imagery Program (NAIP 2006, 2008; USDA-FSA, 

http://datagateway.nrcs.usda.gov/). Each study reach was further subdivided. The entire 100 m 

reach was used for periphyton standing crop and accrual study (Chapter 5) to ensure an adequate 

number of areas in each reach that were slow-moving and deep enough to keep artificial 
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substrates (i.e., un-glazed ceramic tiles on concrete pavers) inundated throughout the study, yet 

shallow enough (~30-50 cm) to maintain primarily unidirectional flow. A 60 m reach, interior to 

the 100 m reach, was used for the litterfall and leaf breakdown study (Chapter 4). Because 

trapping of litterfall prevents some allochthonous organic matter from reaching the stream bed, it 

could affect the benthic macroinvertebrate assemblage and subsequently leaf breakdown by 

altering available food sources. As such, I bisected the 60 m interior reach into two reaches of 

equal length: upstream for leaf breakdown determination and downstream for riparian litterfall 

estimation. Benthic macroinvertebrate sampling was restricted to the upper 70 m of the 100 m 

reach (30 m litter breakdown sub-reach + 40 m upstream to the head of 100 m reach). 

 

GEOSPATIAL CHARACTERIZATION: Catchment, riparian, and stream 

Because mining affects topography and drainage patterns, I used the most current data available 

during our study to define catchment areas. Initially, I created triangulated irregular networks 

(TINs) from Virginia Base Mapping Program’s (VBMP 2011; http://www.vita.virginia.gov/isp/) 

digital terrain model (DTM) data, subsequently converting the TINs to digital elevation models 

(DEMs) for raster analysis (Futrell and Sforza 2004). The geographic coordinates of the base of 

our study reach defined the pour point (i.e., bottom of immediate catchment), and catchment area 

was determined using an iterative process of analyses from spatial analyst tools (ArcGIS 10.1; 

ESRI, Inc., Redlands, CA). DEMs were converted to polygons, and merged and codified by 

stream. Land use and land cover (LULC) data were quantified for each catchment using merged 

and codified polygons coupled with annual Cropland Data Layer (CDL; USDA-NASS, 

http://datagateway.nrcs.usda.gov/) datasets from 2010 through 2012 to capture any changes 

during the study. I cross-checked CDL results for reference catchments with National Land 

Cover Dataset (NLCD 2006; Multi-resolution Land Characteristics Consortium, 

http://datagateway.nrcs.usda.gov/) determinations to evaluate whether there were major 

differences in classification, and I found that the two datasets were in close agreement as 

expected. To ensure accurate delineation of catchments, the area determined from polygons was 

compared to, and found to agree closely with, the total of the sum of LULC cell areas for each 

catchment.  For each CDL dataset, I combined original LULC categories into four aggregate 

categories expressed as percent of catchment land cover: forest, barren, developed, and non-

forest vegetation. As the two years of our study did not coincide with calendar years, I averaged 
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these aggregate LULC categories for 2010 and 2011, as well as 2011 and 2012, to obtain an 

estimate of land cover for each study year. Stream segments were created using the edit toolbar 

with reference to the National Hydrography Dataset (NHD; USGS, 

http://nhd.usgs.gov/data.html) and VBMP orthoimagery (2011). I buffered streams for 100 m on 

each side and created two buffer datasets using the proximity buffer tool to investigate riparian 

land cover influence on leaf breakdown: one extent limited to 1000 m (or less for shorter 

streams) upstream of the base of our reach, and one extent encompassing the entire stream 

length. LULC aggregate categories for buffers were quantified in similar fashion to whole 

catchments.  

 

I located and identified valley fills and ponds within catchments using orthoimagery (NAIP 

2011-2012; VBMP 2011), and using the edit toolbar, I created polygons to quantify areal 

coverage of these features. Subsequently, the proportion of each catchment covered by fill, pond, 

and fill + pond features was calculated, as well as the proportion of each catchment covered by 

in-line (i.e., intersecting constructed streams) fills and ponds and distance from the base of the 

reach to these features. Mean catchment slope and aspect, and mean stream slope, sinuosity 

index, and azimuth, were quantified using DEMs. In conjunction with historical series of 

orthoimagery (NAIP 2003-2006, 2008-2012; VBMP 2002, 2006/07, 2011) and communications 

with consultants and site personnel, I used a normalized difference vegetation index (NDVI) 

developed from 1984-2008 Landsat images (http://glovis.usgs.gov/, see Sen et al. 2012) to 

determine fill, pond, and stream construction ages. 

 

FIELD and LABORATORY  

Physicochemical 

I deployed temperature data loggers (HOBO U-22; Onset Computer Corp., Bourne, MA) 

recording at half-hour intervals in the deepest pools of each study reach in July 2010 during the 

same visit that I surveyed stream characteristics (Fritz et al. 2006) and evaluated physical habitat 

(Barbour et al. 1999). No major changes of stream characteristics and physical habitat within the 

study reach were observed over the course of the study.  Sites were visited approximately 

monthly until December 2010, when periphyton accrual arrays were initially deployed, and bi-

weekly to monthly thereafter. Canopy cover was estimated using a spherical densitometer 
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quarterly for the first year, and approximately monthly for the remainder of the study. When 

depth was sufficient to submerge the sensor in a stable cross-section of primarily unidirectional 

flow, stream velocity was measured (Marsh-McBirney Flo-Mate; Hach Instruments, Loveland, 

CO) and discharge was estimated using the velocity-area technique. When depth was too low to 

submerge the sensor but streams were still flowing, a default detection level of half of the lowest 

measured discharge in that stream was recorded as the discharge for that visit. All streams were 

perennial.  

 

Upon each visit, I recorded instantaneous dissolved oxygen (mg L-1), temperature (°C), specific 

conductance (μS cm-1), and pH in situ with a water quality meter (Hydrolab Quanta; Hach 

Instruments, Loveland, CO) in a uniformly mixed portion of the water column. I also obtained 

water samples for chemical analysis from these stream reaches. These samples were filtered 

(0.45 μm, Durapore PVDF; EMD Millipore, Darmstadt, Germany) and split by analytical 

method at the site. Samples for trace element analysis were also preserved in 1+1 HNO3 prior to 

transporting all samples to the lab on ice.  

 

I used flow-injection colorimetry (Seal AutoAnalyzer 3, Seal Analytical, Mequon, WI) to 

determine concentrations of dissolved ammonium (NH4
+-N), oxidized nitrogen (DON; NO3 + 

NO2-N), and soluble reactive phosphorous (SRP; PO4
-3-P), and estimated HCO3

- concentrations 

from titrimetrically determined alkalinity and instantaneous pH (APHA 2005). Inductively 

coupled plasma-optical emissions spectrometry (Varian Vista MPX-CCD Simultaneous ICP-

OES; Varian, Walnut Creek, CA ) was used to determine dissolved Ca2+, Mg2+, K+, Na+, Al, Cu, 

Fe, Mn, Se, and Zn concentrations, and I determined dissolved SO4
2- and Cl- concentrations via 

ion chromatography (DX 500 IC; Dionex Corp., Sunnyvale, CA). 

 

Benthic macroinvertebrates  

I sampled the benthic macroinvertebrate assemblage according to RBP single habitat (i.e., riffle-

run) approach (Barbour et al. 1999) four times over the course of the study: 9-12 December 

2010, 21-24 May 2011, 14-16 October 2011, and 17-20 April 2012. A two square meter sample, 

composited from six 30-second kicks of approximately one third of a square meter apiece, was 

preserved in 95% ethanol and transported to the lab. Debris was separated and sub-samples (200 
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macroinvertebrates ± 10%) of each composite were obtained according to a randomized 

procedure (VDEQ 2008). I subsequently identified organisms to family-level or lower using 

taxonomic keys (Merritt et al. 2008). Data were entered into the Ecological Data Application 

System (EDAS v.3.0, 2000; Tetra Tech, Inc., Owings Mills, MD) to calculate taxonomic and 

functional feeding group (FFG) metrics.  

 

Litterfall and leaf breakdown  

At each stream, I commenced litterfall sampling in September 2010 by securing ten direct-fall 

traps to the immediate stream bank, five on each side of the stream spaced equidistantly across a 

30 m sub-reach downstream of leaf breakdown bags. Direct-fall traps were constructed using 

perforated 19-liter buckets (627 cm2 opening) lined with aluminum mesh cones to provide for 

drainage. I composited litterfall at each stream during each site visit, removed any detritus of 

non-vegetative origin, and sorted the remaining OM into five categories: wood, leaves/needles of 

woody taxa, reproductive parts of woody taxa (i.e., fruits, nuts, flowers), all herbaceous material, 

and unidentifiable detrital material. I subsequently dried these fractions at 65°C for ≥ 5 days until 

a constant dry-mass (DM) was achieved and calculated litterfall input fractions for each 

sampling interval in g DM m-2. A small number of traps were stolen during the course of the 

study; in these cases, areal inputs were calculated using the appropriate coverage based on a 

reduced number of traps, rather than the original 10. During the last month of study all traps 

were stolen from one site (CRI); thus, I did not estimate litterfall input to this reach for the last 

month of the study, although this likely represents a trivial amount based on estimates from the 

previous year. 

 

Leaf breakdown was evaluated by measuring mass loss from 6.5 g (±0.01) of dry Quercus alba 

(white oak) leaves through serial collection of samples over 310 to 320 days of deployment. 

Leaves were initially collected from a single location, by placing direct-fall traps beneath one 

white oak tree. These leaves were uniformly mixed, dried (65° C for 48 hrs), weighed, and 

placed in mesh bags of two mesh sizes. Coarse mesh leaf bags (1 cm) allow access by benthic 

macroinvertebrates, and fine mesh bags (1 mm) were meant to exclude benthic 

macroinvertebrates (O’Connor et al. 2000, Gessner and Chauvet 2002). For the first study year, 

24 bags of each type were deployed in each stream in early December 2010, secured in glides 
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(transitions between pools and riffles) using paracord, and retrieved in triplicate monthly for 

three months, and bimonthly for the remainder of the study year. Procedures for the second study 

year were similar, except that bags were deployed in late November 2011 and the number of 

bags per stream was augmented to 30 to account for losses caused by extreme flows. Leaf 

material was returned to the lab, rinsed of non-leaf material, dried at 65° C for ≥ 48 hours until 

constant weight was achieved to determine leaf-pack dry mass.  I subsequently ground the leaves 

in a Wiley-Mill, subsampled the ground OM, determined DM of the subsample, ignited it at 550° 

C for 40 minutes, and weighed the residue to determine ash-free dry mass (AFDM). The DM that 

had been volatilized by combustion at 550° C constituted the organic fraction of the subsample. I 

converted the total leaf-pack dry mass to AFDM using percent OM values from subsamples, and 

subsequently determined the percentage of AFDM remaining (%AFDM-r) for each pack relative 

to the initial (0 d) triplicate collections.  

 

Periphyton and algae: accrual and structure  

I used two different sampling strategies to better understand structure and function of periphyton 

assemblages. Long-term exposures (two 9-11 month periods) were used to investigate structure 

of the periphyton assemblage when exposed to all ambient biotic and abiotic pressures. In 

contrast, short-term accrual periods (5 periods, each approximately 2 months long) were used to 

explore short-term dynamics (i.e., accrual rates) and structural attributes of periphyton 

assemblages as they develop. I took several precautions to minimize negative effects of grazing 

and scour over short-term accrual periods as described below.  

 

For the long-term exposures, three tile arrays were deployed in each stream during early 

December 2010 (1st study year) and mid-October 2011 (2nd study year), each consisting of 25 

unglazed square, 5-cm ceramic tiles affixed to a square, 30 cm concrete paver using microbially 

inert aquarium silicone. Relatively high levels of reproducibility associated with artificial 

substrates (Tuchman and Stevenson 1980) facilitated comparisons among streams and stream 

types. Three tiles from each array were collected at monthly intervals from January 2010 through 

July 2011 of the first study year, and two tiles from each array were collected for August and 

September of that year, for a total of 75 tiles collected in most streams (some had lost all tiles by 

September because of high flows). During the second year, two tiles from each array (6 tiles per 
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stream per date) were collected at monthly intervals from November 2011 through September 

2012. 

 

For short-term accrual periods, I aimed to avoid inhibitory effects of scouring flows and grazing 

pressure. Hence, I placed arrays in glides or shallow pools at a level just deep enough to maintain 

inundation based on observations from prior visits, taking caution to avoid emplacement of 

arrays in areas of high deposition, those prone to scour, or where severe bed disturbance was 

evident. Elevating substrates above the sediment surface, ~5 cm in my case, has been shown to 

effectively exclude grazing benthic macroinvertebrates over the short-term (Lamberti and Resh 

1983, Feminella et al. 1989).  I collected tiles serially across five, approximately 2-month long 

accrual periods (Wiegert and Fraleigh 1972), one during the first study year (Winter: 9 Dec. 

2010 – 7 Feb. 2011) and four during the second study year (Fall: 14 Oct. – 16 Dec. 2011; early 

Spring: 15 Feb. – 20 Apr. 2012; late Spring: 17 Apr. – 29 Jun. 2012; and Summer: 28 Jun. – 23 

Aug. 2012). I selected this time frame to standardize comparisons among the two stream types in 

this study, to allow for adequate time for colonization and community development in the lowest 

productivity streams in this study (see Aloi 1990), and to temporally restrict sampling so that  

colonization by grazer macroinvertebrates and high-discharge events associated with scour 

would be minimized during these deployments. During winter and fall accrual periods (initial 

accrual period of each study year), I used data from the long-term tile arrays over the first two 

months of deployment to characterize short-term dynamics of periphyton, as these were 

identically raised from the stream bed and, based on visual inspection, had not been colonized by 

macroinvertebrates within the first two months. For early spring, late spring, and summer accrual 

periods, additional tiles were pre-glued to 2.5 x 30 cm steel strips, transported to each stream at 

the beginning of each period, and affixed to three additional pavers that had been transported to 

the stream in September 2011 using Tapcon concrete anchors (ITW Brands, Inc., Schaumburg, 

IL). I ensured that these pavers were free of macroinvertebrates between periods by scrubbing 

them in the water column. Tiles were collected in triplicate after ~30 days and ~60 days for the 

winter accrual period, and in duplicate during all second year accrual periods at ~14 days, ~25-

35 days, and ~55-75 days following deployment.  
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All tiles (both long- and short-term) were lightly rinsed in a non-turbulent section of the reach 

upon collection to minimize any allochthonous OM that may have settled on tiles. Tiles from 

each stream visit were subsequently composited by array, resulting in three replicate 

measurements of biomass per stream-date combination, and placed in individual Ziploc bags 

with a small amount of stream water for transport back to the lab on ice. Under subdued light, I 

scraped composited array samples into periphyton slurry and then filtered these onto pre-

weighed and ashed (550°C) glass-fiber filters (F93447VOL; Environmental Express, Charleston, 

SC). Filters were bisected, and I determined the amount of periphyton on one of the halves as 

ash-free dry mass (AFDM) according to APHA (2005). AFDM is an aggregate measure of the 

total amount of biomass that has accrued on the tile, heterotrophic (microbial consumers) and 

autotrophic (microbial producers/algae) combined, as well as any detrital material caught in the 

periphyton microbial complex that was not rinsed during sample processing. I placed the other 

half of each filter in a centrifuge tube with 96% ethanol for 3 to 12 hours, wrapped it in foil, and 

froze it at -20°C until subsequent spectrophotometric analysis of phaeopigments and 

phaeopigment-corrected chlorophyll-a (chl-a) could be completed (Niederlehner 2010, 

Wasmund et al. 2006). In contrast to AFDM, phaeopigments (phaeo) represent only senescent 

autotrophic OM within the periphyton complex (Steinman et al. 2007), whereas phaeopigment-

corrected chl-a represents the viable autotrophic component of the periphyton (i.e., benthic algal 

standing crop).   

 

DATA ANALYSIS 

Litterfall and periphyton: time series and composition metrics 

I constructed time series of cumulative litterfall input to each stream by summing the areal inputs 

of each litterfall fraction (g DM m-2) from successive collections and plotting these versus the 

number of days traps had been deployed for each study year (September 2010-2011; September 

2011-2012). Additionally, I constructed stream-type time series of total periphytic standing crop 

as AFDM and total benthic algal standing crop as chl-a over the five short-term accrual periods, 

and over the first (Dec. 2010 – Sept. 2011) and second (Nov. 2011 – Sept. 2012) long-term 

exposure intervals. Monthly stream-type means (± standard errors) were calculated using 

monthly means (means of three replicate arrays) from each stream. An additional long-term time 

series was created to compare differences in non-taxonomic periphyton structure of the two 



37 
 

stream types over the course of the study using the autotrophic index (AI). Monthly mean 

autotrophic index (AI) values were calculated for long-term exposures after Weber (1973a) as: 

 

AFDM
chl

 

  

 

where,  

  [AFDM]mean = mean AFDM areal density of three arrays, and 

  [chl-a]mean = mean chl-a areal density of three arrays. 

 

I excluded stream-date combinations with mean periphyton density of ≤ 2 g AFDM m-2 from AI 

calculations and subsequent analysis based on the recommendation of Biggs and Kilroy (2000), 

who noted that sparse periphyton assemblages, especially those dominated by diatoms, can result 

in spuriously high or low AI values. Although AI was originally designed as an indicator of 

organic pollution (Weber 1973b), it has also been used to infer shifts in periphyton assemblage 

composition (Biggs and Close 1989), although rarely in headwater streams. I used this indicator 

as a metric of relative dominance of viable algal biomass within the entire periphyton complex 

(Biggs and Close 1989, Biggs and Kilroy 2000, Kilroy et al. 2008).   

 

I also calculated the quotient of algal standing crop and senescent autotrophic OM densities after 

Tett et al. (1978) for each collection during long-term exposures as: 

 

chl
phaeo

 

where,  

  [chl-a]mean = mean chl-a areal density of three arrays, and 

  [phaeo]mean = mean phaeopigment areal density of three arrays. 

 

Phaeopigments arise as degradation products of all chlorophyllous OM (Steinman et al. 2007), 

and thus phaeopigment densities index senescent autotrophic OM from both aquatic (e.g., Seyfer 

and Wilhm 1977, Tett et al. 1978, Peterson and Stevenson 1992) and terrestrial (e.g., Bacon and 
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Holden 1967) sources. Therefore, this ratio represents the dominance of viable algal standing 

crop relative to senescent autotrophic OM. However, when it can be reasonably assumed that 

phaeopigments are largely derived from benthic algal sources, chl-a : phaeo ratios can be used as 

indicators of benthic algal community senescence (Stevenson 1996), with low values indicating a 

higher degree of senescence and a lower proportion of sentient benthic algae within the 

community. I interpreted this ratio in light of the likely sources of senescent OM (e.g., algae, 

litterfall) for each stream type, and interpreted chl-a  phaeo ratio differences between stream-

types in the context of structural differences in the periphyton complex.  

 

I measured total litterfall, periphyton biomass, algal standing crop, and senescent autotrophic 

OM over appropriate time periods for subsequent comparison between stream types. I 

determined cumulative litterfall rates (g DM m-2 d-1) on a daily basis because actual time of trap 

deployment varied (year 1 range = 362-369 d; year 2 range = 349-388 d) due to variation in the 

sampling schedule and trap loss. I standardized these to a calendar year by multiplying by 365 

days to obtain an estimate of cumulative annual litterfall input (g DM m-2 yr-1) in total and as 

litterfall fractions (i.e., wood, leaves, woody plant reproductive structures, herbaceous material, 

and unidentifiable detritus) for each stream. With respect to total periphyton, algal, and senescent 

autotrophic OM densities, monthly means (based on triplicate arrays) for each stream were used 

to determine stream-wise means and maxima over long- and short-term periods, respectively, for 

subsequent comparisons between stream types. I aggregated periphyton indicator metrics (i.e., 

AI and chl-a : phaeo) in the same fashion for stream-type comparisons; however, these 

comparisons were only performed on a mean basis across long-term exposures.   

 

Functional rates, stream-wise comparisons, and ratios.  

Leaf breakdown rates (k) and periphyton accrual rates (r) were derived based on first-order decay 

and accrual models, respectively. Leaf bags were only collected through a maximum of 240 to 

260 days rather than the planned ~310 to 320 days as a result of losses during the study. 

Additionally, I excluded leaf bag observations from rate calculations when mean % AFDM-

remaining of triplicate leaf bags had reached a lower asymptote (J.R. Webster, personal 

communication, 2012). Similarly for algal and periphyton accrual, I calculated rates for each 

stream only through peak mean standing crop during short-term accrual periods following 
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inspection of biomass time series (each ~ 2 months long) for both chl-a and AFDM separately 

(Biggs and Kilroy 2000). Plateaus beyond peak standing crop indicate that the community had 

reached maturity, whereas sharp declines are likely due to effects of mass senescence, 

emigration, scour, and/or grazing.  

 

Coarse- (kcoarse) and fine- (kfine) mesh leaf breakdown rates were derived based on the following 

decay model (Olson 1963, Webster and Benfield 1986):  

 

   

 

where, 

 Mo = initial coarse or fine mesh leaf pack mass (%AFDM-r) at time 0, 

 Mt = coarse or fine mesh leaf pack mass (%AFDM-r) at time t, 

 t = time, in days or degree-days, and 

 k = breakdown rate coefficient   

 

Total (rAFDM) and algal (rchl-a) periphyton accrual rates were determined using short-term accrual 

period data based on a similar first-order accrual model presented by Munn et al. (1989): 

 

 

 

 where, 

 No = areal concentration of periphyton as AFDM or chl-a at time 0, 

 Nt = areal concentration of periphyton as AFDM or chl-a at time t, 

 t = time when maximum AFDM or chl-a reached, in days or degree-days, and 

 r = accrual rate of the total or algal periphyton per day or per degree-day. 

 

To derive breakdown and accrual rates and compare them on a stream-wise basis, I treated each 

triplicate leaf pack or periphyton array on each stream-date combination as a replicate (i.e., three 

arrays not pooled into stream-date means). I linearized each model by transforming all percent 
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mass remaining (Mo , Mt) values to ln(Mt) for breakdown, and transforming all areal periphyton 

concentration (No , Nt) values to ln(Nt + 1) for each replicate, as initial concentrations for the 

latter were necessarily zero. Using an expanded, non-additive ANCOVA (i.e., including 

interaction) model with dummy coding (Kleinbaum et al. 1988), I regressed these transformed 

variables (3 replicates per stream-date combination) versus days or degree-days of exposure, 

testing each slope coefficient (kcoarse , kfine , rAFDM , or rchl-a) against the null hypothesis that it was 

equal to zero. Subsequently, I compared each individual constructed stream breakdown and 

accrual rate (d-1 and deg.-day -1) to the corresponding mean of rate of reference streams using 

Bonferroni adjusted simple contrasts. 

 

I also derived multiple unitless ratios based on leaf breakdown rates (Gessner and Chauvet 

2002), as well as an absolute difference metric between coarse and fine mesh breakdown 

(Chergui and Pattee 1990), to test the discriminatory ability of these metrics between stream 

types. If discriminatory, these metrics could be used in future functional assessment frameworks 

for evaluating constructed streams as mitigation with respect to expected or reference condition 

OM dynamics. With respect to leaf breakdown, the difference between coarse and fine mesh 

breakdown rates (kcoarse  - kfine) serves as a differential indicator of breakdown (day-1 or degree-

day-1) attributable to benthic macroinvertebrate activity, the unitless ratios of coarse to fine mesh 

breakdown rates (kcoarse  : kfine) are meant to reflect the proportional contribution of benthic 

macroinvertebrates to total leaf breakdown, and the k MINE : k REF mean ratio simply represents 

leaf breakdown in constructed streams relative to mean reference condition.  

 

Stream-type comparisons 

For variables that were measured only once during the study (e.g., RBP habitat, physical survey) 

or were summarized across the entire study period (i.e., chemical samples with >15% below 

detection), I compared stream types with t-tests on untransformed or transformed data as 

necessary to meet assumptions of normality and homogeneity of variance. I substituted Mann-

Whitney U tests and Welch’s t-tests (lacks homogeneity of variance assumption) when iterative 

transformation did not satisfy normality or homogeneity of variance assumptions, respectively. 

For variables which were constant among reference streams, I performed 1-sample t-tests on the 



41 
 

constructed stream group deviation from zero following correction for the single, identical 

reference stream value.  

 

All variables measured across two years in the leaf breakdown study represent a proportionally 

replicated (Zar 1999) two-factor design (Factor 1: constructed vs. reference stream type, Factor 

2: 1st vs. 2nd year), and as such, I used parametric analyses when original data met or were able to 

meet assumptions following interpretable transformations. For these data, variable means 

measured across both years were tested for differences between categories using a two-factor 

ANOVA with the General Linear Model procedure (GLM, Minitab version 17.1; Minitab Inc., 

State College, Pennsylvania) using adjusted sums-of-squares for F-statistics. Assumptions of 

sphericity are necessarily met for models including repeated factors (e.g., years) at only two 

time-points (Maxwell and Delaney 2004). 

 

Periphyton, algal, and senescent autotrophic OM densities, as well as all accrual and growth 

rates, were compared between stream types across short-term accrual periods using multivariate 

repeated measures analysis of variance (rANOVA) using restricted maximum likelihood 

(REML) estimates of means (PROC MIXED, SAS 9.4; SAS institute, Cary, NC). Similarly, I 

used rANOVA to test for long-term differences in component density metrics (i.e., AFDM, chl-

a, phaeo) and non-taxonomic indicator ratios (i.e., AI and chl-a  phaeo) between stream types 

across both study years. Repeated measures analysis allowed comparison between stream types 

while accounting for missing values resulting from tile/array loss during high flows and when 

streams (particularly reference) did not meet minimum biomass requirements (≥ 2 g AFDM m-2) 

for calculating AIs. I used the lowest Akaike’s Information Criterion (AIC; Appendix B.1) to 

select appropriate covariance structures for each variable tested with rANOVA procedures, 

selecting among three possible structures for unequally-spaced accrual periods (compound 

symmetry, unstructured, and spatial power), and an additional two (autoregressive, and 

autoregressive heterogeneous) for long-term metrics (Guo and Hipp 2004).  

 

For both GLM ANOVA and rANOVA, I checked residuals of original data for homogeneity of 

variance using Levene’s test, and used Anderson-Darling and Ryan-Joiner diagnostic checks as 

well as normal quantile plots and histograms to check for normality. When non-normality and/or 
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heteroscedacity were apparent, data were transformed to meet assumptions. Arcsine-square root 

transformation was not used (Wilson and Hardy 2002, Warton and Hui 2011) for proportional 

(e.g., percent forest cover); instead I used logit or other interpretable transformations for 

proportional data that did not meet assumptions of ANOVA. All transformations and model 

covariance structures selected are identified in table footnotes. Van Elteren’s statistic with year 

as a stratification (blocking) factor was used for group-wise comparisons when transformation 

did not improve normality of residuals (PROC FREQ; SAS version 9.4, SAS Institute, Cary, 

North Carolina).  

 

Ecosystem structural relationships with litterfall, leaf breakdown, and algal metrics 

To assess associations between riparian overstory and litterfall input among constructed streams, 

I performed Pearson correlation analysis between riparian cover metrics and total riparian 

litterfall, as well as litterfall as leaves. Riparian land-cover and riparian width scores were not 

significantly correlated with litterfall metrics, and are not reported. Additionally, I evaluated 

relationships between canopy cover and total litterfall input among all streams (combined data 

from constructed and reference streams) for each study year using a simple linear regression 

model for each year. 

  

For constructed streams, I performed Spearman’s rank correlation (ρ) analysis (JMP Pro 10; SAS 

Institute, Cary, North Carolina) to explore pair-wise relationships between structural variables at 

several scales (i.e., catchment-, riparian-, reach-level) with leaf breakdown in coarse-mesh 

during both study years, and algal accrual and biomass during short-term accrual periods that 

differed by stream type. Correlations of leaf breakdown metrics and algal metrics with riparian 

land cover metrics were performed using riparian buffers created for the entire stream length and 

buffers extending only 1000 m upstream of the base of each study reach, respectively. 

Determining structural variables that consistently rank as statistical predictors of constructed 

stream condition may provide insight into factors that drive certain constructed streams to be 

more similar to reference and, thus, could potentially be manipulated during the mining or stream 

construction process to facilitate similarities between stream types. As these correlation analyses 

were exploratory in nature, intended to generate scientific hypotheses, I did not correct for 

multiple pair-wise comparisons (e.g., Bonferroni) to preserve Type II error rate (Rothman 1990, 
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Bender and Lange 1999, Feise 2002, Moran 2003, Nakagawa 2004, Streiner and Norman 2011), 

and rather interpret correlations as possibilities in light of the data and previous research.  
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Figure 3.1. Location of study streams and catchments (hatched polygons) 
as defined from the base of each reach. Gray shading indicates 
Pocahontas coal-bed geology. Streams numbered as per Table 3.1. 
 

Table 3.1.  Stream order, construction, and in-line feature history for 12 study streams. 

Stream Code 
Approximate 

Stream Order
 a
 

Completed  

Stream 
b
 

Completed        

In-line VF
 b

  
Completed     

In-line Pond
 b

 

Reference 
1. BIG 1st n/a n/a n/a

2. COP 1st n/a n/a n/a

3. CRO 2nd n/a n/a n/a

4. MCB 1st n/a n/a n/a

Constructed 
5. GUE 2nd 2003 to 2004 2008 1995-1997

6. CRI 2nd 1988 to 1989 1989-1991  2003-2005

7. CAL 1st 2006 2006-2007 2006-2007

8. LLA 1st or 2nd 2005 n/a n/a

9. SCH 2nd 2006 n/a 1993

10. SEW 1st 2007 to 2008 2008 2008

11. SHO 1st 2008 2008 n/a

12. STO 1st 2008 n/a n/a
a
 Based on USGS digital quadrangles, aerial imagery, and ground scouting.

b
 Determined from historical aerial imagery, Normalized Difference Vegetation Index (NDVI) 

analysis, and consultation with mine and restoration professionals with prior knowledge.
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Table 3.2. Stream and catchment morphological characteristics. 

Stream Code 

Total 
Stream 

Length
a
     

(m) 
Sinuosity 

Index
b
  

Stream 
Slope      
(%)

Stream 

Azimuth
c

   
(°)

Catchment 
Area        
(ha)

Mean 
Catchment 

Slope        
(%) 

Mean 
Catchment 

Aspect
c

    
(°)

Reference 
BIG 3041 1.12 22 29 274 51 38
COP 993 1.10 46 259 48 38 251
CRO 1585 1.15 10 252 211 44 228
MCB 1265 1.42 31 220 79 52 260

Mean ± SE 
d
  1721 ± 456

A
  1.20 ± 0.08

A
 27 ± 8

A
  

NNE, SSW, 
and WSW 153 ± 54

A
 46 ± 3.3

A
  

NNE       
and        

WSW

Constructed 
CAL 563 1.05 45 178 144 51 201
CRI 953 1.01 16 108 266 37 84
GUE 1447 1.06 28 230 248 36 261
LLA 2762 1.20 24 88 265 47 95
SCH 2848 1.32 21 186 384 48 170
SEW 115 1.04 25 226 34 27 219
SHO 157 1.01 35 208 26 31 188
STO 1331 1.07 15 57 92 43 3

Mean ± SE 
d
  1272 ± 376

A
  1.10 ± 0.04

A
 26 ± 4

A
  

ENE        
clockwise to 

WSW
182 ± 45

A
 40 ± 3.0

A
  

NNE       
clockwise to 

WSW

a 
[x]

0.5 
transformed

b
 Mann-Whitney U test on original data 

c
 Azimuths and aspects for each stream- and catchment-type characterized by aspects represented, not means. 

d
 Means (± standard error) connected by same upper-case letter are not significantly different (α=0.05).  
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CHAPTER 4. Riparian subsidies and leaf breakdown in headwater streams constructed on 
southwestern Virginia mines  
 
ABSTRACT 

Surface coal mining can impact headwater streams via direct burial, removal of riparian 

vegetation, and inputs of geochemical contaminants. In central Appalachia, United States, stream 

construction on mined areas is a common means of mitigating stream losses; however, post-

construction assessment rarely incorporates functional metrics. I studied eight streams 

constructed for mitigation purposes on mined areas (constructed) and four relatively undisturbed 

streams (reference) across two years. Study objectives were to: (1) compare structural attributes, 

litterfall inputs, leaf breakdown rates, and derived functional variables between constructed and 

reference stream groups, (2) evaluate consistency of functional metrics between study years, (3) 

determine if litterfall input or leaf breakdown in any individual constructed stream was similar to 

reference levels, and (4) investigate specific structural attributes in constructed streams that were 

associated with litterfall inputs and leaf breakdown among constructed streams. Canopy cover, 

annual litterfall input, habitat and biotic index scores, and several macroinvertebrate richness 

metrics were depressed in the constructed streams, whereas stream temperature, specific 

conductance, NO3 + NO2-N, and major ion concentrations were elevated relative to reference 

stream levels. Mean leaf breakdown rate (k) in both coarse-mesh bags (total breakdown) and 

fine-mesh bags (microbial + physicochemical breakdown) was faster in reference streams than in 

constructed streams, typically exceeding those of constructed streams by 30 -50%. Differences 

between mesh types indicated that benthic macroinvertebrates typically contributed more to leaf 

breakdown in reference streams than in constructed streams. Despite group-wise dissimilarities, 

some individual constructed-stream leaf breakdown rates were similar to mean reference rates. 

Coarse-mesh breakdown among constructed streams consistently associated with average daily 

mean stream temperature, riparian-scale forest cover, as well as catchment- and in-line pond 

cover. Despite lower mean litterfall input and leaf breakdown in constructed streams, my results 

indicate structural variables that can be manipulated by stream restoration practitioners to 

ameliorate mining-related impacts on specific organic-matter functions. 

 

KEYWORDS: headwater ecosystem function, leaf breakdown, riparian litterfall, stream 

restoration, coal mine reclamation, mountain top removal mitigation  
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INTRODUCTION  

Surface mining in the Appalachian coalfields of the eastern U.S. is a major driver of the regional 

economy, as well as the primary agent of land use change (Townsend et al. 2009). Estimated 

rates of geomorphic change caused by human activity in the central Appalachians exceed rates at 

which earth is moved by rivers or anthropogenic agents in other regions of the U.S. (Hooke 

1999). These elevated levels of geomorphic activity are primarily a consequence of high-

intensity surface mining in high-relief areas. Landscape alteration can affect lotic ecosystems in a 

variety of ways (Allan 2004), and it is evident that surface mining in Central Appalachia is 

impacting aquatic resources (USEPA 2005, 2011). Because of the highly dissected landscape and 

relatively high drainage densities characteristic of the region (Leopold et al. 1964), headwater 

streams are particularly prone to mining-related impacts.  

 

Coal surface-mining operations, including mountaintop mining (MTM), remove large amounts 

of rock overlying coal seams. Following removal, disturbed geologic materials, often called 

“mine-spoils”, swell by approximately 20-30% because of increased pore space from physical 

fragmentation. As a result of  this augmented volume, much of the excess mine-spoil is typically 

deposited in adjacent valleys.  These valley fills (VFs), permitted by the U.S. Army Corps of 

Engineers through the Clean Water Act [CWA; section 404], bury ephemeral, intermittent, and 

perennial headwater streams.  From 1992 through 2002, MTM, VFs, and associated mining 

activities caused a direct “loss” or burial of an estimated 1,900 km of headwater streams, 

representing approximately 4% of 1st- and 2nd-order headwater streams in the coalfields of 

Virginia, West Virginia, Kentucky, and Tennessee (USEPA 2005, 2011). These low-order 

stream corridors account for more than 70% of total stream length in the continental U.S. 

(Leopold et al. 1964), and are unique ecosystems that serve to enhance biodiversity of riverine 

systems (Meyer et al. 2007), link soil, surface, and groundwater biogeochemical processes 

(McClain et al. 2003, Vidon et al. 2010), provide connectivity among components of the 

hydrologic cycle (Freeman et al. 2007), and transport matter and energy from riparian zones 

longitudinally down the river network (Vannote et al. 1980, Hill and Webster 1983, Wallace et 

al. 1995b).   
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Energetically fueled by allochthonous riparian subsidies (e.g., Fisher and Likens 1973, Cummins 

1974, Vannote et al. 1980, Iversen et al. 1982, Hill and Webster 1983, Wallace et al. 1995b, Hall 

et al. 2000), forested headwater ecosystems convert coarse particulate organic matter (OM) into 

fine particles via coupled biotic and abiotic processes. These OM components are subsequently 

incorporated into community biomass and contribute to secondary production along the lotic 

continuum. Moreover, litterfall as woody debris provides a retentive mechanism for particulate 

OM (Webster et al. 1990, 1994) and fine sediments (Jones et al. 1999, Sutherland et al. 2002, 

Valett et al. 2002), and concomitantly, can limit nutrient export (Webster et al. 2000, Valett et al. 

2002) and influence benthic macroinvertebrate (Wallace et al. 1995a) and fish (Jones et al. 1999, 

Sutherland et al. 2002) assemblage structure. Considering the magnitude of regional impacts 

caused by mining in conjunction with the demonstrated importance of headwaters to stream 

network processes and patterns, the need for effective mitigation is evident. 

 

The stream mitigation rule, established under the CWA section 404(b)[1], mandates that 

permitted operations mitigate losses of streams caused by VF and other mining activities when 

all appropriate and practicable measures to avoid and minimize these impacts have been 

exhausted (33 CFR § 332/40 CFR § 230). Stream restoration, one common means of mitigation, 

is meant to ameliorate effects of anthropogenic disturbance on stream ecosystem structure and 

function. Unlike stream restoration projects in many other settings, stream restoration in 

Appalachian coalfields often entails major earth-moving activities rather than simple 

“enhancement” to existing watercourses, and many streams constructed as mitigation are entirely 

new watercourses built on top of mine-spoil (Palmer and Hondula 2014), some of which may 

overlay the original stream bed. Post-restoration monitoring is often required as a condition of 

CWA [section 404] permits. Such assessments within the central Appalachian coalfields have 

commonly focused on visual habitat evaluations (Palmer and Hondula 2014) or, less commonly, 

have incorporated other stream ecosystem structural measures such as water chemistry, channel 

stability, and  selected biotic assemblages metrics (e.g., Sparks et al. 2003). However, regulatory 

agencies are placing increased emphasis on utilizing functional measures for stream assessment 

in coal-mined landscapes (Harman et al. 2012), and in this context, successful restoration of 

stream functions is of concern to industry, regulators, and restoration professionals.  
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Because OM processes are essential headwater stream functions, I measured rates of riparian 

litterfall inputs and leaf breakdown in streams constructed on Appalachian mine sites as 

compensatory mitigation for mining disturbances and in natural streams in relatively undisturbed 

watersheds (reference streams). My objectives were to: (1) compare structural attributes, litterfall 

inputs, leaf breakdown rates, and derived functional variables between constructed- and 

reference stream types, (2) evaluate consistency of functional metric differences between study 

years, (3) determine if any individual constructed streams functioned similarly to reference 

streams, and (4) investigate specific structural attributes in constructed streams that were 

associated with litterfall inputs and leaf breakdown to identify factors that may foster reference-

like OM functions in constructed streams. 

 

 

METHODS 

Catchment selection, site description, and physical survey 

I studied eight low-order streams constructed on mine sites and four forested reference streams 

within relatively undisturbed catchments. The 12 study streams are located in four counties of 

Virginia (Figure 4.1; Table 4.1) within the Appalachian Plateau physiographic region (Fenneman 

1938) and the Appalachian coalfield on similar geology. Streams were selected between 

September 2009 and June 2010. Mining-industry personnel and consultants provided 

information, access, and discussion that aided in selection of constructed streams. These streams 

were constructed on mined areas with intent of replacing streams that had been lost to mining, 

and had distinct stream channels affected by coal extraction, processing, and/or reclamation 

efforts. In some cases, constructed streams were initially established on mined areas as water 

conveyance channels and then upgraded through addition of structural enhancements intended as 

compensatory mitigation for stream losses caused by mining elsewhere. Seven of eight 

constructed steams were intended as compensatory mitigation for mining losses under CWA 

Section 404, whereas construction of the eighth stream preceded current compensatory 

mitigation requirements. Various methods were used to construct these streams, ranging from 

rudimentary channel construction on top of fill material with the intent of reproducing the 

appearance and stability of a natural stream channel, to more modern Natural Channel Design 

(NCD; USDA-NRCS 2007) techniques coupled with riparian plantings.  
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Reference streams were selected within the same geographic locale and ecoregion (level III, 

ecoregion 69; Central Appalachians) as constructed streams, no current or legacy mining was 

apparent in their immediate catchments, and they were intended to represent relatively 

undisturbed headwater conditions within the region. Although other anthropogenic disturbances 

(e.g., selective forest harvest, roads, gas well pads, and minimal infrastructure) were present in 

some of the reference catchments, I established a minimum criterion of ≥ 50 m of mature 

riparian forest on each side of the reach for inclusion in this category. No residences, commercial 

development, or point-source discharges were present upstream of the reach base in reference 

catchments. 

 

To maximize comparability of stream types, I conducted physical surveys of all streams using 

methods described by Fritz et al. (2006) prior to chemical, biotic, and functional sampling, and 

additionally examined catchment characteristics using USGS digital quadrangles (USDA-NRCS, 

http://datagateway.nrcs.usda.gov/) and aerial photography from the National Agriculture 

Imagery Program (NAIP; USDA-FSA, http://datagateway.nrcs.usda.gov/). Constructed- and 

reference stream sinuosity, slope, reach width and depth,  catchment area, and catchment slope 

spanned similar ranges (Table 4.2), and means of these characteristics were not significantly 

different between stream types at the α = 0.05 level. For each study stream, a 60-m reach was 

delineated and divided into two reaches of equal length. Because trapping of litterfall prevents 

some allochthonous organic matter from reaching the stream bed, it could affect the benthic 

macroinvertebrate assemblage and subsequently leaf breakdown by altering available food 

sources, particularly in streams with a scarcity of riparian inputs. As such, the upstream 30 m 

was used for leaf breakdown determination and the downstream portion for riparian litterfall 

estimation. 

 

Catchment, riparian, and stream geospatial characterization 

Because mining affects topography and drainage patterns, I used the most current geospatial data 

available to define catchment areas. I created triangulated irregular networks (TINs) from 

Virginia Base Mapping Program’s (VBMP 2011; http://www.vita.virginia.gov/isp/) digital 

terrain model (DTM) data, and converted the TINs to digital elevation models (DEMs) for raster 
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analysis (Futrell and Sforza 2004). Geographic coordinates at the base of each study reach were 

used to define the bottom of the catchment, and area was calculated using spatial analyst tools, 

subsequently converting areas to polygons (ArcGIS 10.1; Esri, Inc., Redlands, CA). Land-use 

and land-cover (LULC) was quantified as percent of catchment area for each catchment polygon 

using annual Cropland Data Layer (CDL 2010-2012; USDA-NASS, 

http://datagateway.nrcs.usda.gov/). I cross-checked CDL results with the most recent National 

Land Cover Dataset (NLCD 2006; Multi-resolution Land Characteristics Consortium, 

http://datagateway.nrcs.usda.gov/) and found that assignment of land cover classes to areas of 

known cover were in close agreement between datasets. Although the CDL contains augmented 

classes for crops (e.g., alfalfa, tobacco), I was interested in major land cover changes (e.g., 

forested to barren land, barren land to herbaceous vegetation). Because the CDL is determined 

on an annual basis, as opposed to the multiple-year cycles of NLCD, it provided a means of 

capturing land cover changes in catchments during the study. I classified four aggregate LULC 

categories expressed as percent of catchment land-cover: (1) forest, (2) barren, (3) non-forest 

vegetation, and (4) developed. The “developed” class incorporates all areas that are not 

vegetated, but not bare soil or mine spoil; in this study, this class corresponds to coal extraction 

and processing facilities, gas-well pads, or abandoned sheds for logging equipment. In contrast, 

the “barren” class corresponds to areas that are bare soil or mine spoil. Collectively, these 

categories classified all terrestrial cover, although the open-water cover class was not included, 

as ponds were identified using orthoimagery. Because the two years of study did not coincide 

with calendar years, I averaged these aggregate LULC categories for 2010-2011, and for 2011-

2012, to obtain an estimate of land cover for each study year. Stream segments were identified as 

geospatial features using National Hydrography Dataset (NHD; USGS, 

http://nhd.usgs.gov/data.html) and VBMP orthoimagery (2011), which were used to create  

100-m buffers on either side of streams encompassing riparian corridors. Riparian land cover 

was quantified in similar fashion to catchment-level land cover.  

 

I identified VFs and ponds within the catchment using orthoimagery (NAIP 2011-2012; VBMP 

2011), and created polygons to quantify the area of all of these features within the catchment. 

Additionally, distances of VFs and ponds from the base of each study reach were calculated for 

those streams where these features intersected stream channels (i.e., in-line VFs, in-line ponds). 
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Valley fill, pond, and aggregate VF + pond coverage were calculated as total area and as percent 

of catchment coverage for each feature-type within each catchment. In conjunction with 

historical orthoimagery series (NAIP 2003-2006, 2008-2012; VBMP 2002, 2006/2007, 2011) 

and communications with consultants and site personnel, I used a normalized difference 

vegetation index (NDVI) developed from 1984-2008 Landsat images (http://glovis.usgs.gov/, 

see, Sen et al. 2012) to estimate fill, pond, and stream construction ages. Additionally, I 

quantified mean catchment slope and aspect, as well as mean stream slope, sinuosity index (SI = 

channel distance/valley distance), and azimuth, from derived DEMs.  

 

Field and laboratory methods 

Structural Measures.  Temperature data loggers (HOBO U-22; Onset Computer Corp., Bourne, 

MA) were deployed in the deepest pools of each study reach in July 2010 and recorded stream 

temperature at 30-minute intervals through September 2012. In July 2010, I also evaluated 

physical habitat according to rapid bioassessment protocol (RBP) methods (Barbour et al. 1999), 

median bed-substrate particle size (D50), and channel size characteristics (Fritz et al. 2006). 

Regular sampling was initiated in September 2010, and I subsequently visited each stream 29 

times through September 2012. Site visits were typically monthly, although intervals ranged 

from approximately bi-weekly on multiple occasions to bi-monthly on one occasion. During site 

visits, dissolved oxygen, temperature, specific conductance, and pH were measured in situ 

(Hydrolab Quanta; Hach Instruments, Loveland, CO). Stream velocity was measured in a stable 

cross-section and discharge was estimated using the velocity-area technique when depth was 

sufficient to submerge the sensor (Marsh-McBirney Flo-Mate; Hach Instruments, Loveland, 

CO). When depth was too low to submerge the sensor but streams were still flowing, a default 

detection level of half of the lowest measured discharge in that stream was recorded as the 

discharge for that visit. Canopy cover was estimated using a concave spherical densiometer 

(Forestry Suppliers, Inc.; Jackson, MS) seasonally between September 2010 and September 

2011, and approximately monthly from September 2011 through September 2012.  

 

Water samples were collected during each visit, filtered (0.45 μm, Durapore PVDF; EMD 

Millipore, Darmstadt, Germany) and split by analytical method on site, and transported to the lab 

on ice. Major cation and trace element samples were preserved in 1+1 HNO3 prior to transport. I 



56 
 

used inductively coupled plasma-optical emissions spectrometry (Varian Vista MPX-CCD 

simultaneous ICP-OES, Varian Corp., Walnut Creek, CA) to determine dissolved concentrations 

of Ca2+, Mg2+, K+, Na+, Al, Cu, Fe, Mn, Se, and Zn. Nitrogen as nitrate + nitrite (NO3+NO2-N) 

and as ammonium (NH4
+-N), and soluble reactive phosphate (PO4

-3-P) concentrations were 

determined using flow-injection colorimetry (Seal AutoAnalyzer 3, Seal Analytical, Mequon, 

WI). I estimated HCO3
- concentrations from titrimetrically determined alkalinity and pH 

according to APHA (2005). Ion chromatography was used to measure concentrations of SO4
2- 

and Cl- (DX 500 IC; Dionex Corp., Sunnyvale, CA). 

 

I sampled the benthic macroinvertebrate assemblage at each site according to RBP single-habitat 

(i.e., riffle-run) techniques (Barbour et al. 1999) four times during the course of the study: early 

December 2010, late May 2011, mid-October 2011, and mid-April 2012. A sample of 

approximately 2 m2 was composited from six 30-sec kicks of ~0.3 m2 each, preserved in 95% 

ethanol, and transported to the lab. I processed samples according to a randomized procedure 

(VDEQ 2008), obtaining sub-samples of 200 (±10%) organisms. Sub-sampled 

macroinvertebrates were subsequently identified to family- or lower-levels using taxonomic keys 

(Merritt et al. 2008).  Data were entered into the Ecological Data Application System (EDAS 

v.3.0, 2000; Tetra Tech, Inc., Owings Mills, MD) to calculate taxonomic and functional feeding 

group (FFG) metrics. 

 

Functional Measures. I commenced litterfall sampling for each stream in September 2010 by 

securing ten direct-fall traps to the immediate stream bank, five on each side of the stream 

spaced equidistantly along the 30-m downstream sub-reach. Direct-fall traps were constructed 

using perforated 19-liter buckets (627 cm2 opening) lined with aluminum mesh cones to provide 

drainage. I composited litterfall at each stream during each site visit, returned it to the lab, 

removed any detritus of non-vegetative origin, and sorted the remaining OM into five fractions: 

wood, leaves/needles of woody taxa, reproductive parts of woody taxa (i.e., fruits, nuts, flowers), 

all herbaceous material, and unidentifiable detrital material. I dried each fractional litter sample 

at 65°C for ≥ 5 days until a constant dry-mass (DM) was achieved, and calculated input by litter 

type during each sampling interval for each stream.  
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Leaf breakdown was evaluated by measuring mass loss from 6.5 g (±0.01) of dry white oak 

(Quercus alba) leaves through serial collection of samples during 310- to 320-day deployments. 

Leaves were acquired from a single location, uniformly mixed, dried (65° C for 48 hrs), 

weighed, and placed in bags of two mesh sizes. Coarse bags (1-cm mesh) allowed access by 

benthic macroinvertebrates, and fine bags (1-mm mesh) were meant to exclude benthic 

macroinvertebrates (O’Connor et al. 2000, Gessner and Chauvet 2002). During the first study 

year, 24 bags of each type were deployed in each stream in early December 2010, secured in 

glides (transitions between pools and riffles) using paracord, and retrieved in triplicate monthly 

for three months and bimonthly for the remainder of the study year. Procedures during the 

second study year were similar, except that bags were deployed in late November 2011 and the 

quantity of bags per stream was augmented to 30 to safeguard against losses to extreme flows.  

 

Lab processing of leaves followed a modified version of those presented by Benfield (2006). 

Leaf material was returned to the lab, rinsed of non-leaf material, and dried at 65° C for ≥ 48 hr 

until constant weight was achieved to determine leaf pack dry mass. I subsequently ground the 

leaves in a Wiley-Mill, sub-sampled the ground material, ignited it at 550° C for 40 min, and 

weighed the residue to determine percentage of DM that was organic matter (% OM) in each 

sub-sample. The total dry mass of each leaf pack was then converted to ash-free dry mass 

(AFDM) using % OM values of leaf pack sub-samples, and I determined percentage of AFDM 

remaining (%AFDM-r) for each pack relative to the initial (0 d) values.  

 

Statistical Methods 

I constructed time series of cumulative litterfall input to each stream by summing the areal inputs 

of each litterfall fraction (g DM m-2) from successive collections and plotting versus days of 

deployment. Litterfall input rates (g DM m-2 d-1) were determined on a daily basis by summation 

of litterfall fraction inputs (g DM m-2) during each study year (September 2010-2011; September 

2011-2012) and dividing by days of deployment. Because time of trap deployment varied among 

streams (year 1 range = 362-369 d; year 2 range = 349-388 d), I standardized cumulative annual 

litterfall input for each year to a calendar year by multiplying daily figures by 365 d.   
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Leaf breakdown rates (k) in coarse- and fine mesh were based on the first-order decay model (see 

Olson 1963, Petersen and Cummins 1974, Webster and Benfield 1986):   

 

   

 

where, 

 Mo = initial coarse or fine mesh leaf pack mass (%AFDM-r) at time 0, 

Mt = coarse or fine mesh leaf pack mass (%AFDM-r) at time t, 

 t = time, in days or degree-days, and 

k = breakdown coefficient allowing access (coarse), or excluding (fine), macroinvertebrates. 

 

Because of loss of leaf bags to high-discharge events at multiple sites, leaf breakdown was 

calculated through a maximum of 240 to 260 d. Additionally, when the mean of triplicate packs 

had reached a lower limit, based on inspection of % AFDM-r versus time plots, these and 

subsequently collected packs were excluded from breakdown calculations (J.R. Webster, 

personal communication, 2012). I derived breakdown rates and compared them on a stream-wise 

basis, treating each triplicate leaf pack on each stream-date combination as a replicate. I 

linearized data by natural-log transforming all %AFDM-r (ln[M0, Mt]) values, and specified days 

or degree-days as the covariate to determine breakdown rates in coarse- (k coarse) and fine-mesh  

(k fine) bags on a daily- and temperature-adjusted basis, respectively. Using an expanded, non-

additive ANCOVA model with dummy coding (Kleinbaum et al. 1988), I tested the null 

hypothesis that each coefficient was equal to zero (k =0), and subsequently compared each 

individual constructed stream leaf breakdown rate to the mean reference stream rate using 

Bonferroni-adjusted simple contrasts. I also calculated ratios of constructed stream coarse-mesh 

breakdown coefficients to the mean of reference coarse-mesh coefficients (k MINE : k REF), as well 

as ratios of coarse- to fine-mesh breakdown coefficients (k coarse : k fine) in each stream after 

Gessner and Chauvet (2002). Those authors promoted use of these two metrics in assessment 

frameworks, and although the former is a direct proportional measure of leaf breakdown 

differences between impacted sites relative to reference sites, the latter may provide insights 

concerning the balance between macroinvertebrate and combined microbial + physicochemical 

processes mediating breakdown. Additionally, I calculated differences between coarse- and fine-
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mesh leaf breakdown rates (k coarse - k fine) in each stream as an absolute (i.e., not proportional) 

indicator of breakdown attributable to benthic macroinvertebrate activity. 

 

Variables that were summarized across the entire study period and variables measured only once 

were compared between stream types with t-tests, using transformations to meet residual 

normality and homogeneity of variance assumptions if needed. I substituted Mann-Whitney U 

tests and Welch’s t-tests when iterative transformation did not resolve issues with non-normality 

or heteroscedacity of residuals, respectively. For variables that were constant among reference 

streams, I performed one-sample t-tests to evaluate whether the constructed stream types mean 

significantly deviated from zero following correction for the single, identical reference stream 

level. The two-factor (factor 1: constructed vs. reference, factor 2: Yr 1 vs. Yr 2) group-wise 

comparison component of this study is a proportionally replicated design (Zar 1999). As such, I 

used parametric analyses when original data satisfied assumptions, or were able to satisfy 

assumptions following interpretable transformations. Means for each variable measured across 

both years were tested for differences between categories using a two-factor ANOVA with the 

GLM procedure (Minitab version 17.1; Minitab Inc., State College, PA) using adjusted sums-of-

squares to calculate F-statistics. Van Elteren’s statistic (W’) with year as a blocking factor was 

used for group-wise comparisons when transformation did not improve normality of residuals 

(PROC FREQ; SAS version 9.4, SAS Institute, Cary, NC). All residuals from single- and two-

factor designs were tested for homogeneity of variance and normality using Levene and Ryan-

Joiner diagnostics, respectively. Additionally, normal quantile plots and histograms were 

evaluated visually to ensure assumptions were met.  Chemical analytes were excluded from 

comparative and subsequent correlation analyses when ≥ 15% of samples were below method 

detection limits because of the uncertainty of mean estimates that are based on large proportions 

of samples below detection (USEPA 2006). 

 

To assess associations between riparian overstory and litterfall input among constructed streams, 

I performed Pearson correlation analysis (JMP Pro 10; SAS Institute, Cary, NC) between 

riparian cover metrics and total riparian litterfall, as well as litterfall as leaves. Riparian land-

cover and riparian width scores were not significantly correlated with litterfall metrics, and are 

not reported. Additionally, I evaluated relationships between canopy cover and total litterfall 
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input among all streams (combined data from constructed and reference streams) for each study 

year using a simple linear regression model for each year.   

 

I performed Spearman rank correlation analysis (JMP Pro 10; SAS Institute, Cary, NC) within 

the constructed stream type to determine any structural variables that significantly (α = 0.05) 

associated with overall leaf breakdown rates (k coarse). Annual breakdown metrics were analyzed 

independently, and structural variables included in correlation analyses were either yearly means 

or measured only once during the study.  

 

RESULTS 

Ecosystem structure comparisons 

Mean catchment coverage by VFs and ponds combined was significantly greater for constructed 

streams (4.3%) relative to reference (< 0.1%; Table 4.3). Although mean percent catchment 

coverage by in-line and catchment-wide VFs and ponds in the constructed streams did not 

deviate significantly from reference condition, I emphasize that VFs were absent in all reference 

catchments and only a single small settling pond was present in one reference catchment near a 

gas well. I did not detect significant differences between study years at the catchment or riparian 

level for any land cover class (Appendix B.2). Percent of catchment under forest cover was 

significantly greater for reference streams (94.2%; Table 4.3) relative to the mean of constructed 

streams (73.7%), and mean barren land cover was more extensive for the constructed group at 

catchment (9.9%) and riparian (1.3%) scales than for reference streams (catchment = 0.1%, 

riparian = 0.02%).  

 

Overall RBP habitat mean scores (constructed = 153; reference = 178), and six of ten component 

metrics were higher in reference streams than in constructed streams (Table 4.3).  Median 

particle size (D50) did not differ significantly between stream types, but was more variable in 

constructed streams (2 – 128 mm) than reference streams (8 – 32 mm).  Channel flow status, 

sediment deposition, velocity-depth regime, and bank stability were not significantly different 

between the two stream types.  
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Mean measured discharge and area-corrected discharge (a.k.a., unit-discharge) did not 

significantly differ between stream types (Table 4.4). Mean constructed stream canopy cover 

(22%) was lower than the reference mean (75%), and specific conductance (904 µS cm-1) and pH 

(7.84) were consistently elevated relative to mean reference levels (specific conductance = 85 µS 

cm-1; pH = 7.40). Dissolved  SO4
2-, HCO3

-, NO3 + NO2-N, Ca2+, Mg2+, K+, and Na+ means were 

elevated in constructed streams relative to reference; in contrast, no significant differences by 

stream type were detected for Cl- (constructed = 5.2 mg L-1; reference = 3.5 mg L-1). Dissolved 

trace elements (Al, Cu, Fe, Mn, Se, and Zn), NH4
+-N, and PO4

-3-P were regularly below 

detection (> 15% of samples less than detection limit), although the proportions of Al, Mn, Se, 

and NH4
+-N samples below detection were significantly greater in reference streams than in 

constructed streams (Appendix B.3).   

 

Several water temperature metrics varied by study year and stream type (Figure 4.2). 

Constructed streams were typically warmer (average daily mean = 12.6°C) and less thermally 

stable (mean daily fluctuation = 2.9°C) than reference streams (average daily mean = 11.8°C; 

mean daily fluctuation = 1.9°C). Average daily mean and minimum daily mean temperatures 

(Figure 4.2A, B), as well as minimum and mean daily temperature fluctuations (Figure 4.2C, D) 

were all significantly greater in constructed streams than in reference streams. The second year 

of the study was warmer than the first, regardless of stream type, as indicated by higher average 

(1st year = 11.8°C; 2nd year = 12.8°C) and minimum (1st year = 1.2°C; 2nd year = 2.7°C) daily 

mean temperatures.  

 

Despite the high variability of specific relative-abundance metrics among constructed streams 

(e.g., % Ephemeroptera-Plecoptera-Trichoptera [EPT], % Plecoptera, % Diptera), numerous 

differences between stream types were evident for benthic macroinvertebrate metrics (Table 4.5). 

Total, combined EPT, and Ephemeroptera (mayfly), Plecoptera (stonefly), and Trichoptera 

(caddisfly) richness at the family-level were all significantly greater in reference streams relative 

to constructed streams. Relative abundances of mayflies and VASCI200 scores were 

characteristically elevated in reference streams relative to constructed-stream levels. Constructed 

streams had significantly higher mean proportions of collector-filterers (34%) relative to 

reference streams (17%), and relative abundances of Oligochaetes and caddisflies were also 
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higher in these streams. Hilsenhoff Biotic Index (HBI) scores were higher and proportional 

representation of the two most dominant taxa was greater in constructed streams. Significant 

differences between stream types were not detected for many relative abundance measures, 

inclusive of shredders, scrapers, collector-gatherers, EPT taxa, PT taxa excluding 

Hydropsychidae, Diptera (true flies), and stoneflies (Table 4.5). 

 

Litterfall: comparisons and relationships to riparian structure  

Litterfall inputs to reference streams were greater than constructed-stream inputs overall and for 

four of the five measured litterfall types (Table 4.6). Mean reference stream input of herbaceous 

OM, woody-plant leaves, and woody debris was roughly two, four, and nine times that of 

constructed stream means, respectively. However, measured woody inputs for some constructed 

streams occasionally exceeded woody inputs to one or more reference streams. Leaf inputs for 

one constructed stream with a developing canopy (SCH) more closely approximated reference 

stream levels (Figure 4.3A). Moreover, the relative importance (Figure 4.3B) and timing (Figure 

4.4) of leaf and woody inputs to SCH resembled reference-stream inputs. Total OM input and 

constituent contributions to individual reference streams were relatively consistent across years, 

whereas inputs to several constructed streams were highly variable during the study (Figure 

4.3B).  

 

Among constructed streams, mean percent canopy cover and one RBP habitat metric, vegetative 

protection, were positively correlated  with total litterfall and with leaf inputs from the riparian 

zone for each study year (0.77 ≤ r ≤ 0.95, p < 0.03; Table 4.7), although no significant 

relationships with geospatially derived riparian metrics or riparian width RBP scores were  

observed. Total litterfall and canopy cover were also positively related among all streams, with 

similar slopes (≈7 g DM m-2 canopy %-1) for both study years (Figure 4.5). Simple regression 

models for the first and second study year explained approximately 88% and 93% of variation in 

these data, respectively.  

 

Leaf breakdown: comparisons and relationships to ecosystem structure 

I observed considerable variation of leaf litter breakdown rates among constructed streams 

(Table 4.8), but mean breakdown in reference streams significantly exceeded constructed-stream 
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means regardless of measurement unit (day-1 or deg.-day-1) or mesh type (Table 4.6). 

Temperature-correction (deg.-day-1) did not eliminate the significant effect of stream type (F1,20 = 

23.30, p < 0.001) on leaf breakdown but rather inflated the magnitude of effect relative to 

stream-type comparisons on a per day basis (F1,20 = 17.15, p = 0.001). Differences among study 

years were detected for fine-mesh breakdown (day-1 and deg.-day-1) and coarse-mesh breakdown 

(deg.-day-1), as well as an additional significant interaction (F1, 20 = 4.68, p = 0.043) between 

stream type and study year for coarse-mesh breakdown measured per degree day (Figure 4.6). 

Tests of simple effects (Tukey’s HSD) following interaction revealed that during the second 

study year, mean coarse-mesh breakdown rates were not significantly different between 

constructed (2nd year mean k = 0.0011 deg.-day-1) and reference (2nd year mean k = 0.0017 deg.-

day-1) streams after correcting for temperature. Mean ratios of breakdown between constructed 

and reference streams (k MINE : k REF) did not differ significantly between years (Table 4.6) 

regardless of the units on which ratios were based (day-1 or deg.-day-1). Coarse-mesh breakdown 

rates for constructed streams ranged from approximately 50% to 70% of the mean reference rate. 

 

Within each stream type, mean coarse-mesh breakdown rates per day and per degree-day were 

always greater than fine-mesh means (Figure 4.7). A significant effect of study year was evident 

for daily and temperature-corrected rates of reference streams (Figure 4.7C, D) but not for 

constructed streams (Figure 4.7A, B). No significant interaction effects of mesh type and study 

year were observed for either stream type. Coarse- to-fine-mesh ratios (k coarse : k fine) did not 

differ between stream types; however, significant stream-type effects were evident for mean leaf 

breakdown rate differences between mesh types (k coarse - k fine), blocking for year (Table 4.6). 

Although there was a significant main effect of study year on coarse-to-fine-mesh breakdown 

ratios when measured per day, this effect was not significant when using per degree-day rates.  

 

Pair-wise contrasts of leaf breakdown rates in each constructed stream to mean reference-stream 

rates revealed that some constructed streams consistently functioned at or near reference levels. 

Specifically, SHO was not different from mean reference condition during either study year, 

regardless of mesh type, whereas STO was only different from reference condition for the first 

year within fine mesh (Table 4.8). In contrast, SEW, GUE, and CRI had breakdown rates lower 

than mean reference for all mesh-size and study-year combinations. Leaf breakdown rates in the 
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other three constructed streams differed from reference for some, but not all, study-year and 

mesh-size combinations. Leaf breakdown rates in constructed streams that differed consistently 

from reference levels (CRI, GUE, and SEW) were among the most stable between years 

(interannual variation ≤ 0.001 day-1), and these streams had coarse-mesh rates ranging from ~20-

55% of the mean reference condition.   

 

Among constructed streams, mean daily temperature and minimum daily mean temperature were 

negatively correlated with coarse-mesh breakdown rates (k coarse day-1) during both years and the 

first year, respectively (Table 4.9). The four constructed streams with the lowest temperatures 

during either year always had the four highest rates of coarse-mesh breakdown among 

constructed streams (Table 4.8), and the two  constructed streams with lowest annual mean 

temperatures (annual means: SHO 1st year = 10.6°C, 2nd year = 11.9°C; STO 1st year = 11.2°C, 

2nd year = 12.3°C) did not differ significantly from mean reference breakdown in coarse-mesh 

and were either within the ranges of reference stream temperature (1st year = 11.1 – 11.5°C, 2nd 

year = 12.1 - 12.7°C) or colder each year. Of the seven coarse-mesh breakdown rates in 

constructed streams that were similar to mean reference rates, five corresponded to average daily 

mean stream temperatures that were within the reference range, whereas the remaining two were 

0.3- 0.7°C warmer (2nd year mean: CAL = 13.0°C, SCH = 13.4°C) than the warmest reference 

stream (2nd year mean: MCB = 12.7°C) during the second year. Additionally, the three 

constructed streams that consistently differed from reference-level coarse-mesh breakdown rates 

were among the four warmest streams during each year and were always ≥ 0.6°C warmer than 

the warmest reference stream.  

 

Leaf breakdown rates in coarse mesh for constructed streams were significantly associated with 

non-forest vegetation cover (negative) and forest cover (positive) during the second year (Table 

4.9). Riparian forest cover was positively correlated with coarse-mesh breakdown during both 

years. Additionally, percent of catchment covered by all ponds, and only those intersecting study 

stream channels (i.e., in-line), were negatively associated with coarse-mesh breakdown 

consistently across study years. Daily mean stream temperatures corresponded to greater 

catchment-level- (1st year: ρ = 0.90, p = 0.002; 2nd year: ρ = 0.95, p < 0.001) and in-line pond 

coverage (1st year: ρ = 0.90, p = 0.002; 2nd year: ρ = 0.83, p = 0.011), as well as lower riparian 
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forest cover (1st year: ρ = -0.76, p = 0.028; 2nd year: ρ = -0.81, p = 0.015). Among constructed 

streams, no other non-temperature variables were consistently associated with daily mean stream 

temperatures consistently during both years. Percent of catchment covered by the development 

land-cover class, which roughly indicates mining infrastructure and facilities, was the only other 

measured variable that significantly associated with daily mean stream temperatures and only 

during the first year (ρ = 0.76, p = 0.028). 

 

Among benthic macroinvertebrate metrics, relative abundances of collector-filterer taxa and 

caddisflies were negatively associated with coarse-mesh breakdown only during the second year 

(Table 4.9). Litterfall, RBP habitat, water chemistry, physical survey (e.g., D50), and in situ water 

quality (i.e., specific conductivity, pH) measures were not significantly correlated with coarse-

mesh breakdown rates among constructed streams during the study.  

 

 

DISCUSSION 

Comparisons of ecosystem structure 

Elevated levels of geomorphic change attributable to mining (Hooke 1999) have affected the 

landscape of the Virginia coalfields. Valley-fills are major anthropogenic features, characteristic 

of mining, and were present in six of eight mined catchments in this study.  Landscape shifts 

were indicated by presence of VFs, establishment of lentic habitats, and conversion of forest land 

to barren landscapes during mining that were subsequently converted to non-forest vegetation 

resulting from predominant land reclamation practices. Although others have observed higher 

discharge and unit-flow in mined landscapes relative to unmined catchments (Messinger and 

Paybins 2003), I did not detect a difference relative to reference streams, and this could be a 

result of mean discharge measurements that were based only on periodic (~monthly) 

observations.  

 

Nonetheless, altered hydrologic pathways associated with mining activities expose previously 

un-weathered geologic materials, regionally dominated by alkaline sandstone and coal-associated 

pyritic materials, to the atmosphere and serve as sources of elevated HCO3
- and SO4

2- in mine 

runoff (Caruccio and Geidel 1989, Geidel and Caruccio 2000, Kirby and Cravotta 2005). These 
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processes are a major cause of augmented ionic strength observed in low-order streams impacted 

by mining in this study and others (Pond et al. 2008, Fritz et al. 2010, Palmer et al. 2010, Griffith 

et al. 2012, Pond 2012, Petty et al. 2013, Timpano et al. 2015), as well as in downstream 

environments (Lindberg et al. 2011, Merriam et al. 2011, Bernhardt et al. 2012). Although mean 

specific conductance levels reported in perennial reference streams of southwestern Virginia 

(this study, 85 µS cm-1) and east-central Kentucky (Fritz et al. 2010, ~ 50 to 60 µS cm-1) were 

lower than those reported from southwestern West Virginia (Petty et al. 2013; 461 µS cm-1), all 

three studies show elevated ionic strength in constructed streams compared with reference levels. 

Furthermore, alkaline mine drainage typical of Central Appalachia is often coupled with elevated 

concentrations of base cations and trace elements that affect headwaters (Hartman et al. 2005, 

Merricks et al. 2007, Pond et al. 2008), and in concordance with these studies, I observed higher 

pH, base cation concentrations, and more frequently detectable Al, Mn, and Se in constructed 

streams relative to reference (Appendix B.3).  

 

Warmer and more variable stream temperatures are often attributed to lack of riparian shading 

(Lynch et al. 1984, Weatherley and Ormerod 1990), and in one study, elevated levels of solar 

irradiance accounted for nearly 90% of thermal energy inputs to deforested stream reaches 

(Brown 1969). Warmer temperatures can affect periphyton metabolism (Phinney and McIntire 

1965), benthic macroinvertebrate physiological processes and life cycles (Camp et al. 2014), and 

interactive negative effects of temperature and chemistry on benthic macroinvertebrate 

assemblages have been reported (Merovich and Petty 2007). The constructed streams in this 

study had less canopy cover, were generally less thermally stable, and had temperature means 

and minima that were typically elevated relative to reference. Relative to forested reference 

streams, other studies of constructed streams on mined areas of Appalachia have reported that 

daily mean temperatures were 2 to 4°C warmer (Fritz et al. 2010) or that minimum daily 

temperatures were elevated (Petty et al. 2013). These results suggest that a paucity of riparian 

canopy cover is likely affecting the thermal regime of constructed streams in the Appalachian 

coalfield. 

 

Several studies have shown differences in benthic macroinvertebrate assemblages of mining- 

impacted streams relative to reference streams in the Central Appalachians (Hartman et al. 2005, 
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Merricks et al. 2007, Pond et al. 2008, Fritz et al. 2010, Pond 2010, Bernhardt et al. 2012, Petty 

et al. 2013, Timpano et al. 2015), particularly with regard to sensitive taxa (Pond et al. 2008, 

Pond 2010). Lower richness of EPT taxa (Fritz et al. 2010, Northington et al. 2011, Petty et al. 

2013), total richness (Fritz et al. 2010), and stream condition scores (Northington et al. 2011, 

Petty et al. 2013) have been observed in constructed streams impacted by mining, and support 

results of this study. Petty et al. (2013) noted a shift from higher proportions of shredders in 

reference streams to increased collector-gatherer dominance in constructed streams. I found a 

similar shift in functional feeding group (FFG) relative abundances between stream types, with 

collector-filterers comprising a greater proportion of the sample in constructed streams, whereas 

all other FFG metrics were relatively similar between stream types across the study. Northington 

et al. (2011) and Petty et al. (2013) showed significantly lower habitat measures for mining-

impacted constructed streams in Appalachia, compared to reference streams, which I also 

observed. Collectively, these results indicate that current stream construction methods are not 

fostering populations of sensitive taxa, have promoted a shift to taxa that are more dependent on 

fine particulate OM, and have not yet restored habitat to reference levels. 

 

Litterfall: comparisons and relationships to riparian structure  

Forested headwater stream ecosystems are typically dependent on allochthonous inputs of OM 

from the riparian zone as a basal energy resource (e.g., Fisher and Likens 1973, Cummins 1974, 

Vannote et al. 1980, Hall et al. 2000), and these riparian subsidies are typically dominated by 

leaves. In three forested headwater streams in Appalachian North Carolina, Wallace et al. 

(1995b) found that an average of 90% of total OM inputs were of terrestrial origin based on 

annual inputs over three years, and that leaves from the riparian zone comprised 69% to 80% of 

litter inputs. Similarly, input of leaves from woody plants in this study contributed approximately 

65% to 85% of total litterfall to reference streams. In contrast, the highest total litterfall input to 

any constructed stream during this study (SCH 2nd year = 395 g DM m-2 yr -1) slightly exceeded 

the lowest input of leaves alone in any reference stream (CRO 2nd year = 382 g DM m-2 yr -1). 

Input of leaves to SCH during this period was roughly 50-70% of reference-stream leaf input, 

and the majority of leaf subsidies to SCH were provided by non-native black alder (Alnus 

glutinosa) plantings.  
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Woody debris income was also typically depressed in constructed streams, and this OM 

component can affect the physical structure of streams (Jones et al. 1999, Sutherland et al. 2002, 

Valett et al. 2002), biogeochemical processes (Valett 2002), and benthic macroinvertebrates 

(Palmer et al. 1996). However, a single stream during each study-year did match or exceed 

reference-level woody debris inputs: GUE during the first and SCH during the second. Whereas 

contribution of wood in SCH was primarily associated with riparian plantings, GUE inputs 

resulted from presence of a mature riparian forest on one side of the valley in which the stream 

had been constructed. Herbaceous riparian inputs to constructed streams did not exceed those of 

reference streams, and therefore, it is evident that herbaceous plantings at constructed stream 

sites are not narrowing the disparity between stream types with respect to total litterfall quantity.  

 

Riparian structure varied widely among constructed streams. Riparian zones of some constructed 

streams were dominated by riparian forest plantings, others by herbaceous forb plantings, and yet 

others by invasive non-native flora such as autumn olive (Elaeagnus umbellata), royal 

Paulownia (Paulownia tomentosa), and Japanese knotweed (Fallopia japonica). Furthermore, it 

was evident that ontogeny of these riparian zones was not solely a factor of time elapsed since 

stream construction. The oldest constructed stream (CRI) had the lowest rates of leaf and wood 

input for both years; however, this stream was constructed without woody riparian plantings. 

Conversely, a stream that was four years old at the initiation of field sampling (SCH) had the 

highest leaf input and was among two constructed streams with the highest woody input 

throughout the study. Other relatively young constructed streams (GUE, LLA, and CAL; ~4-7 

years old at study onset) showed increasing leaf contributions from the riparian zone during the 

study, although these were primarily a product of additional leaf fall from non-native plants. Leaf 

inputs to these streams were still relatively low (< 50%) relative to reference streams.  

 

Strong relationships between litterfall and two measures of riparian development (canopy cover, 

vegetative protection scores) may seem self-evident, but I cite these relationships to demonstrate 

the importance of afforestation in riparian areas to functional restoration of constructed streams. 

In conjunction with the evidence that stream-bank successional processes do not predictably 

produce mature riparian forest following stream construction during time frames characteristic of 

streams in this study (e.g., “young” SCH had highest canopy cover), SCH results demonstrate 
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that higher levels of canopy cover are achievable in these riparian zones and provide inputs more 

closely resembling reference streams. Research has demonstrated that reclaimed coal-mined 

lands in Appalachia rarely reforest quickly unless purposeful actions intended to accelerate 

reforestation processes are taken (e.g., Burger et al. 2005). However, if one goal of stream 

construction is to approximate reference-level OM dynamics, establishment of riparian tree cover 

is necessary. Moreover, Hill and Webster (1983) note that upstream tributaries are the source of 

a large proportion (54%) of total OM present in downstream reaches. Consequently, riparian 

canopy establishment has implications for both on-site mitigation, and composition of the OM 

resource base downstream.  

 

Riparian litterfall measures in this study likely underestimate total OM income as I did not 

measure lateral inputs of litter or dissolved OM (DOM). However, lateral litter inputs only 

accounted for 22 to 27% of total litter income in steep-banked forested headwater streams of 

North Carolina, and DOM from non-terrestrial sources (i.e., groundwater) only accounted for 

~10% of total OM inputs (Wallace et al. 1995b). Relative to reference streams, bank-slopes of 

constructed streams in this study were typically much less steep and were constructed from mine 

spoils, with little, if any, apparent use of topsoil. Therefore, it is unlikely that accounting for 

these OM fractions would account for differences of total OM income between these stream 

types. Most of these constructed streams were young (< 10 years), and it is likely that developing 

riparian vegetation and soil may have positive effects on OM inputs in some constructed streams 

beyond the time-frame of this study. 

 

Leaf breakdown: comparisons and relationships to ecosystem structure 

The pattern I observed of slower leaf breakdown in constructed streams on mined landscapes 

relative to reference streams is consistent with findings of Fritz et al. (2010) and Petty et al. 

(2013). Furthermore, mean reference-stream leaf breakdown rates (day-1) in coarse mesh for all 

three studies were approximately 1.5 to 2 times faster than mean constructed-stream rates. 

Consistency among these three studies indicates that an essential OM process is being negatively 

impacted by mining and that most constructed streams did not foster breakdown rates similar to 

reference condition. However, individual leaf breakdown rates in multiple constructed streams 

were similar to mean reference-stream breakdown at some point during the study. Specifically, 
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coarse-mesh breakdown rates in two constructed streams (STO and SHO) did not differ from 

reference means, indicating that reference-like leaf breakdown can be achieved in some 

constructed streams. 

 

Coarse-mesh leaf breakdown rates in this study were greater than rates reported by either of the 

aforementioned studies (Fritz et al. 2010, Petty et al. 2013), despite consistent differences 

between constructed and forested streams among all three studies. Disparities in coarse-mesh 

breakdown rates among these studies are likely attributable to a combination of site classification 

and methodological differences. This study focused on perennial streams constructed with the 

intent of replacing streams that had been lost to mining. In contrast to Fritz et al. (2010), this 

study and Petty et al. (2013) excluded streams built on VFs (i.e., “groin ditches”) as well as 

streams of different hydrologic permanence (i.e., ephemeral to perennial). As required under the 

Surface Mining Control and Reclamation Act [SMCRA 1977], groin ditches are primarily meant 

to serve as water conveyances to stabilize VFs. These structures are not typically constructed 

with the intent to mitigate losses of stream ecosystem structure or function. 

 

Methodological differences among studies with respect to leaf type, placement of leaf bags, and 

study timing may have contributed to observed dissimilarities among coarse-mesh rates as well. 

Similarly to Fritz et al. (2010), I deployed white oak leaf bags in pools to maintain leaf 

inundation throughout the study. However, I calculated breakdown rate over ~190-260 days from 

bags deployed in early December (1st year) and late November (2nd year), whereas Fritz et al. 

(2010) calculated rates over a 166-day period beginning in late October. In contrast, Petty et al. 

(2013) placed pin oak (Quercus palustris) leaf packs in riffles over a period of 325 days, 

although timing of initial deployment is not reported by those authors.  

 

In a wet-temperate headwater stream surrounded by deciduous riparian vegetation in Japan, 

Kobayashi and Kagaya (2005) showed that leaf breakdown rates in riffles were substantially 

slower than in the centers of pools (early fall and late spring) and in pool alcoves (late spring). 

This could partially explain the slower breakdown rates observed in riffles by Petty et al. (2013) 

relative to rates reported from pools in this study and by Fritz et al. (2010). Additionally, as rate 

calculations in this study were terminated with leaf bags collected from June to August (varying 
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by stream), I may have captured elevated levels of breakdown in late spring (see Kobayashi and 

Kagaya 2002) that were not captured by the shorter deployments (terminal rate collections = 

April) of Fritz et al. (2010).  The breakdown rates I observed are within published ranges for oak 

leaves (Brown and Schram 1982, D’Angelo and Webster 1992); however, oak leaf breakdown 

rates that exceed the fastest rate in this study have generally been observed in cave streams and 

springs (e.g., Brown and Schram 1982, Eichem et al. 1993, Simon and Benfield 2001). 

Nonetheless, the most rapid rate I observed (0.025 d-1) was similar to the rate reported for oak 

leaves in one headwater stream surrounded by mixed forest in northeastern Mississippi (Beiser et 

al. 1991; 0.021 d-1).  

 

Despite overall slower mean leaf breakdown rates in constructed streams, benthic 

macroinvertebrates contributed to total breakdown in both stream types, evidenced by coarse-

mesh breakdown rates that were significantly greater than fine-mesh breakdown rates within 

both stream types. However, relative to reference streams, my results indicate that breakdown in 

constructed streams was depressed as a result of diminished contributions by both 

macroinvertebrates as well as combined microbial + physicochemical effects. Significantly 

smaller differences between coarse- and fine-mesh rates (k coarse - k fine) indicate that benthic 

macroinvertebrate processing was inhibited in constructed streams, whereas significantly slower 

fine-mesh rates in constructed streams indicate that aggregate effects of microbial and 

physicochemical leaf processing were also less in these streams. In this study, I attempted to 

eliminate patch-scale effects by restricting leaf bag deployment to pool-glide patches in each 

stream. Therefore, proximate causes of depressed leaf breakdown in constructed streams caused 

by  reduced macroinvertebrate and reduced physicochemical + microbial processing are 

considered as reach-scale effects in specific patch types (i.e., pool-glides). 

 

Although the depressed rates of leaf breakdown observed in many of these constructed streams 

are direct products of reduced benthic macroinvertebrate processing and reduced microbial + 

physicochemical processing, these observations alone do not provide information regarding the 

mechanistic pathways by which higher-order structural (e.g., riparian- or catchment-scale) 

variables associated with mining and stream construction have indirectly inhibited leaf 

breakdown via these intermediate, reach-scale agents (see Royer and Minshall 2003, Fritz et al. 
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2010). Royer and Minshall (2003) suggest a general, spatially hierarchical framework whereby 

proximate determinants of leaf breakdown at the patch- or reach-scale (i.e., invertebrate feeding, 

mechanical abrasion, microbial processing) are controlled by structural variables at the reach- or 

catchment-scale (e.g., temperature, water chemistry), which are a product of controls that may 

operate at the basin- or biome-level (e.g., climate, geology). Collectively, my results elucidate 

potential relationships between leaf breakdown and several higher-level structural factors, and 

suggest some factors that are likely influencing this process indirectly. Furthermore, it is possible 

to manipulate some of these factors at the reach- (e.g., riparian cover) or catchment-scale (e.g., 

pond cover) when constructing streams. Hence, these results suggest practices that may facilitate 

restoration of reference-like leaf breakdown in some constructed streams. 

 

Influences of stream temperature on integrative leaf breakdown processes have been recognized 

by numerous authors (Suberkropp et al. 1975, Paul Jr. et al. 1983, Webster and Benfield 1986, 

McArthur et al. 1988, Boulton and Boon 1991, Buzby and Perry 2000, Royer and Minshall 2003, 

Robinson and Jolidon 2005, Fritz et al. 2010). More rapid breakdown of leaves in streams with 

higher temperatures have been reported in some empirical studies (e.g., Suberkropp et al. 1975, 

Paul Jr. et al. 1983, Robinson and Jolidon 2005), and other studies have predicted or suggested 

augmented microbial processing and macroinvertebrate maceration of leaves with temperature 

increases through simulation (Buzby and Perry 2000) or conceptual models (Fritz et al. 2010).  

Presumably, these predictions are extensions of thermal kinetic principles (e.g., Arrhenius 

principle, Q10) that were originally developed for physicochemically-mediated processes, 

whereby increases in temperature elicit exponentially increasing rates (see Arrhenius 1915). 

However, application of these principles to organism-mediated rates requires the assumption that 

temperature dependence holds equally well for biological and physicochemical processes 

(Arrhenius 1915, Wiegert 1976). Although this assumption may be reasonable in many 

circumstances, Knies and Kingsolver (2010) found that Arrhenius kinetics do not govern 

ectotherm fitness over the possible physiological temperature range, and were only applicable 

over very narrow ranges surrounding optima. Considering that those authors used population 

growth rates of various insects and microbes to index fitness, it seems particularly tenuous that 

such principles would be any more appropriate for leaf breakdown rates that are dependent on 

processes at even higher levels of organization (e.g., community- or ecosystem-level).  
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In contrast, a number of authors have reported leaf breakdown rates at cold temperatures that  

exceeded those of published values at warmer temperatures (Sedell et al. 1975, Short et al. 1980, 

Cowan et al. 1983), and in one meta-analysis, Irons et al. (1994) showed a weak or absent 

relationship between leaf breakdown and latitude (as a surrogate for temperature) over broad 

spatial scales. In concert with the findings of other empirical studies (Rowe et al. 1996, 

Sponseller and Benfield 2001), I did not observe an overriding positive effect of temperature on 

leaf breakdown in coarse-mesh. This is based on several lines of evidence: (1) main effects of 

stream type indicate that across the study period mean leaf breakdown (day-1 and deg.-day-1) was 

faster in the colder reference-stream group than in the warmer constructed-stream group; (2) 

from the colder first year to the warmer second year, mean breakdown (day-1 and deg.-day-1) was 

either relatively stable (constructed streams) or nominally depressed (reference streams) within 

each stream group; (3) mean breakdown (deg.-day-1) was only comparable between stream types 

during the second study year when reference breakdown rates were depressed; and (4) among 

constructed streams with different thermal regimes, I observed a significant negative association 

between at least one temperature metric and leaf breakdown in coarse mesh during each year.  

 

The first line of evidence, whereby breakdown was slower in constructed streams than in 

reference streams based on per day and per degree-day measures, is corroborated by Fritz et al. 

(2010) who observed a similar phenomenon comparing constructed- and forested reference 

streams in eastern Kentucky coalfields during one year. Furthermore, regardless of whether I 

compared rates between thermally dissimilar stream types, within stream types across thermally 

dissimilar years, or correlated rates among constructed streams with different thermal regimes, 

warmer temperatures consistently were associated with slower breakdown during this study. In 

agreement with a number of other authors (Sedell et al. 1975, Short et al. 1980, Cowan et al. 

1983), all four lines of evidence in this study support that breakdown in cold streams can be 

relatively rapid in comparison with rates in warmer streams.  

 

However, it would be illogical to conclude that thermal regime differences are necessarily 

unimportant contributors to differences in leaf breakdown rates among streams simply because 

the net direction of effect is not positive. This is because effects of temperature on leaf 
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breakdown are largely manifested indirectly; that is, mass loss of leaves inherently integrates leaf 

processing through physicochemical and biotic pathways combined (see Petersen and Cummins 

1974, Webster and Benfield 1986), and biotic responses to warmer temperatures may not 

necessarily elicit positive effects on the leaf breakdown process. For example, increasing 

temperatures have been shown to increase frequency of aquatic insect molts and respiratory 

stress during these events (Camp et al. 2014), and molting periods have been associated with 

elevated insect mortality (Nebeker et al. 1996) as well as decreased feeding (Ayres and MacLean 

1987, Stamp and Bowers 1994, Rackauskas 2006). If assemblage composition and/or feeding 

activity is altered enough as a result of warm temperatures, negative relationships between leaf 

breakdown and temperature could be observed. This illustrates that net temperature effects on 

integrative leaf breakdown process need not be in the positive direction, because of the largely 

indirect nature of this relationship.  

 

Therefore, I cannot wholly discount the consistently negative associations of leaf breakdown and 

temperature among constructed streams as anomalous results because such effects are likely 

manifested through indirect pathways. Other reach-scale physicochemical measures do not 

appear to be confounding associations between breakdown of leaves and daily mean temperature 

as the latter variable was not significantly (α = 0.05) associated with in situ water quality, 

analytical chemistry, physical survey, or RBP habitat variables during either year. Furthermore, 

correlation analysis suggested that higher-level variables (i.e., catchment- and riparian-scale), 

which consistently associated with leaf breakdown were also linked to mean stream 

temperatures. Specifically, significant correlations indicated that higher temperatures 

corresponded to greater catchment-level and in-line pond coverage, as well as low levels of 

riparian forest cover. Ponds can increase water residence time beyond those typical of lotic 

systems, acting as sinks of thermal energy from solar heating (Van Buren et al. 2000), serving to 

increase temperatures of outflow water (Herb et al. 2009, Jones and Hunt 2010), and lengthening 

duration of these thermal impacts (Herb et al. 2009). Riparian deforestation can have similar 

effects on low-order stream temperatures, whereby higher levels of stream channel insolation 

caused by a lack of riparian shading may lead to warmer and more variable temperatures (Lynch 

et al. 1984, Weatherley and Ormerod 1990).  

 



75 
 

Collectively, these results suggest a logical hierarchical pathway by which increased pond 

coverage (catchment- and riparian-scale) in conjunction with decreased riparian forest cover may 

have led to elevated stream temperatures, reducing biotic processing of leaves and consequently 

depressing total leaf breakdown rates indirectly. Other authors that observed substantially 

elevated leaf breakdown in cold streams (~0°C) relative to warmer streams have attributed these 

breakdown disparities to exceptionally high shredder biomass at colder temperatures, particularly 

during mid-winter (Short et al. 1980, Cowan et al. 1983). Results of those authors suggest that 

higher temperatures may negatively affect shredder biomass directly, thus indirectly depressing 

rates of leaf breakdown in warmer streams. I did not measure biomass or areal density of benthic 

macroinvertebrates on the stream bottom or in leaf bags during this study, as enumerations were 

based on standardized sub-samples (VDEQ 2008) from kick samples obtained using RBP 

methods (Barbour et al. 1999). Therefore, it is possible that temperature-shredder and shredder-

breakdown relationships may have been stronger based on density or biomass metrics as opposed 

to relative abundance metrics. Nonetheless, as shredder relative abundance did not differ 

between constructed and reference streams and was not significantly correlated (1st year: ρ = -

0.48, p > 0.20; 2nd year: ρ = -0.57, p > 0.10) with constructed-stream leaf breakdown rates or 

temperatures, it is unlikely that assemblage dominance by shredders is wholly responsible for 

breakdown dissimilarities between stream types or among constructed streams. Alternatively, 

physiological and life-history responses to elevated temperatures, such as more frequent molting 

(Camp et al. 2014), may have decreased feeding activity (see Ayres and MacLean 1987, Stamp 

and Bowers 1994, Rackauskas 2006) without altering relative abundances at the FFG level. This 

is a plausible explanation that provides for indirect negative effects of temperature on leaf 

breakdown via macroinvertebrate feeding pathways without requiring taxonomic shifts.  

 

A preponderance of evidence suggests that temperature may be a major indirect driver of 

breakdown differences between stream types and among constructed streams; however, I cannot 

wholly eliminate other factors that could be contributing to these differences. Although RBP 

habitat component scores were not significantly associated with breakdown rates among 

constructed streams, several of these differed between stream types. Additionally, I observed 

other habitat-related phenomena that also may have hampered breakdown of leaves in several 

constructed streams. Specifically, I observed evidence of anoxia (i.e., blackened leaves) in three 
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constructed streams (GUE, LLA, SEW) at some point during leaf deployments, and precipitates 

coating leaves and armoring the stream-bed in another (CRI). Oxygen-depletion is inhospitable 

to heterotrophic benthic microbes or macroinvertebrates, and other research has indicated that 

hypoxia caused by sedimentation reduced total (Cummins et al. 1980, Bunn 1988) and microbial 

(Bunn 1988) leaf processing. Sedimentation can also fill benthic interstices (Einstein 1968, 

Lemly 1982, Carling 1984) and negatively impact the macroinvertebrate assemblage (Chutter 

1969, Cummins and Lauff 1969, Lemly 1982). 

 

The highly immobile cobbles and blocked interstices characteristic of CRI may have reduced 

benthic macroinvertebrate habitat similarly, although there is a dearth of literature on effects of 

stream-bed armoring by precipitates on benthic macroinvertebrates. Nonetheless, multiple 

studies have documented that coating of leaves by mineral ferric hydroxide precipitates (i.e., 

goethites, schwertmannites, ferrihydrites) in some mining-impacted streams that receive acidic 

and/or iron-laden waters can lead to slower leaf breakdown by reducing microbial colonization 

and processing (Gray and Ward 1983, Siefert and Mutz 2001, Schlief and Mutz 2005), and by 

inhibiting physical fragmentation (Schlief and Mutz 2005). The mineral form of such precipitates 

varies with pH and dissolved sulfate (Lewis and Schwertmann 1980, Yu et al. 1999), and 

because CRI was consistently alkaline, precipitates I observed in this stream likely differed from 

those observed in other leaf breakdown studies in streams influenced by acid mine drainage. I 

could not discern whether depressed fine-mesh leaf breakdown rates in CRI were predominantly 

a product of reduced microbial processing or reduced mechanical abrasion as I did not measure 

microbial biomass or activity. Regardless, the negative effects of precipitate armoring and 

coatings on habitat and leaf utilization in CRI could be similar to those reported by other authors 

(e.g., Gray and Ward 1983, Siefert and Mutz 2001, Schlief and Mutz 2005), and CRI had among 

the lowest mean relative abundance of shredders observed during either year (1st year = 3%; 2nd 

year = 0.3%) coupled with consistently depressed fine- and coarse-mesh breakdown rates. 

 

In contrast to Fritz et al. (2010) and Petty et al. (2013), I focused on relationships of leaf 

breakdown and structural metrics solely among constructed streams to elucidate those factors 

that could be manipulated to improve restoration of leaf breakdown functions in constructed 

streams. Conductivity and constituent ion concentrations did not significantly relate to total leaf 
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breakdown (k coarse) among constructed streams in this study, a result similar to those reported by 

Petty et al. (2013). Specifically, STO and SHO were the only constructed streams consistently 

comparable to reference with regard to leaf breakdown over the course of the study, yet for both 

years, they represent the lowest and highest ends of the conductivity gradient, respectively.  

 

Collectively, results of these three studies suggest 1) that lower conductivity is associated with 

faster breakdown when stream type (e.g., constructed vs. reference) is not taken into account 

(Fritz et al. 2010), 2) that breakdown–conductivity relationships are not necessarily consistent 

between stream types (Petty et al. 2013), but 3) that rates of breakdown comparable to levels 

observed in low-conductivity reference streams are possible in constructed streams with high 

specific conductance (this study). Although elevated conductivity and constituent ion 

concentrations remain an environmental concern, as they are stressors to aquatic life in 

headwater streams (Merricks et al. 2007, Pond 2010, Timpano et al. 2015) and downstream (e.g., 

Pond et al. 2008, Pond 2010), these factors did not appear to be the major drivers of differences 

in breakdown rates among the constructed streams in this study. Rather, if one goal of stream 

construction is to approximate reference-like breakdown rates, these results indicate that efforts 

to control elevated temperatures, sedimentation, and precipitates in constructed streams will 

likely be necessary. 

 

Multiple studies have documented stimulatory effects of nutrient enrichment on leaf breakdown 

in headwater streams of Appalachia (e.g., Gulis and Suberkropp 2003, Greenwood et al. 2007). 

Although constructed streams were enriched with NO3 + NO2-N relative to reference levels, 

mean leaf breakdown was slower in the former stream type and this variable was not 

significantly associated with coarse-mesh breakdown rates among constructed streams. This 

indicates that nutrient enrichment does not explain why breakdown in some constructed streams 

is similar to reference levels and not in others. Similarly, stimulating effects of discharge 

(Ferreira et al. 2006) and mechanical abrasion (Heard et al. 1999) on leaf breakdown have been 

documented in other lotic systems. However, as measured discharge and median particle size of 

streambed substrate did not differ between stream types and neither was significantly associated 

with breakdown among constructed streams, it is unlikely that either of these factors was the 

primary driver of leaf breakdown differences in this study.  
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I did not observe associations between litterfall component variables and leaf breakdown, 

although other authors have recognized that variation in the quantity of natural leaf 

accumulations (Stout and Coburn 1989), leaf quality (Melillo et al. 1982), or leaf types (Petersen 

and Cummins 1974, Webster and Benfield 1986) can alter breakdown rates. Moreover, I 

emphasize that measures that rely on deployment of artificial or foreign substrates to 

approximate in-stream functions are limited to inferences regarding potential of a stream to 

perform those functions when the substrate is available. Although these measures alone allow for 

comparison of the potential of streams to support specific ecosystem functions, putting them in 

the context of characteristic ambient inputs (this study) or standing stocks (e.g., Fritz et al. 2010) 

facilitates additional insight into OM dynamics as they occur within streams. For example, 

although breakdown rates in STO and SHO were similar to reference levels when leaf bags were 

artificially emplaced in the stream, the maximum total and leaf input for either stream did not 

exceed 26% of any reference stream. Consequently, despite leaf breakdown potential comparable 

to reference, this suggests that under ambient conditions processes within these streams may not 

yield a similar profile or quantity of OM size fractions, relative to reference, because of the 

scarcity of source material. Conversely, breakdown rates were slower in SCH than in SHO and 

STO, but were always within the top 50% of all constructed streams, and SCH also had the 

highest leaf input of any constructed stream (~50-70% of any reference observation). In this 

latter example, ambient OM processes are less likely limited by a paucity of leaves. These 

observations suggest that replacement of reference-level leaf processing functions by constructed 

streams may be contingent on constructed-stream OM inputs that are similar in quantity, quality, 

and timing to those of reference streams. 

 

Gessner and Chauvet (2002) discussed multiple ratios that could prove useful as functional 

assessment tools, and suggested that the ratio of leaf breakdown in coarse-mesh relative to fine-

mesh (k coarse : k fine) may be a useful indicator of the relative balance among macroinvertebrate- 

and microbe-mediated leaf processing. However, this metric was not discriminatory between 

stream types in this study because of proportional decreases of breakdown rates in both mesh 

types among constructed streams. Moreover, if this ratio had been applied to reference streams in 

the fashion proposed by those authors, only one of eight total observations would have been 
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classified as “no clear evidence of impact”, four as “severely compromised”, and three as 

“moderately affected”. In contrast, difference between leaf breakdown rates in coarse- and fine-

mesh (k coarse - k fine) discriminated between stream types and serves as an indicator of 

macroinvertebrate contributions to breakdown. This suggests that this differential metric may be 

a more useful indicator of the relative importance of macroinvertebrates to leaf processing than 

the proportional metric, and could be a candidate for inclusion in future functional assessment 

protocols in constructed streams in Appalachian coalfields. 

 

   

CONCLUSIONS  

Riparian leaves are the energetic foundation of headwater streams in the Appalachian region.  

Establishment of forested riparian zones and stream-corridor OM dynamics that approximate 

reference condition are essential to restoration success from an ecosystem perspective. Relative 

to reference streams, the majority of constructed streams in this study exhibited reduced annual 

litterfall input. Timing and composition of these inputs were also substantially altered. Total leaf 

breakdown rates were typically depressed in constructed streams, and this was a direct result of 

reduced processing by benthic macroinvertebrates and combined microbial + physicochemical 

factors. Multiple lines of evidence suggest that elevated stream temperature may be an important 

indirect driver of leaf breakdown differences among streams in this study, although I could not 

entirely eliminate other factors that may also contribute to inhibiting leaf breakdown in some 

constructed streams (e.g., habitat, anoxia, leaf and streambed armoring). Furthermore, decreases 

in riparian forest coverage and increases in in-line and catchment-wide pond coverage were 

significantly associated with elevated temperatures and leaf breakdown rates more dissimilar to 

reference streams. Leaf breakdown rates of some constructed streams were similar to reference, 

and streams within the reference range of stream temperature or colder were likely to have rates 

similar to reference. Conversely, three constructed streams with coarse-mesh leaf breakdown 

rates consistently dissimilar to reference were among the four warmest constructed streams, but 

anoxia (GUE, SEW) or stream-bed concretions and precipitate-coated leaves (CRI) were also 

observed in these streams at some point during leaf deployments. Natural headwater stream 

channels are nested within fully functioning riparian zones that provide an abundance of OM 

subsidies to such streams. These results suggest that, in conjunction with sound channel design, 
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diverse plantings of native trees in riparian areas with favorable properties for growth can aid the 

functional restoration process in constructed streams by providing source material for OM 

processes.      
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Figure 4.1. Location of study streams and their local catchments (hatched polygons) as 
defined from the base of each reach. Gray shading indicates Pocahontas coal-bed 
geology. Numeric references are as per Table 4.1. 

 
Table 4.1. Stream order, construction, and in-line feature history for study streams. 

Stream Code 
Approximate 

Stream Order
 a
 

Completed 

Stream 
b
 

Completed       

In-line VF
 b

 

Completed      

In-line Pond 
b
 

Reference 
1. BIG 1st n/a n/a n/a 
2. COP 1st n/a n/a n/a 
3. CRO 2nd n/a n/a n/a 
4. MCB 1st n/a n/a n/a 

Constructed 
5. GUE 2nd 2003 to 2004 2008 1995-1997 
6. CRI 2nd 1988 to 1989 1989-1991 2003-2005 
7. CAL 1st 2006 2006-2007 2006-2007 
8. LLA 1st or 2nd 2005 n/a n/a 
9. SCH 2nd 2006 n/a 1993 
10. SEW 1st 2007 to 2008 2008 2008 
11. SHO 1st 2008 2008 n/a 
12. STO 1st 2008 n/a n/a 

a
 Based on USGS digital quadrangles, aerial imagery, and ground scouting.

b
 Determined from historical aerial imagery, Normalized Difference Vegetation Index (NDVI) 

analysis, and consultation with mine and restoration professionals with prior knowledge.
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Table 4.2. Stream and catchment morphological characterization. 

Stream Code 

Total 
Stream 

Length
a
     

(m) 
Sinuosity 

Index
b
  

Stream 
Slope     
(%)

Stream 

Azimuth
c

   
(°)

Catchment 
Area        
(ha)

Mean 
Catchment 

Slope       
(%) 

Mean 
Catchment 

Aspect
c

     
(°)

Reference 
BIG 3041 1.12 22 29 274 51 38
COP 993 1.10 46 259 48 38 251
CRO 1585 1.15 10 252 211 44 228
MCB 1265 1.42 31 220 79 52 260

Mean ± SE 
d
  1721 ± 456

A
  1.20 ± 0.08

A
 27 ± 8

A
  

NNE, SSW, 
and WSW 153 ± 54

A
 46 ± 3.3

A
  

NNE        
and         

WSW

Constructed 
CAL 563 1.05 45 178 144 51 201
CRI 953 1.01 16 108 266 37 84
GUE 1447 1.06 28 230 248 36 261
LLA 2762 1.20 24 88 265 47 95
SCH 2848 1.32 21 186 384 48 170
SEW 115 1.04 25 226 34 27 219
SHO 157 1.01 35 208 26 31 188
STO 1331 1.07 15 57 92 43 3

Mean ± SE 
d
  1272 ± 376

A
  1.10 ± 0.04

A
 26 ± 4

A
  

ENE        
clockwise to 

WSW
182 ± 45

A
 40 ± 3.0

A
  

NNE        
clockwise to 

WSW
a 
[x]

0.5 
transformed 

b
 Mann-Whitney U test on original data 

c
 Azimuths and aspects for each stream- and catchment-type characterized by aspects represented, not means.

d
 For each attribute, means connected by same upper-case letter are not significantly different (α = 0.05). 

 

. 
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Table 4.3. Mean (range) land cover, physical survey values, and rapid 
bioassessment protocol (USEPA RBP) scores by stream type. 

Structural Variable 
Constructed           

(n = 8)
Reference              

(n = 4) 
Anthropogenic landscape features

a
 (%)

In-line VF cover 
b
  3.59 (0.00-15.58) 0.00 (0.00-0.00)

In-line pond cover 
b
  0.13 (0.00-0.41) 0.00 (0.00-0.00) 

Catchment VF cover 
b
  4.10 (0.00-15.58) 0.00 (0.00-0.00) 

Catchment pond cover 
c
  0.23 (0.00-0.78) 0.03 (0.00-0.10) 

Catchment VF + pond cover 
d, e

 4.33 (0.00-15.58) 0.03 (0.00-0.10)** 
Catchment land-cover (%) 
Forest 

f
  73.7 (41.2 - 95.7) 94.2 (83.7 - 99.9)* 

Barren 
f
  9.9 (0.1 - 34.2) 0.1 (0 - 0.3)* 

Developed 
g
  3.1 (0 - 6.2) 3.2 (0 - 8.4) 

Non-forest vegetation 
g
  13.4 (4.2 - 27.7) 2.5 (0 - 7.8)* 

Riparian land-cover (%) 
Forest 

h
  76.78 (41.59 - 99.53) 93.93 (88.61 - 99.9) 

Barren 
f
  1.28 (0.00 - 3.98) 0.02 (0.00 - 0.10)* 

Developed 
d
  7.82 (0.00 - 23.26) 3.28 (0.00 - 8.47) 

Non-forest vegetation 
i
  13.95 (0.47 - 40.56) 2.74 (0.00 - 6.75) 

Physical survey 
Mean baseflow wetted width 

c
 (m) 1.3 (0.6-3.3) 1.7 (0.8-2.5)

Mean baseflow wetted depth (cm) 12 (4-17) 10 (5-16)

Mean bankfull width (m) 2.3 (1.4-3.8) 4.2 (2.3-5.1)*

Mean bankfull depth 
j
 (cm) 34 (31-38) 43 (39-49)**

Median sediment particle size
d
 (mm) 32 (2-128) 17 (8-32) 

Rapid bioassessment habitat metrics

Epifaunal substrate/ cover 
k
  14 (8-18) 18 (18-19)* 

Embeddedness 13 (10-16) 17 (14-18)* 
Velocity/depth regime 

h
  14 (7-18) 15 (10-16) 

Sediment deposition 11 (6-17) 14 (12-15) 
Channel flow status 18 (15-20) 19 (17-20) 
Channel alteration 

b, l
  18 (16-19) 20 (20-20)*** 

Riffle/bend frequency 
m

  15 (8-19) 19 (18-20)* 
Bank stability (left + right bank) 18 (13-20) 17 (15-20) 
Vegetative protection (left + right bank) 15 (12-18) 19 (18-20)** 
Riparian width 

b
 (left + right bank) 18 (14-20) 20 (20-20)* 

Total RBP score 
e
  153 (140-167) 178 (175-182)*** 

a
 Landscape features expressed as % catchment area above reach base; VF = valley fill.

b
 1-sample t-test (n=8), constructed deviation from zero after identical reference level subtracted.

c
 [x]

-0.5
 transformed

d 
ln [x] transformed

e 
Welch's 2-sample t-test, Sattherthwaite d.f. approx. (catchment VF + pond d.f. ≈ 8; RBP d.f. ≈ 9).

f
 logit [x] transformed  

g
 √[x] transformed  

h 
[x]

3
 transformed

i
 [x]

0.25
 transformed

j 
[x]

-3 
transformed

k 
Mann-Whitney U test  

l 
Constructed stream scores reflect post-construction channel alteration. 

m
 [x]

4
 transformed 

* p ≤  0.05 ** p ≤  0.005 *** p ≤  0.001
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Table 4.4. Physicochemical, canopy, and water chemistry values (means ± SE) 
for constructed and reference streams. 

Structural Variable 
Constructed    

(n = 8) 
Reference         

(n = 4) 
Periodic In situ metrics 

Specific conductance
a
  (µS cm

-1
)   904 ± 199 85 ± 19*** 

pH 
b
  7.84 ± 0.1 7.40 ± 0.02** 

Dissolved oxygen (mg l
-1

) 9.0 ± 0.1 8.7 ± 0.1 

Q 
c 
(L s

-1
)

 
 35 ± 12 20 ± 5 

Q/catch. area
 
(L s

-1
 ha

-1
) 0.17 ± 0.05 0.15 ± 0.02 

% Canopy cover
 d
  22 ± 5 75 ± 1* 

Water chemistry (soluble; mg l
-1

) 

[ SO4

2- 
] 

e
  381 ± 107 11 ± 2*** 

[ HCO3

-
 ] 

e
  98 ± 17 19 ± 6*** 

[ Cl
-
 ]

 a
  5.2 ± 2.4 3.5 ± 1.7 

[ NO3+NO2-N ]
 e
  2.0 ± 0.8 0.4 ± 0.1* 

[ Ca
2+

 ]
 a
  117 ± 30 8 ± 3*** 

[ K
+
 ]

 # 
 6.29 ± 1.16 1.61 ± 0.05** 

[ Mg
2+ 

]
 a
  62.4 ± 19.0 3.1 ± 0.6*** 

[ Na
+
 ]

 a
  38 ± 13 4 ± 1* 

a  
ln[x] transformed 

b
Welch's 2-sample t-test, Satth. d.f. ≈ 7 to 9 for all. 

c
 √[x] transformed   

d 
Mann-Whitney U test  

e
 -[x]

-0.5
 transformed 

* p ≤  0.05 ** p ≤  0.005 *** p ≤  0.001 
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Table 4.5. Benthic macroinvertebrate metrics (mean ±SE) for each 
stream type.  

Structural Variable 
Constructed

a
  

(n = 8) 
Reference        

(n = 4) 

VASCI
200

 and components 
b
  

Total richness
 c
  13.4 ± 1.4 21.7 ± 0.4*** 

EPT richness 
c
  7 ± 1 14 ± 1*** 

% Ephemeroptera
 c 

 13 ± 4 31 ± 1** 

% PT-H
 c
  24 ± 6 31 ± 2 

% Scrapers 
d
  7 ± 2 14 ± 1 

% Chironomidae 23 ± 4 12 ± 2 
% 2 Dominant taxa 67 ± 5 37 ± 2** 

HBI
 e
  4.6 ± 0.3 3.5 ± 0.1* 

VASCI
200 

score 
c 
 52 ± 6 79 ± 1** 

Functional feeding groups (%) 

Collector-filterers
 f
  34 ± 7 17 ± 3* 

Collector-gatherers 
d
  35 ± 5 37 ± 2 

Predators 6 ± 1 10 ± 1 

Shredders
 c
  17 ± 5 21 ± 2 

Taxonomic relative abundance (%)  

EPT
 d
  61 ± 6 71 ± 1 

Plecoptera
 c
  19 ± 6 21 ± 2 

Trichoptera 29 ± 2 19 ± 3* 

Diptera
 g
  34 ± 6 20 ± 2 

Oligochaeta
 c
  0.33 ± 0.08 0.03 ± 0.03* 

Taxonomic richness 

Ephemeroptera 
c
  1.3 ± 0.4 4.4 ± 0.2*** 

Plecoptera 
c
  3.2 ± 0.5 5.3 ± 0.3* 

Trichoptera 2.4 ± 0.3 4.4 ± 0.2*** 

Diptera 3.3 ± 0.3 4.2 ± 0.2 
a
 Fall 2010 GUE sample only 79 total individuals, included in analysis.  

b
 Metrics appropriate for multiple categories only presented once under 

Virginia Stream Condition Index (VASCI
200

) category. 
c  

Welch's 2-sample t-test, Satth. d.f. ≈ 7 to 9 for all.
d 
Mann-Whitney U  test. 

e
 -[x]

-2 
transformed 

f 
ln [x] transformed

g
 logit [x] transformed 

* p ≤  0.05 ** p ≤  0.005 *** p ≤  0.001 
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Figure 4.2. Tests of stream type and study year main effects [F1, 20 (p-value)] on (A) daily 
mean temperature (B) minimum daily mean temperature, (C) average daily temperature 
fluctuation, and (D) minimum daily  temperature fluctuation. Upper and lower box hinges 
represent the first and third quartiles, and whiskers indicate maximum and minimum 
observations within 1.5 times the upper and lower hinges. Medians and means are indicated 
by bisecting lines and closed diamonds within the boxes, respectively. Significant main 
effects are in bold. Interaction tests were not significant. (MINE = constructed; REF = 
reference).
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Table 4.6. Annual litterfall input, leaf breakdown rates, and breakdown indicator metric means (± SE) by stream type 
and study year.  

Stream Type Study Year 

Functional Variable 
Constructed             

(n = 8) 
Reference          

(n = 4)  
1st Year           
(n = 12) 

2nd Year          
(n = 12) 

Litterfall input
a
 (g DM m

-2
 yr

-1
) 

Detrital 6.7 ± 1.7 12.6 ± 2.5* 5.5 ± 2.0 11.9 ±1.8 

Herbaceous
b
  24 ± 6 13 ± 2 13 ± 3 27 ± 8 

Reproductive
b
  6.4 ± 1.5 18.0 ± 4.4* 9.8 ± 3.4 10.8 ± 2.5 

Wood
c
  11 ± 5 97 ± 15*** 41 ± 16 39 ± 13 

Leaves
d
  94 ± 19 420 ± 11*** 194 ± 50 212 ± 49 

Total 142 ± 26 561 ± 22*** 263 ± 68 301 ± 62 

Leaf breakdown rates  

k
coarse

  (day
-1

) 0.012 ± 0.001 0.021 ± 0.001*** 0.016 ± 0.002 0.014 ± 0.001 

k
coarse 

e
 (deg.-day

-1
) 0.0011 ± 0.0001 0.0022 ± 0.0002*** 0.0016 ± 0.0003 0.0013 ± 0.0001* 

k
fine 

b
  (day

-1
) 0.007 ± 0.001 0.011 ± 0.002* 0.010 ± 0.001 0.006 ± 0.001** 

k
fine 

b
  (deg.-day

-1
) 0.0006 ± 0.0001 0.0010 ± 0.0002* 0.0009 ± 0.0002 0.0005 ± 0.0001* 

Breakdown indicator metrics 

k
coarse

  : k
fine

f
 (day

-1 
basis) 2.1 ± 0.3 2.2 ± 0.3 1.7 ± 0.2 2.6 ± 0.3* 

k
coarse

  : k
fine

g
 (deg.-day

-1 
basis) 2.3 ± 0.4 2.4 ± 0.3 1.9 ± 0.3 2.7 ± 0.4 

k
MINE

 : k
REF mean

 
h
 (coarse; day

-1
 basis) 0.6 ± 0.1 -- 0.5 ± 0.1 0.7 ± 0.1 

k 
MINE

 : k 
REF mean

h
 (coarse; deg.-day

-1
 basis) 0.5 ± 0.1 -- 0.4 ± 0.1 0.7 ± 0.1 

k
coarse

  - k
fine

d
 (day

-1
) 0.006 ± 0.001 0.010 ± 0.001* 0.006 ± 0.001 0.008 ± 0.001 

k
coarse

  - k
fine

d
 (deg.-day

-1
) 0.0005 ± 0.0001 0.0011 ± 0.0001* 0.0007 ± 0.0002 0.0007 ± 0.0001 

a
 Litterfall components (m

-2
) determined at each collection, summed over study years, standardized to 365 days. Wood, leaf, and reproductive 

classes are from woody plants; detrital is unidentifiable vegetative OM; herbaceous is all OM from non-woody plants; and total is aggregate. 
b 
ln[x] transformed 

c
 [x]

0.25
 transformed 

d
 Van Elteren test (W') on stream type, blocking for year; main effect of study year was not tested.

e
 Indicates significant interaction (stream type x study year) F-test for two factor ANOVA; see Figure 4.6 for Tukey's HSD tests.  

f 
[x]

-1
 transformed 

g 
[x]

-0.5
 transformed 

h
Single factor ANOVA comparing study years; main effect of stream type was not tested. 

* p ≤  0.05 ** p ≤  0.005 *** p ≤  0.001 
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Figure 4.3. Annual litterfall input rates (A) and contribution of component organic matter 
fractions as percent of total litterfall (B) for each study year.
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Figure 4.4. Timing of leaf (A) and woody (B) litterfall input for each stream accumulating during 
the study. Initial and final collections were 10 Sept. 2010 and 30 Sept. 2012, respectively. Open 
symbols and dashed lines are constructed streams; filled symbols and solid lines are reference 
streams. 
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Table 4.7. Significant Pearson correlation coefficients [r (p-value)] of litterfall input with 
riparian cover metrics among constructed streams.  

Total litterfall                  
r 

Leaf litterfall  
r  

Riparian cover metric 
1st Year        
(n = 8)

2nd Year       
(n = 8)

1st Year       
(n = 8) 

2nd Year       
(n = 8)

% Canopy cover 0.94 (0.0006) 0.86 (0.0058) 0.94 (0.0006) 0.90 (0.0027)

Vegetative protection score 0.90 (0.0020) 0.93 (0.0008) 0.77 (0.0267) 0.95 (0.0004)

 
 

 
 

 
Figure 4.5. Total annual litterfall input as a function of riparian canopy cover measured by 
densiometer for the first (solid line) and second (dashed line) study year. Diamonds are 
constructed streams, circles are reference streams. Closed and open symbols are data from 
the first- and second study year, respectively. Regression models for each year are significant 
[F 1, 10 ≥ 76.29; p < 0.001].
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Table 4.8. Stream leaf breakdown coefficients (k ± 95% confidence limit) and mean breakdown 
rates (± SE) by stream type. 

k
coarse

 (day
-1

) k
fine

 (day
-1

) 
Stream Code Year 1 Year 2  Year 1 Year 2
Constructed 

CAL 0.014 ± 0.007
*
 0.017 ± 0.004 0.007 ± 0.002

*
  0.003 ± 0.001

*
 

CRI 0.010 ± 0.003
*
 0.010 ± 0.003

*
 0.008 ± 0.003

*
  0.003 ± 0.001

*
 

GUE 0.007 ± 0.001
*
 0.007 ± 0.003

*
 0.005 ± 0.001

*
  0.004 ± 0.001

*
 

LLA 0.013 ± 0.006
*
 0.013 ± 0.006 0.013 ± 0.005 0.008 ± 0.001

SCH 0.010 ± 0.002
*
 0.013 ± 0.005 0.006 ± 0.001

*
  0.010 ± 0.003

*
 

SEW 0.005 ± 0.003
*
 0.004 ± 0.001

*
 0.004 ± 0.001

*
  0.003 ± 0.001

*
 

SHO 0.019 ± 0.004 0.016 ± 0.008 0.016 ± 0.005 0.006 ± 0.001

STO 0.021 ± 0.008 0.019 ± 0.004 0.005 ± 0.001
*
  0.005 ± 0.001

Mean ± SE 0.012 ± 0.002 0.012 ± 0.002 0.008 ± 0.001 0.005 ± 0.001

Reference 
BIG 0.025 ± 0.006 0.019 ± 0.005 0.016 ± 0.004 0.006 ± 0.001
COP 0.024 ± 0.008 0.018 ± 0.004 0.018 ± 0.008 0.007 ± 0.002
CRO 0.024 ± 0.006 0.016 ± 0.003 0.011 ± 0.003 0.004 ± 0.001
MCB 0.021 ± 0.005 0.017 ± 0.005 0.012 ± 0.003 0.010 ± 0.003

Mean ± SE 0.024 ± 0.001 0.018 ± 0.001  0.014 ± 0.002 0.007 ± 0.001

* Constructed stream breakdown rate significantly different from reference stream mean for that 
mesh-year combination, Bonferroni-adjusted α for 8 pairwise comparisons each study year. (p ≤ 
0.00625). 
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Figure 4.6. Simple effects tests (Tukey’s HSD) of temperature-corrected breakdown 
rates in coarse mesh. Boxes sharing a common letter are not significantly different. 
Significant interaction of stream type and study year is indicated in the upper right. For 
all other breakdown metrics, interaction terms were not significant and simple effects 
tests were not performed. See Table 4.6 for tests of main effects. (MINE = constructed; 
REF = reference).
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Figure 4.7. Tests of mesh type and study year main effects [F1,28 (p-value)] on leaf breakdown 
within each stream type. Significant main effects are in bold. Tests of interaction were not 
significant and are not reported. (MINE = constructed; REF = reference). 
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Table 4.9. Spearman rank correlations (ρ) of coarse-mesh breakdown 
rates (day-1) with all structural and litterfall variables for each study 
year among constructed streams.a 

     k
coarse 

(day
-1

) 
     ρ

Variable 
1st Year         
(n = 8)

2nd Year      
(n = 8) 

Catchment land-cover (%) 
Forest  n.s. 0.76* 
Non-forest vegetation n.s. -0.81* 

Riparian land-cover (%) 
Forest  0.71* 0.81* 

Anthropogenic features (%) 
In-line pond cover  -0.78* -0.71* 
Catchment pond cover -0.81* -0.76* 

Water temperature (°C)
Average daily mean -0.86** -0.74* 
Minimum daily mean -0.74* n.s. 

Functional feeding groups 
b
 

% Collector-filterers n.s. -0.81* 
Taxonomic relative abundance 

b

% Trichoptera n.s.  -0.86** 
a
 Only correlations that were significant for at least one study year-

breakdown metric combination are presented.
b
 Fall 2010 GUE sample only 79 individuals. Unable to complete 200 

(± 10%) count, but included in first year analysis.
* p ≤  0.05 ** p ≤  0.01
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CHAPTER 5. Periphyton structure and function in constructed headwater streams of the 
Appalachian coalfields. 
 
ABSTRACT 

Construction of streams on reclaimed coal mines is a common means of offsetting stream losses 

caused by mining disturbance. Periphyton is a key component of the organic matter resource 

base in lotic ecosystems. I examined structural and functional attributes of periphyton on 

artificial substrates in eight low-order constructed streams on mined areas and in four forested 

reference streams, evaluating both short-term (five periods, each ~ 2 months) and long-term (two 

periods, 9 and 11 months) differences between stream types. I evaluated stream-type and 

temporal differences in periphyton structure for biomass as ash-free dry mass (AFDM), viable 

algal standing crop as chlorophyll-a (chl-a), senescent autotrophic organic matter as 

phaeopigments (phaeo), and two non-taxonomic indicators of periphyton structure: the 

autotrophic index (AI) and chl-a : phaeo ratio. Differences in short-term periphyton function 

were evaluated by comparing accrual rates as AFDM (rAFDM) and as chl-a (rchl-a) between 

stream-types and across seasons. I also evaluated relationships of environmental factors to rchl-a 

and peak algal standing crop among constructed streams. Over long-term periods, mean AFDM 

and chl-a in constructed streams were approximately quadruple and double, respectively, the 

levels in reference streams. Viable algal standing crop was less proportionally abundant in the 

periphyton of constructed streams, as the mean constructed-stream AI exceeded the reference 

mean. Across short-term accrual periods, periphyton structural differences mirrored long-term 

results, with constructed stream AFDM and chl-a means exceeding reference levels. Accrual 

rates, measured only for the short-term periods, differed between the two stream types during the 

summer and fall, suggesting light availability during leaf-on seasons as a primary environmental 

variable driving functional differences between stream types. During the fall accrual period, 

stream temperature differences also appear to influence algal accrual rate. Increasing benthic 

shading via successful development of diverse, native tree plantings in riparian areas may foster 

reference-like autochthonous OM dynamics in constructed streams.  

 

KEYWORDS: headwater ecosystem function, stream restoration and mitigation, coal mine 

reclamation, benthic algae, biofilm, top-down and bottom-up  
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INTRODUCTION  

The central Appalachian region of the United States is a humid and mountainous landscape with 

relatively high drainage densities (Leopold et al. 1964). Surface mining for coal has been 

practiced in this region for more than a century (Abramson and Haskell 2006) and continues 

today.  The terrain’s relief presents challenges to environmental restoration and rehabilitation 

activities; these challenges are exacerbated by the expanding scales of modern mining 

disturbances (Copeland 2015).  Surface coal mining is a major contributor to the intensive 

geomorphic alterations that occur within the central Appalachian region (Hooke 1999).  

Headwater streams are particularly impacted by these activities, with mining disturbances and 

associated spoil disposal  (i.e., valley fills, VFs) burying thousands of kilometers of 1st- and 2nd-

order streams in the region (USEPA 2005, 2011). 

 

Typically, low-order streams in the Central Appalachians originate in forested catchments that 

restrict transmittance of solar irradiance to land and water surfaces during the growing season. 

Shade provided by riparian canopy is perhaps the overriding resource-limiting factor (i.e., 

bottom-up control) inhibiting primary production in many forested streams (Lowe et al. 1986, 

Hill and Knight 1988, Winterbourn 1990, Mosisch et al. 2001, Carey et al. 2007), and as such, 

benthic assemblages in these systems are largely dependent on riparian vegetation to provide 

bioavailable energy as allochthonous organic matter (OM) inputs (e.g., Fisher and Likens 1973, 

Cummins 1974, Vannote et al. 1980, Hall et al. 2000).  

 

Constructed streams on mined areas not only transmit surface waters, but many are intended to 

serve as compensatory mitigation for mining-related stream disturbances (Clean Water Act 

section 404). Although such streams are meant to replace functional and structural attributes of 

Appalachian headwater streams that were lost due to mining activities, many of these streams 

remain de-canopied with concomitantly low input of allochthonous OM following construction 

(Chapter 4). Not only can riparian deforestation lead to greater intensities of photosynthetically 

active radiation reaching the benthic surface (e.g., Hill and Knight 1988), but this increased 

insolation can also alter the thermal regime of streams. Brown (1969) found that elevated levels 

of insolation accounted for nearly 90% of thermal energy inputs to deforested stream reaches, 

and warmer, more variable stream temperatures have been attributed to a lack of riparian shading 
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(Lynch et al. 1984, Weatherley and Ormerod 1990). Additionally, detention ponds are commonly 

built between VFs and their receiving streams and are meant to minimize sediment transport 

associated with mine runoff; however, these structures can also act as thermal sinks as a result of 

increased insolation of surface water (Van Buren et al. 2000). Many constructed streams meant 

as mitigation originate at the outflow of detention ponds, and increasing temperatures have been 

documented below such ponds (Herb et al. 2009, Jones and Hunt 2010). 

 

Broad-scale landscape alterations associated with mining and land reclamation may also alter 

dissolved nitrogen concentrations in constructed streams draining these areas. Ammonium nitrate 

fuel oil explosives are widely used to remove geologic materials overlying coal seems; improper 

handling and incomplete detonation of these explosives can augment dissolved nitrogen in 

surface waters influenced by mining (Hackbarth 1979, Forsyth et al. 1995, Revey 1996). 

Following extraction, common reclamation techniques convert formerly forested areas to areas 

largely dominated by herbaceous taxa, often with fertilization. Mineral and organic soil 

amendments used during reclamation can increase mobile forms of nitrogen in soil solution 

(Wilden et al. 1999, Wilden et al. 2001) and in runoff (Shipitalo and Bonta 2008). I have 

previously documented elevated oxidized nitrogen concentrations in the constructed streams in 

this study (Chapter 4), and Petty et al. (2013) also observed elevated nitrate-N concentrations in 

one constructed stream draining a mined catchment that had been reclaimed three years earlier. 

 

Mine drainage in Appalachia can also alter benthic macroinvertebrate assemblages (Hartman et 

al. 2005, Merricks et al. 2007, Pond et al. 2008, Fritz et al. 2010, Pond 2010, Bernhardt et al. 

2012, Petty et al. 2013, Timpano et al. 2015). In the western Allegheny plateau of Pennsylvania, 

DeNicola et al. (2012) reported depressed densities of grazing taxa as a result of elevated 

concentrations of dissolved metals in streams affected by coal mine runoff. Although streams in 

that study received acid mine drainage, elevated concentrations of some metals have also been 

reported in several constructed streams affected by alkaline mine runoff from central 

Appalachian coal mining (Fritz et al. 2010, Petty et al. 2013, Chapter 4). Regardless of the 

causative pathways responsible (e.g., metals, salinity), depressed densities of grazers (Hartman et 

al. 2005) and reduced abundances of specific grazing taxa (viz., Heptageniidae; Pond 2010) have 
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been reported by other authors in alkaline mining-influenced streams in the coalfield region. 

Such taxonomic shifts could signal a decline in herbivory. 

 

Mining-related impacts and construction processes can alter the biotic and abiotic attributes of 

stream ecosystems in central Appalachia. Furthermore, many of the documented structural 

changes caused by coal-mining, land reclamation, and/or construction processes  could stimulate 

periphyton of constructed streams beyond reference levels via bottom-up (i.e., nutrient 

enrichment and elevated irradiance), top-down (i.e., release of grazing pressures), or 

confounding (i.e., elevated temperature) pathways.  

 

The periphyton community is comprised of microbes living on, or associated with, submerged 

surfaces in aquatic systems (Wetzel 2001). I define the periphyton mat (a.k.a., biofilm) to include 

the community of microbes, both autotrophic (i.e., benthic algae) and heterotrophic (i.e., 

bacteria, fungi, and protozoans), in addition to any non-living organic matter that may be 

embedded within that layer. Benthic algae are the most ubiquitous primary producers in lotic 

ecosystems (Biggs 1996), yet combined with heterotrophic microbial biomass, the contributions 

of periphyton to overall organic matter standing stocks in small forested headwater streams is 

relatively low (see Minshall 1978). In contrast, Minshall (1978) emphasized that 

autochthonously generated OM, particularly as periphyton, accounts for a majority of the trophic 

budget in many open-canopy streams. Periphyton also serves as a primary food source for some 

benthic macroinvertebrates, particularly those comprising the scraper-grazer functional feeding 

group (Cummins 1973, Vannote et al. 1980). As compared to relatively low-quality detrital 

material from riparian vegetation (Zimka and Stachurski 1976), the benthic algal component of 

periphyton is a high-quality food source, rich in nutrients and fatty acids (Delong and Thorp 

2006, Cashman et al. 2013). Furthermore, Coffman et al. (1971) reported that more consumer 

biomass was supported by periphytic algae than detritus in one forested stream in Pennsylvania, 

and McIntire (1973) demonstrated that even relatively low periphyton standing crop can support 

a disproportionate amount of grazer biomass as a result of relatively rapid microbial turnover.   

 

Area-specific estimates of ash-free dry mass (AFDM) and chlorophyll-a (chl-a) are common 

structural measures used to characterize total biomass of the periphyton mat and benthic algal 
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standing crop, respectively. Similarly, accrual or growth rates based on these areal densities are 

often used to characterize benthic microbial communities functionally (e.g., Kevern et al. 1966b, 

Bothwell 1985, 1988, Munn et al. 1989, Biggs 1990).  Other density-based metrics may provide 

further insight into the structure of periphyton communities. For instance, phaeopigment 

densities can be used to indicate the amount of senescent autotrophic material within the 

periphyton mat (e.g., Peterson and Stevenson 1992). Chlorophyll degrades rapidly as cells 

senesce, and phaeopigments arise as byproducts due to the loss of a central magnesium ion 

during this process (Steinman et al. 2007). Several non-taxonomic metrics have been developed 

to indicate shifts within the periphyton complex or to evaluate periphyton structural responses to 

environmental conditions. One such metric, the autotrophic index (AI = AFDM/chl-a), was 

originally designed as an indicator of organic pollution (Weber 1973a) but has also been used in 

studies to infer shifts in periphyton assemblage composition, with lower values indicating a 

greater proportional dominance of sentient benthic algae (e.g., Biggs and Close 1989). The ratio 

of chlorophyll-a (chl-a) to phaeopigments (phaeo) is another indicator metric that relates algal 

standing crop density to density of senescent autotrophic OM. When phaeopigments are largely 

derived from benthic algal sources, ratios of chl-a : phaeo can be used as indicators of algal 

community senescence (Stevenson 1996), with low values indicating a higher degree of 

senescence. 

 

Benthic algae are a high-quality food source (DeLong and Thorp 2006; Cashman et al. 2013) 

that, despite low densities, can support disproportionate amounts of consumer biomass (McIntire 

1973). As such, periphyton mats can be important components of the OM resource base in low-

order streams. Little is known concerning periphyton structure and function in constructed 

stream mitigations on mined areas, and a better understanding could facilitate improved stream-

disturbance mitigation. I compared structural and functional attributes of periphyton in streams 

constructed on mined areas to those of forested reference streams in un-mined watersheds. 

Additionally, I evaluated factors that are likely driving periphyton differences between stream 

types, and among constructed streams, with the intent of identifying constructed-stream features 

that can be designed and manipulated to enhance similarity to forested headwater streams in 

unmined watersheds. 
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METHODS 

Catchment, riparian, and stream characterization 

I studied eight low-order constructed streams on lands affected by surface coal mining and four 

forested reference streams. Stream selection began in fall 2009 and ended in July 2010, when 

data collection began. I concluded field sampling in September 2012. All study streams were 

located on Pocahontas coal-bed geology in southwestern Virginia within the Appalachian 

Plateau physiographic region (Figure 5.1). Constructed- and reference streams were selected for 

study intending that physical attributes, catchment, and stream characteristics would span 

equivalent ranges across stream categories (Table 5.1). For each stream, 100-m reaches of 

contiguous channel were delineated for study. I surveyed streams in July 2010 following the 

methods of Fritz et al. (2006). I also determined catchment characteristics using USGS 7.5’ 

digital quadrangles (DRGs; USDA-Natural Resources Conservation Service) and National 

Agriculture Imagery Program aerial orthoimagery (NAIP 2006, 2008; USDA-Farm Service 

Agency). For constructed streams, presence and age of anthropogenic features (e.g., VFs) were 

determined in similar fashion. Reference streams were selected such that  no current or legacy 

mining was present within the catchment, a minimum of 50 m of mature forest was present on 

each bank, and USEPA rapid bioassessment protocol (RBP) habitat score was ≥ 175 (Barbour et 

al. 1999). Although other anthropogenic disturbances (e.g., selective forest harvest, roads, gas 

wells) were present in some reference catchments, these streams represent “best condition” in a 

region where mining is common and extensive. Catchments were delineated using iterative 

spatial analysis (ArcGIS 10.1; Esri, Inc., Redlands, CA) of digital elevation models I created 

from Virginia Base Mapping Program’s (VBMP 2011; http://www.vita.virginia.gov/isp/) digital 

terrain model data using methods described by Futrell and Sforza (2004). Catchment- and 

riparian-level land cover was quantified for each of the two years of this study using annual 

Cropland Data Layer (CDL; USDA-National Agricultural Statistics Service) datasets from 2009 

through 2012.  Excepting VBMP data, all geospatial data were obtained from the USDA-NRCS 

data gateway (http://datagateway.nrcs.usda.gov/) 

 

Field and laboratory methods 

Physicochemical measures. Temperature data loggers (HOBO U-22; Onset Computer Corp., 

Bourne, MA) recording at half-hour intervals were deployed in the deepest pools of each study 



111 
 

reach in July 2010. Sites were visited approximately monthly until December 2010, and bi-

weekly to monthly thereafter through September 2012. Canopy cover was estimated using a 

spherical densiometer quarterly for the first year and approximately monthly for the remainder of 

the study. I measured stream velocity during site visits when water depth facilitated sensor 

submergence (Marsh-McBirney Flo-Mate; Hach Instruments, Loveland, CO), and estimated 

discharge using the velocity-area technique.  

 

During each site visit, I measured dissolved oxygen, temperature, specific conductance, and pH 

in a mixed portion of the water column using a multi-meter (Hydrolab Quanta; Hach 

Instruments, Loveland, CO). Additionally, water samples were obtained during each visit, 

filtered at 0.45 μm with a mixed cellulose ester, and split into two sub-samples on site. Sub-

samples for major cation and trace element analysis were preserved in 1+1 HNO3 at pH < 2 prior 

to transporting all samples to the lab on ice.  

 

I used flow-injection colorimetry (Seal AutoAnalyzer 3, Seal Analytical, Mequon, WI) to 

determine concentrations of dissolved ammonium (NH4
+-N), oxidized nitrogen (NO3 + NO2-N), 

and soluble reactive phosphorous (SRP), and I estimated HCO3
- concentrations from 

titrimetrically determined alkalinity and instantaneous pH (APHA, AWWA 2005). Inductively 

coupled plasma-optical emissions spectrometry (Varian Vista MPX-CCD Simultaneous ICP-

OES; Varian, Walnut Creek, CA) was used to determine concentrations of dissolved Ca2+, Mg2+, 

K+, Na+, Al, Cu, Fe, Mn, Se, and Zn concentrations, and I determined dissolved SO4
2- and Cl- 

concentrations via ion chromatography (DX 500 IC; Dionex Corp., Sunnyvale, CA). 

 

Benthic macroinvertebrates. I sampled the benthic macroinvertebrate assemblage in each stream 

according to RBP single habitat (i.e., riffle-run) approach (Barbour et al. 1999) four times over 

the course of the study: early- December 2010, late-May 2011, mid-October 2011, and mid-April 

2012. A two-m2 sample, composited from six 30-sec kicks of approximately 0.3 m2 apiece, was 

preserved in 95% ethanol, and transported to the lab. I obtained sub-samples (200 

macroinvertebrates ± 10%) of each composite sample according to a randomized procedure 

(VDEQ 2008), and subsequently identified organisms to family-level or lower using taxonomic 

keys (Merritt et al. 2008). Data were entered into the Ecological Data Application System 
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(EDAS v.3.0, 2000; Tetra Tech, Inc., Owings Mills, MD) to calculate taxonomic and functional 

feeding group (FFG) metrics. All metrics were determined at the family level unless otherwise 

noted. 

 

Long-term periphyton sampling. For the long-term sampling program, I exposed artificial 

substrates (Tuchman and Stevenson 1980, Lamberti and Resh 1983) to ambient stream 

conditions over approximately nine (early December 2010 - early September 2011) and eleven 

(mid-October 2011 - late September 2012) months during the first and second study years, 

respectively. This enabled characterization of fluctuations in total periphyton biomass as ash-free 

dry mass (AFDM) and viable benthic algal standing crop as chlorophyll-a (chl-a) across periods 

when periphyton communities were exposed to all ambient abiotic and biotic pressures. I did not 

attempt to minimize effects of grazing pressure, scouring flows above baseflow, emigration, or 

death during long-term deployments. Three tile arrays were deployed in each stream during early 

December 2010 (1st study year) and mid-October 2011 (2nd study year), each consisting of 

twenty-five, 5 x 5cm unglazed ceramic tiles affixed to a 30 x 30 cm concrete paver using 

microbially inert aquarium silicone. I placed arrays in glides or shallow pools at a level to 

maintain inundation based on observations from prior visits, taking caution to avoid 

emplacement of arrays in areas 1) of high deposition or 2) prone to scour at baseflow, or 3) 

where severe bed disturbance was evident. Following deployment in December 2010, triplicate 

tiles from each array were collected at monthly intervals from January 2010 through July 2011, 

and based on these extract concentrations, I reduced collection to duplicate tiles through 

September 2011. I continued duplicate collection of tiles from each array during the second 

study year, collecting tiles at monthly intervals from November 2011 through September 2012 

(deployment in October 2011). For most streams, a total of 75 and 69 tiles from monthly 

sampling were used to characterize long-term periphyton dynamics during the first and second 

year, respectively.  

 

All tiles were lightly rinsed in a non-turbulent section of the reach upon collection to remove 

allochthonous OM. Tiles from each sampling visit were subsequently composited by array, 

resulting in three replicate measurements of biomass per stream-date combination, and placed in 

individual Ziploc bags with a small amount of stream water for transport on ice. In the laboratory 
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under subdued light, I scraped composited array samples into periphyton slurry, filtered these 

onto pre-weighed and ashed (550°C) glass-fiber filters (F93447VOL; Environmental Express, 

Charleston, SC), and subsequently bisected filters. One half was used to determine AFDM 

according to standard methods (APHA 2005). Ash-free dry mass is an aggregate measure of the 

total amount of biomass that has accrued on the tile, heterotrophic (microbial consumers) and 

autotrophic (microbial producers/algae) combined, as well as any organic material associated 

with the periphyton microbial complex that was not rinsed during sample processing. I placed 

the other half of each filter in a centrifuge tube with 96% ethanol for 3-12 hrs, wrapped it in foil, 

and froze it at -20°C until subsequent spectrophotometric analysis of phaeopigments and 

phaeopigment-corrected chl-a (Niederlehner 2010, Wasmund 2008). In contrast to AFDM, 

phaeopigments (phaeo) represent only senescent autotrophic OM within the periphyton mat, 

whereas phaeopigment-corrected chl-a represents the viable autotrophic component of the 

periphyton (i.e., benthic algal standing crop).   

 

Short-term periphyton sampling. The short-term sampling program was intended to minimize 

effects of scour by restricting the time-frame to reduce probability of high flows, as well as to 

eliminate grazing pressures during these periods by elevating tiles above the stream bed 

(Lamberti and Resh 1983, Feminella et al. 1989). As a balance between allowing adequate time 

for colonization and community development (Aloi 1990) and limiting the aforementioned 

negative effects on periphyton, I selected two-month time frames (Wiegert and Fraleigh 1972) as 

appropriate to address the objectives of the short-term portion of this study. Although I did not 

measure emigration or mortality of periphytic taxa, I assumed these losses to be low during these 

short-term accrual periods. Arrays were elevated ~5 cm above the sediment surface, and I did not 

observe colonization of these arrays by macroinvertebrate taxa during short-term accrual periods. 

I measured AFDM and chl-a over five seasonally distinct accrual periods, one during the first 

study year (winter, Dec. 2010 – Feb. 2011) and four during the second study year (fall, Oct. – 

Dec. 2011; early spring, Feb. – Apr. 2012; late spring; Apr. – Jun. 2012; and summer, Jun. – 

Aug. 2012). During winter and fall accrual periods, I used data from the long-term tile arrays 

over the first two months of deployment to characterize short-term dynamics of periphyton, as 

these were identically raised from the stream bed and, based on visual inspection, had not been 

colonized by macroinvertebrates within the first two months. For early spring, late spring, and 
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summer accrual periods, additional tiles were pre-glued to 2.5 x 30 cm steel strips, transported to 

the stream at the beginning of each period, and affixed to three additional pavers that had been 

transported to the stream in September 2011 using Tapcon concrete anchors (ITW Brands, Inc., 

Schaumburg, IL). I ensured that these pavers were free of macroinvertebrates between periods by 

scrubbing them in the water column. Tiles were collected in triplicate after ~30 d and ~60 d for 

the winter accrual period, and in duplicate during all second-year accrual periods at ~14 d, ~25-

35 d, and ~55-75 d following deployment. All accrual period tiles were handled, processed, and 

analyzed in the same fashion as long-term tiles. 

 

Data Analysis 

Structural metrics.  I determined mean areal densities of total periphyton biomass (g AFDM     

m-2), benthic algal standing crop (mg chl-a m-2), and senescent autotrophic OM (mg phaeo m-2) 

for each stream-collection date combination over the first (Dec. 2010 – Sept. 2011) and second 

(Oct. 2011 – Sept. 2012) long-term exposure periods, and for each of the five accrual periods. 

All density metrics were calculated as the mean of three replicate arrays within each stream for 

each collection. Additionally, monthly mean autotrophic index (AI) values were calculated for 

long-term exposures after Weber (1973b) as: 

 

AFDM
chl

 

  

where,  

  [AFDM]mean = mean AFDM areal density of three arrays, and 

  [chl-a]mean = mean chl-a areal density of three arrays. 

 

I excluded stream-date combinations with mean periphyton density of ≤ 2 g AFDM m-2 from AI 

calculations and subsequent analysis based on the recommendation of Biggs and Kilroy (2000), 

who note that sparse periphyton assemblages, especially those dominated by diatoms, can result 

in spuriously high or low AI values.  
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Similarly, I determined quotients of algal standing crop and senescent autotrophic OM densities 

(chl-a : phaeo; Tett et al. 1978) for each collection during long-term exposures as: 

 

chl
phaeo

 

where,  

  [chl-a]mean = mean chl-a areal density of three arrays, and 

  [phaeo]mean = mean phaeopigment areal density of three arrays. 

 

For both stream types, I constructed time series of AFDM and chl-a over each long-term 

exposure, and for each of the five accrual periods. Short-term accrual period data are always 

presented in phenological order (i.e., fall, winter, early spring, late spring, and summer). I also 

documented patterns of monthly mean AI fluctuations over long-term exposures for each stream 

type based on periphyton samples that met the minimum recommended  criterion to calculate this 

index (> 2 g AFDM m-2; Biggs and Kilroy 2000).  

 

Functional metrics and stream-wise comparison. Based on inspection of accrual-period time 

series for individual streams (data not presented), successive measurements beyond peak mean 

biomass as AFDM and as chl-a were excluded from respective accrual rate calculations (Biggs 

and Kilroy 2000). Total periphyton (rAFDM) and algal (rchl-a) accrual rates were derived based on 

the first-order accrual model presented by Munn et al. (1989): 

 

 
 

  

 where, 

 No = areal density of periphyton as AFDM or chl-a at deployment, 

 Nt = peak areal density of periphyton as AFDM or chl-a at time t, 

 t = time, in days or degree-days, and 

 r = accrual rate of the total or algal periphyton per day or per degree-day. 
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For this portion of the study, I treated individual array concentrations for each stream-date 

combination as a statistical replicate (i.e., three arrays per stream per collection date; not pooled 

into means) and, transformed all areal concentrations (No , Nt) to ln(Nt + 1) for each replicate, as 

initial concentrations were necessarily zero (Biggs and Kilroy 2000). I used a non-additive 

ANCOVA (i.e., including interaction) model with dummy coding (Kleinbaum et al. 1988) to 

regress transformed areal concentrations versus days and degree-days of exposure, testing each 

slope coefficient (rAFDM or rchl-a) against the null hypothesis that r = 0, and compared individual 

accrual rates of constructed streams to the mean reference accrual rate using Bonferroni adjusted 

simple contrasts.  

 

Group-wise comparisons. Total periphyton (rAFDM) and algal accrual rates (rchl-a), peak 

periphyton biomass (AFDM max), algal standing crop (chl-a max), and senescent autotrophic OM 

(phaeo max) were compared between stream types across accrual periods using multivariate 

repeated-measures analysis of variance (rANOVA) using restricted maximum likelihood 

(REML) estimates of means (PROC MIXED, SAS 9.4; SAS institute, Carey, NC). When a 

significant interaction between stream type and accrual period was apparent, I performed 

multiple comparisons of simple means using Tukey’s honest significant difference (HSD) test. 

Additionally, I tested for differences in mean periphyton biomass and algal standing crop 

between stream types on the final collection date (~55-75 days) of each short-term accrual period 

by substituting Bonferroni-adjusted simple contrasts for omnibus main-effects tests (Maxwell 

and Delaney 2004). Over long-term exposures, I also used rANOVA to test for differences in 

periphyton structural metrics (i.e., mean AFDM, chl-a, phaeo, AI, and chl-a : phaeo) between 

stream types across the first- and second study year. All data were transformed to meet residual 

normality and homoscedacity assumptions. I used the lowest Akaike’s Information Criterion 

(AIC; Appendix B.1) to select appropriate covariance structures for each variable tested, 

selecting among three possible structures for unequally-spaced accrual periods (compound 

symmetry, unstructured, and spatial power), and an additional two (autoregressive, and 

autoregressive heterogeneous) for long-term metrics (Guo and Hipp 2004).  

 

Factors Associated with algal structure and function. Among constructed streams, I performed 

Spearman’s rank correlation (ρ) analysis (JMP Pro 10; SAS Institute, Cary, North Carolina) to 
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determine if  measured environmental variables were associated with benthic algal accrual rates 

(rchl-a) and peak standing crop (chl-a max) during short-term accrual periods, which were 

significantly different by stream type. Environmental variables quantified during each site visit 

were summarized across respective accrual periods for correlation analysis. As benthic 

macroinvertebrates and land-cover variables were determined four times and twice during the 

study, respectively, these variables were summarized as study-year means before relating them to 

short-term  rchl-a  and chl-a max. Stream habitat and catchment characteristics (e.g., pond and VF 

cover), which were only determined once, were also used in analysis, but as raw values. As these 

correlation analyses were exploratory, I did not correct correlations for multiplicity (e.g., 

Bonferroni) to preserve my type II error rate. Rather, I interpreted correlations as potential 

relationships in light of other results.  

 

 

RESULTS 

Environmental and macroinvertebrate structure.  

Constructed streams were significantly warmer and enriched with NO3 + NO2-N, on average, 

relative to reference streams, whereas reference streams typically supported higher proportions 

of scraper-grazer taxa in the benthic macroinvertebrate assemblage and were characterized by 

greater canopy cover (Table 5.2). Regardless of stream type, average minimum and mean daily 

stream temperatures during the second year were elevated by ≥ 1°C relative to the first. 

Additionally, reference stream canopy cover means (1st year = 75%; 2nd year = 79%) consistently 

exceeded those of constructed streams (1st year = 25%; 2nd year = 21%) by a factor of three or 

more, and mean constructed-stream NO3 + NO2-N (1st year = 2.7 mg N l-1; 2nd year = 1.6 mg N  

l-1) was approximately four to five times greater than the reference mean (1st year = 0.5 mg N l-1; 

2nd year = 0.4 mg N l-1) each year. Additionally, NO3 + NO2-N was most similar between stream 

types during summer months (1st summer disparity = 1.85 mg N l-1; 2nd summer disparity = 0.98 

mg N l-1), although concentrations remained elevated in constructed streams during both 

summers. Soluble reactive P was always below method detection limits (100% of samples  < 7 

µg P l-1), whereas 78% and 89% of constructed stream and reference stream samples, 

respectively, were below NH4-N detection limits (< 10 µg N l-1). Mean estimates of SRP and 

NH4-N are not reported due to the large numbers of samples below detection (see USEPA 2006).  



118 
 

Long-term periphyton structure.  

Across both long-term exposures, constructed streams were characterized by greater total 

biomass (as AFDM), algal standing crop (as chl-a), and senescent autotrophic OM (as 

phaeopigments) within periphyton mats (Table 5.3). Generally, constructed stream AFDM 

(10.21 g m-2), chl-a (8.04 mg m-2), and phaeopigment (9.79 mg m-2)  means were approximately 

two, four, and five times greater than reference levels (2.52 g AFDM m-2; 4.32 mg chl-a m-2; 

1.82 mg phaeo m-2), respectively.  

 

The higher AI values for constructed streams indicates that viable algae are proportionally less 

well-represented in these periphyton mats (constructed AI mean = 1,332; reference AI mean = 

508) than in reference streams (Table 5.3). Additionally, viable algal material was approximately 

2.5 times more abundant than senescent autotrophic material in the periphyton of reference 

streams (reference chl-a : phaeo = 2.54), but in constructed streams this ratio was substantially 

lower (constructed chl-a : phaeo = 1.41). Regardless of stream type, mean AI and chl-a : 

phaeopigment ratios were significantly greater during the first study year (AI = 1,167; chl-a : 

phaeo = 2.04) than the second (AI = 948; chl-a : phaeo = 1.53; Table 5.3).  

 

The disparities in AFDM between constructed and reference streams during the study were 

primarily a product of differences between stream types from June through August of both years, 

and to a lesser degree, during February 2011 and January 2012 (Figure 5.2A). Similarly, overall 

chl-a differences between stream types were predominantly driven by divergence during summer 

months (June through August 2011 and 2012, and in September 2012; Figure 5.2B).  During the 

second study year, late fall to winter (Nov. through Jan.) differences also appear to contribute to 

the group-wise disparity of mean chl-a across study years; however, I could not evaluate 

monthly differences during November and December of 2010 as tiles were not deployed until 

December of that year (Figure 5.2B).  When benthic periphyton densities in reference streams 

were high enough to reliably quantify AIs (i.e., > 2 g AFDM m-2), mean AIs were always lower 

than in constructed streams regardless of month (Figure 5.2C).   

 

For each stream type, patterns of monthly mean AFDM fluctuation were similar for the two 

study years. I observed winter (Feb. 2011, Jan 2012) and summer (Aug. 2011 and 2012) peaks 
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for the constructed streams, but monthly mean AFDM was highly variable (range = 4.0 g m-2 to 

21.2 g m-2) (Figure 5.2A). Monthly AFDM means were much lower during the majority of the 

study and less variable through time for reference streams (range =  0.8 g m-2 to 4.9 g m-2) than 

for constructed streams, with mean AFDM values for reference streams not exceeding 5 g m-2 

(Figure 5.2A). Temporal patterns of mean chl-a were also similar across years for the 

constructed streams, with winter peaks during February of each year (1st year = 9.1 mg m-2; 2nd 

year = 9.0 mg m-2) and absolute maxima occurring in either July (2nd year = 13.3 mg m-2) or 

August (1st year = 11.1 mg m-2; Figure 5.2B). However, reference mean areal chl-a concentration 

was greater during March (2nd year = 8.3 mg m-2) and April (2nd year = 11.2 mg m-2) of the 

second study year than in the first (Mar. 1st year = 0.9 mg m-2; Apr. 1st year = 3.5 mg m-2), at 

levels slightly elevated compared to constructed group means (Figure 5.5B).  

 

Periphyton mats of each stream type were typically replete with organic detritus and/or 

heterotrophic microbes as indicated by AIs exceeding 400 to 600 (see Biggs and Close 1989, 

Kilroy et al. 2008). Mean monthly reference-stream AI values were typically within this range, 

although two were < 400 (April 2011 = 257; March 2012 = 306) and one exceeded 600 (June 

2011 AI = 830). Excepting a single monthly observation (Sept. 2011 = 553), all constructed-

stream mean AIs were higher than 600. Of the 20 total monthly AI estimates for constructed 

streams, 90% exceeded 900 and 80% exceeded 1,000, with a maximum AI value > 2,000 in July 

2011. Group-mean monthly AIs ranged from 257 to 830 for the reference streams, and from 553 

to 2,112 for the constructed streams over the course of the study, with less variability apparent 

for each stream type during the second year. Across the entire study period reference streams 

only had sufficient biomass to reliably quantify AI ~33% of the time (25 of possible 76 site-

month combinations), with no quantifiable reference-stream AIs during January, March, and 

September 2011, or November through December 2011 and June through August 2012 (Figure 

5.2C). Conversely, biomass in constructed streams was sufficient to reliably quantify AI ~76% 

of the time (122 of 160 possible site-month combinations), and to calculate stream-wide AIs for 

multiple streams within the group during every month (Figure 5.2C). 
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Short-term periphyton structure.  

Main-effects tests of stream type indicated that across short-term accrual periods (~55-75 d), 

constructed streams generally had peak AFDM (9.14 g m-2), chl-a (12.91 mg m-2), and 

phaeopigment (11.64 mg m-2) densities greater than mean reference levels (AFDM max = 2.49 g 

m-2; chl-a max = 4.99 mg m-2; phaeo max = 2.60 mg m-2; Table 5.4). Peak chl-a and AFDM both 

differed seasonally regardless of stream type as indicated by significant main effects of accrual 

period, and a significant interaction (F4, 40 =  5.70; p = 0.0010) was also evident for maximum 

chl-a indicating that seasonal patterns were not the same within each stream group for this 

structural metric. Tests of simple effects (Tukey’s HSD) revealed that chl-a maxima for 

constructed streams were significantly elevated from mean reference levels during both fall and 

summer, although disparities between stream groups were not evident for other accrual periods 

(Figure 5.3).   

 

Time series of mean AFDM and chl-a during accrual periods show that the patterns of accrual 

are not the same for constructed and reference streams during multiple seasons. During fall, 

disparities of mean AFDM (difference = 5.0 g m-2) and chl-a (difference = 7.4 mg m-2) between 

stream types are evident at the end of the accrual period (Figure 5.4A, B). These differences 

narrow for chl-a during the winter (difference = 3.0 mg m-2; Figure 5.4D), and are at a minimum 

for both AFDM (difference = 3.3 g m-2) and chl-a (difference = 1.3 mg m-2) during the early 

spring (Figure 5.4E, F). Stream-type biomass and standing crop begin to diverge again during 

late spring (AFDM difference = 5.2 g m-2; chl-a difference = 10.4 mg m-2; Figure 5.4G, H), and 

further in the summer (AFDM difference = 10.0 g m-2; chl-a difference = 14.3 g m-2; Figure 5.4I, 

J). Relative to other accrual periods, summer mean chl-a concentrations at peak were at their 

highest (16.7 mg chl-a m-2) and second lowest (2.4 mg chl-a m-2) for constructed and reference 

streams, respectively, accounting for the greatest observed discrepancy between stream groups 

during this period.  

 

Short-term periphyton function.  

Across short-term accrual periods, constructed streams were characterized by faster chl-a accrual 

rates (rchl-a = 0.046 d-1 and 0.0049 deg.-d-1) than reference streams (rchl-a = 0.025 d-1and 0.0041 

deg.-d-1; Table 5.4). Significant main-effects tests of accrual period indicated seasonal 
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differences for all accrual rates regardless of stream type. Additionally, significant interactions 

between stream type and accrual period were apparent for chl-a daily accrual rates (rchl-a d
-1; F 4, 

40 = 4.90, p = 0.0026), as well as temperature-corrected chl-a (rchl-a deg.-d-1; F 4, 40 = 6.32, p = 

0.0005) and AFDM (rAFDM deg.-d-1; F 4, 40 = 4.67, p = 0.0034) accrual rates. This indicates that 

seasonal patterns of all functional metrics, excepting daily AFDM accrual rates (rAFDM d
-1), were 

dissimilar between reference and constructed stream types. Relative to the reference stream 

group, multiple comparisons (Tukey’s HSD) revealed significantly greater mean daily chl-a 

accrual in constructed streams during fall and summer (Figure 5.5A, C), as well as elevated 

temperature-corrected chl-a accrual rates during summer (Figure 5.5B). Despite the significant 

interaction for temperature-corrected AFDM accrual rates (rAFDM deg.-d-1), multiple comparison 

of stream type means did not reveal differences within any season and are not presented.   

 

A number of stream-wise differences from the mean reference rate were evident on a daily basis 

(rchl-a day -1) during fall and summer (Table 5.5). Although correcting for temperature (rchl-a deg.-

d-1) effectively removed the significant stream-type difference between chl-a accrual rates during 

the fall (Figure 5.5B), comparisons of temperature-adjusted rates of individual streams to the 

reference mean suggest that warmer temperatures alone cannot account for significantly elevated 

accrual observed in some constructed streams during this season. Four individual streams (CRI, 

GUE, LLA, SHO) exhibited significantly faster chl-a accrual than the mean reference rate during 

the fall despite temperature adjustment (Table 5.5). During the summer accrual period, six 

constructed streams had chl-a accrual rates faster than the mean reference rate on a temperature-

adjusted basis, whereas only two streams (STO, SCH) did not significantly differ from mean 

reference condition. Because significant group-wise differences were not apparent for rAFDM 

(day-1 or deg.-day-1; Table 5.4) or for rchl-a (day-1 or deg.-day-1) during winter or either spring 

period (Figure 5.5A, B), I do not present stream-wise comparisons for these variable-accrual 

period combinations.  

 

Environmental associations with short-term algal accrual and standing crop.  

For the constructed streams, both chl-a accrual (r chl-a day-1) and peak standing crop (chl-a max mg 

m-2) were significantly associated with water temperature, benthic macroinvertebrate, and stream 

habitat and attribute metrics during at least one accrual period (fall and summer) when stream 
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types were significantly different (Table 5.6). During the fall accrual period, there was agreement 

between chl-a accrual and peak standing crop with respect to their relationships with non-

periphytic structural measures. Specifically, greater accrual rates and peak standing crop were 

associated with higher temperature minima and relative abundance of chironomids, and lower 

temperature variability (smaller coefficient of variation), mean depth at baseflow, and bankfull 

wetted depth. Greater peak standing crop during the fall was also indicative of more alkaline 

streams with warmer temperatures on a median and first quartile basis, whereas large median 

particle size corresponded to faster rates of chl-a accrual during this period.   

 

During summer, chl-a accrual rates and peak standing crop were each significantly associated 

with at least one benthic macroinvertebrate and stream habitat and attribute metric, although not 

with the same environmental variables (Table 5.6). Faster summer accrual rates were associated 

with greater percent coverage of the catchment by in-line VFs, greater relative abundances of the 

two most dominant macroinvertebrate taxa, steeper streams, lower bank stability, and lower 

abundances of predatory macroinvertebrates (Table 5.6).  Summer standing crop was only 

significantly correlated with three variables, and streams with dense standing crops had great 

relative abundances of chironomids, shallow depths on a bankfull basis, and cooler minimum 

daily mean temperatures during this period. Temperature-corrected accrual rates were highly 

correlated (ρ > 0.92, p ≤ 0.0011) with daily accrual rates during fall and summer accrual periods, 

leading to similar interpretations, and are not presented. 

 

 

DISCUSSION  

Overview of periphyton stream type differences.  

This study demonstrates that structural and functional attributes of periphyton in constructed 

streams differed substantially from those in forested reference streams. Total periphyton biomass 

(as AFDM), algal standing crop (as chl-a), and senescent autotrophic OM (as phaeopigments) 

were generally greater in constructed streams than in reference streams over long-term 

exposures. Despite higher mean periphyton biomass and algal standing crop in constructed 

streams, periphyton mats were less proportionally dominated by viable algal material in these 

streams as indicated by greater mean AI values. Furthermore, lower mean chl-a : phaeo ratios 
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show that, relative to viable algal standing crop, senescent autotrophic OM was more 

proportionally abundant in constructed streams than in reference streams. Over short-term 

accrual periods, peak periphyton biomass and senescent autotrophic OM in constructed streams 

also exceeded reference levels, and peak algal standing crop was higher in constructed streams 

than in references during two leaf-on (summer and fall) short-term accrual periods. Functionally, 

mean algal accrual (rchl-a d
-1) was more rapid in constructed streams than in reference streams 

during the summer and fall short-term accrual periods. 

 

Periphyton biomass and algal standing crop are typically low in forested headwater streams 

(Minshall 1978), and results from my reference streams can be put in the context of typical 

regional values for central Appalachia. In one forested headwater stream in the western 

highlands of North Carolina, Greenwood and Rosemond (2005) report algal standing crop values 

ranging from approximately 0 to 9 mg chl-a m-2 during three years, with means of approximately 

2 and 5 mg chl-a m-2 during high- and low-light periods, respectively. Similar to those authors’ 

findings, monthly algal standing crop means for reference streams in this study ranged from 0.6 

to 11.2 mg chl-a m-2, with a long-term mean of 4.32 mg chl-a m-2. Monthly periphyton biomass 

estimates ranged from 0.8 to 4.9 g AFDM m-2 in these reference streams, a wider range than that 

reported by Greenwood and Rosemond (2005; ≈ 0 to 0.65 g AFDM m-2). However, the values I 

report are not atypical for other forested headwaters in Appalachia. Epilithic periphyton biomass 

estimates in two low-order forested eastern Tennessee streams ranged from slightly less than 1 to 

approximately 2 g AFDM m-2 during three months spanning leaf emergence (Hill et al. 2001). 

On artificial substrates in one of those streams, Nelson et al. (1969) measured 3 g AFDM m-2, 

and estimated total benthic periphyton density for the entire reach at 2.7 g AFDM m-2. Similarly, 

Kevern et al. (1966a) reported periphyton biomass means of up to 5.2 g AFDM m-2 from 

artificial substrates in a nearby spring-fed stream. During long-term exposures, I estimated mean 

periphyton biomass at 2.5 g AFDM m-2 in reference streams. These values for forested 

headwaters in Virginia are in general agreement with those reported from the Tennessee studies. 

 
In contrast to areal densities of AFDM and chl-a, the other structural metrics I report (i.e., 

phaeopigment density, chl-a : phaeo, AI) are not common in studies of Appalachian forested 

headwater streams. Consequently there is a lack of “typical” values for comparison. I am not 
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aware of any other published studies that present phaeopigment densities or chl-a : phaeo ratios 

for such streams under ambient conditions. Nonetheless, other low-order lotic ecosystems can 

provide general points for comparison, and phaeopigment density (long-term mean = 1.82 mg 

phaeo m-2; short-term peak 2.60 mg phaeo m-2) and chl-a : phaeo (long-term mean = 2.54) 

estimates for forested reference streams in this study are similar to results reported by, or 

estimated from, other studies in low-order streams. Specifically, the values I report are similar to 

those presented by Seyfer and Wilhm (1977) in a 3rd-order Oklahoma stream (density range = 0.8 

to 2.6 mg phaeo m-2; estimated chl-a : phaeo range = 3.5 to 11), by Boisson et al. (2005) for a 

2nd-order upland reference stream in France (density range = 0 to 2 mg phaeo m-2; chl-a : phaeo 

range = 0 to 35), and by Suren (1992) for a shaded, spring-fed alpine stream in New Zealand 

(density mean = 1.9 mg phaeo m-2; estimated chl-a : phaeo mean = 2.9). 

 

The autotrophic index (AI) was originally developed as a monitoring tool for organic pollution 

(Weber 1973a), and has been commonly used in this context in downstream (e.g., rivers, 

reservoirs) aquatic ecosystems where autotrophy dominates (e.g., Weber 1973b, Biggs 1989). 

When organic detritus is scarce and periphyton biomass is great, AI values ranging from 50 or 

100 to 200 have been suggested as “normal guidelines” for non-polluted water, with values from 

400 to >1000 indicating organic enrichment (Weber 1973b, Collins and Weber 1978, Biggs and 

Kilroy 2000). However, several authors recognize that an abundance of heterotrophs and/or 

organic detritus can greatly inflate the AI (Collins and Weber 1978, Lowe and Pan 1996, Biggs 

and Kilroy 2000, APHA, AWWA 2005), that spurious values can occur when periphyton 

biomass is low (Biggs and Kilroy 2000), and that some periphyton communities can have high 

AIs (1000 to > 2000) in the absence of organic enrichment (Biggs and Close 1989, Biggs and 

Hickey 1994).  

 

The reference streams in this study were not enriched by organic pollutants, and I restricted AI 

determinations to samples above recommended minimum periphyton density criterion (> 2 g 

AFDM m-2) to avoid erroneous values (Biggs and Kilroy 2000). Despite this, all long-term AI 

means in reference streams exceeded 200 and most were greater than 400. Therefore, I heed the 

advice of other authors who caution that AI values above arbitrary thresholds are not 

automatically indicative of “unhealthy” periphyton (Stevenson and Lowe 1986, Biggs and Kilroy 



125 
 

2000), and refrain from comparing these AI values to organic pollution “benchmarks”. Rather, I 

simply interpret this ratio as a relative indicator of the proportional dominance of viable algal 

material within the entire periphyton complex (Biggs and Close 1989), whereby higher values 

correspond to greater abundance of heterotrophic microbes and/or detrital organic matter and 

lower values indicate proportional dominance by sentient algal material. 

 

Matthews et al. (1980) used ATP-based estimates of living biomass rather than AFDM to 

calculate a modified AI, likely underestimating AFDM-based AI values, and did not include a 

forested catchment as reference. In the study by Hill et al. (2001), mean AI values (reported as 

mg chl-a m-2 / g AFDM m-2) from two eastern Tennessee forested headwaters ranged from 

approximately 125 to 250 over three months spanning leaf emergence. However, based on mean 

monthly AFDM and chl-a densities reported by Greenwood and Rosemond (2005), I estimated 

monthly AI means in one western North Carolina forested headwater stream that were ≥ 550 on 

multiple occasions (Nov. 2000, Mar. and Jul. 2001). This indicates that the relatively high AIs I 

observed in forested headwater streams of Virginia are not atypical for Appalachian headwater 

streams.  

 

Algal accrual has been investigated in a number of lotic ecosystems, including in forested 

Appalachian headwater streams. Establishment of “typical” accrual rate values for such streams 

is complicated by dissimilarities among methodologies, such as variability of substrate types 

(various natural and artificial types), algal density metrics (cellular, chl-a, AFDM, biovolume), 

sampling time-frames (days to months), and choice of model (e.g., linear, discontinuous linear, 

polynomial, logarithmic). Although this kind of variability precludes direct comparison of rates 

among studies, the accrual rates (rchl-a; rAFDM) I determined are directly based on chl-a and 

AFDM densities, and I have already demonstrated that these values are similar to other published 

values for forested headwater streams in the Appalachians.  

 

Indicator ratios and periphyton structure implications.  

Although both AFDM and chl-a were greater in constructed than in reference streams, 

proportionally, AFDM was more augmented relative to reference conditions than chl-a. This 

resulted in typically greater AI values in constructed streams, and indicates that viable algal 
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material relative to the entire biomass in the periphyton mat was proportionally less abundant 

than in reference streams. Shifts in AI values can occur via some combination of detrital, 

community, and/or physiological mechanisms, and four possible explanations for elevated AIs in 

constructed streams relative to reference condition are: 1) lack of efficient sloughing of senescent 

microbes in the periphyton mat, 2) more efficient trapping of riparian- and/or aquatic 

macrophyte-derived OM, 3) higher proportions of viable heterotrophic microbes, or 4) lower 

cell-specific chl-a content among benthic algae. 

 

The first and second possibilities could result from a dominance of benthic algal taxa that trap 

OM (autochthonous or allochthonous detritus) more efficiently in constructed streams. The 

higher phaeopigment densities I observed in periphyton mats of constructed streams suggests 

that senescent autotrophic OM is contributing to the elevated total periphytic OM levels (AFDM; 

AI numerator) observed in these streams relative to reference, resulting in substantially higher AI 

values. Phaeopigments arise as degradation products of all chlorophyllous OM (Steinman et al. 

2007), including that from aquatic (e.g., Seyfer and Wilhm 1977, Tett et al. 1978, Peterson and 

Stevenson 1992) and terrestrial (e.g., Bacon and Holden 1967) sources. However, less 

allochthonous OM as riparian litterfall was present in constructed streams relative to reference 

streams (Chapter 4), and aquatic macrophytes were present in few constructed streams. 

Therefore, it is likely that the primary source of elevated phaeopigments in constructed streams 

is senescent benthic algae that are not efficiently sloughed from the periphyton mat, thus eliciting 

increases in AFDM and AI. Anecdotally, I also observed thick filamentous algal forms in some 

constructed streams (LLA, CRI, SEW, GUE), in contrast to the sparse prostrate forms typical of 

reference streams. It is possible that such entangled filaments may trap more detrital material 

within the periphyton, providing a mechanism by which taxonomic shifts may have indirectly 

influenced AI values.   

 

The third possible explanation of higher AI values in constructed streams relative to reference 

streams suggests a direct shift in assemblage structure whereby heterotrophic microbes dominate 

the periphyton in constructed streams. As cell-specific chl-a content of algae can differ by taxa 

(Steinman et al. 2007) the fourth possibility could also signal taxonomic shifts from reference 

condition, or alternatively physiological shifts, as many algae can respond to varied 
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environmental conditions by altering chl-a content (Yoder 1979, Thompson et al. 1992, 

Steinman et al. 2007). I cannot conclusively eliminate these two possible pathways as 

contributors to the elevated AIs observed in constructed streams because I did not undertake 

taxonomic identification of the periphyton or measure cell-specific chl-a content. Nonetheless, 

visual differences in algal forms and phaeopigment analysis provide evidence that assemblage 

shifts and inefficient sloughing of senescent algae in the periphyton mats of constructed streams 

are contributing to elevated AI values in these streams. 

 

When phaeopigments are largely derived from benthic algal sources, ratios of chl-a : phaeo (or 

modifications) can be used to indicate benthic algal community senescence (Stevenson 1996), 

with low values indicating a higher degree of senescence and a lower proportion of sentient 

benthic algae within the community. For constructed streams in this study, this assumption 

seems reasonable as sources of OM from vascular vegetation (riparian and aquatic) were scarce, 

as previously discussed. With respect to reference streams, if allochthonous detritus from 

riparian zones (see Chapter 4) had contributed to phaeopigment densities in these streams, this 

would have decreased chl-a : phaeo ratios to levels closer to those of  constructed streams. 

However, mean reference stream ratios remained significantly greater than constructed stream 

means, despite the potential contribution of allochthonous OM to the denominator (phaeo) in 

reference streams.  Therefore, it is likely that the benthic algal communities of constructed 

streams are generally characterized by a greater degree of senescence than reference streams.  

 

Top-down, bottom-up, and confounding controls on periphyton.  

The second objective of this study is to make inferences concerning why periphyton attributes 

(structural and functional) differ between constructed and reference stream types. Abiotic and 

biotic controls regulate periphyton dynamics and biomass and can be broadly classified into 

three categories: 1) top-down effects (i.e., grazing pressure), 2) bottom-up effects (i.e., nutrient 

and light availability), and 3) confounding effects (i.e., temperature regime, hydrologic/scour 

regime, cell mortality and emigration). Top-down grazing pressure affects the entire periphyton 

assemblage directly. Although bottom-up effects of nutrient and light availability directly affect 

the benthic algal component of the periphyton, they may also indirectly stimulate heterotrophic 

microbes as a result of increased resource availability.  
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Effects of mining, both active and residual, can influence abiotic and biotic characteristics of 

constructed stream ecosystems. My results indicate that the stream construction process has not 

typically restored a number of these features to conditions that mimic un-mined reference 

streams, at least within the period since construction was completed (< 10 yr for 7 of 8 

constructed streams). Furthermore, I observed several structural differences between stream 

types, which could elevate biomass and accrual in constructed streams beyond levels typical of 

reference streams via bottom-up or top-down pathways. 

 

Constructed streams in this study were warmer than reference streams on an average and 

minimum-daily mean basis. These results are consistent with observations of Fritz et al. (2010) 

and Petty et al. (2013) who compared constructed and reference streams in eastern Kentucky and 

southern West Virginia coalfields, respectively. Similarly to Petty et al. (2013), I also 

documented lower levels of riparian canopy in constructed streams relative to reference streams. 

Relative to reference, elevated NO3 + NO2-N concentrations characterized the constructed 

streams in this study, with constructed stream means exceeding reference means by 2.2 mg N l-1 

and 1.2 N mg l-1 for the first and second study year, respectively (Table 5.2). Although other 

authors (Petty et al. 2013) have observed augmented NO3-N concentrations in some constructed 

streams (mean = 11.0 ± 10.4 mg N l-1) relative to reference streams (mean = 0.8 ± 0.2 mg N l-1), 

differences between stream types in that study were not significant, likely due to variation among 

constructed streams. 

 

Scraper-grazer macroinvertebrates in constructed streams in this study are less abundant than in 

reference streams (Table 5.2).  In contrast, Petty et al. (2013) reported no stream-type differences 

in for the scraper-grazer FFG.  Nevertheless, Fritz et al. (2010) and Petty et al. (2013), 

demonstrated some structural differences between stream types that could potentially elevate 

algal biomass and accrual in constructed streams beyond levels typical of reference streams via 

bottom-up or top-down pathways, corroborating the evidence I have presented.   
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Long-term inferences: total ambient conditions.  

Across long-term exposures, elevated periphyton biomass (as AFDM) and algal standing crop 

(as chl-a) in constructed streams relative to forested reference reaches could be a product of a 

number of the biotic and abiotic differences I observed. Several authors (Hill and Harvey 1990, 

Winterbourn 1990, Rosemond 1993, Hill et al. 1995, Rosemond et al. 2000) have reported 

interactive effects of top-down (e.g., grazing) and bottom-up controls (e.g., nutrient and/or light 

limitation) as determinants of periphyton or benthic algal biomass, although the relative 

importance of these factors may vary seasonally (Rosemond 1993, Rosemond et al. 2000) and 

among streams. Based on long-term observational data, however, I cannot definitively discern 

how such factors may interact to contribute to the elevated periphyton and algal biomass 

observed in constructed streams. However, to gain insight into the likelihood that any of these 

individual factors is a primary determinant of stream-type periphyton and algal differences, I 

discuss inferences from my long-term results below. 

 

Dissolved NO3 + NO2-N was elevated in many constructed streams, relative to reference, but 

SRP was lower than the analytical detection limit (7 µg P l-1) for all samples. From a single-

resource limitation perspective (von Liebig 1842) I would not expect algal biomass to respond 

primarily to NO3 + NO2-N enrichment in the context of low SRP levels. However, 1) the single-

resource limitation concept may not be appropriate for entire periphyton assemblage responses 

(Borchardt 1996), 2) water column nutrient concentrations do not necessarily represent 

bioavailable pools due to nutrients trapped within the periphyton complex (e.g., Gaiser et al. 

2004), and 3) evidence of nutrient co-limitation (e.g., Winterbourn 1990, Stelzer and Lamberti 

2001, Wyatt et al. 2010) is common with respect to benthic algae. Furthermore, Stelzer and 

Lamberti (2001) noted that stream periphyton biomass was stimulated by overall dissolved 

inorganic N  concentrations despite high initial N:P ratios. Although I observed elevated mean 

NO3 + NO2-N in constructed streams, my long-term results do not support that this factor was the 

primary driver of periphyton and algal standing crop differences between stream types. Stream-

group NO3 + NO2-N concentrations were least disparate during summers (see text, Results); if 

NO3 + NO2-N enrichment were the primary driver of algal standing crop differences, I should 

have observed the most similar standing crop values during summer months when N 

concentrations were most similar between stream types. However, long-term results revealed the 
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greatest disparities in biomass measures between stream types during summer months, 

particularly July and August.  

 

Similarly, if temperature were the primary determinant of algal and total periphyton biomass 

differences between stream types across long-term exposures, similar upward trends should have 

been apparent for both stream types because temperatures increased from spring through summer 

for both stream types. This general trend was evident for constructed streams from March 

through August for both biomass measures (AFDM and chl-a). However, in reference streams, 

total periphytic biomass remained consistently low and algal standing crop trends were more 

erratic through these same time periods. Long-term patterns for constructed streams do not 

preclude the potential stimulatory effect of warmer stream temperatures when other factors such 

as light are less limiting (see Phinney and McIntire 1965, McIntire 1968), whereas reference 

stream patterns are consistent with the conclusions of other authors that positive effects of 

temperature on periphyton production are generally small when other factors are limiting 

(Phinney and McIntire 1965, Hornick et al. 1981, Jasper and Bothwell 1986, Bothwell 1988). 

 

My results suggest that light is likely a major determinant of stream-type differences with respect 

to algal standing crop (chl-a) over long-term exposures, and thus, also contributes to the 

periphyton biomass differences I observed. Woody plants were typically absent or sparse in the 

riparian areas of constructed streams, with the exception of one site (SCH) where planted 

European black alder (Alnus glutinosa) provided a relatively dense canopy during leaf-on 

periods. Mixed riparian forests characterized reference stream corridors, with eastern hemlock 

(Tsuga canadensis) and rhododendron (Rhododendron maximum) providing partial shade 

throughout the year. Stream-type disparities in riparian cover were highest following deciduous 

leaf emergence, and the greatest dissimilarities in algal standing crop (chl-a) and periphytic 

biomass (as AFDM) were during summer. These results suggest shading as a primary driver of 

these differences. 

 

Additionally, mean algal standing crop in reference streams nominally exceeded that of 

constructed streams on only two occasions (March and April 2012). Peak algal biomass and 

gross primary production during March and April are common in forested headwater streams in 
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Appalachia (Roberts et al. 2007, Roberts and Mulholland 2007). Reference-stream peaks during 

the second study year may have been augmented as a result of blow-downs of a large hemlock at 

each of two reference reaches that occurred during the preceding fall and winter, eliminating 

some of the partial shade provided by these trees prior to full deciduous canopy closure. Other 

long-term (≥ 17 months) studies have attributed elevated periphyton biomass and algal standing 

crop to elevated insolation from canopy openings as a result of clearcut logging (Hansmann and 

Phinney 1973, Lyford and Gregory 1975). In a stream with riparian defoliation caused by gypsy 

moth infestation, Sheath et al. (1986) reported that 88% of algal abundance variation over five 

months was explained by irradiance and temperature. Similarly, I contend that riparian shading 

differences are a major driver of dissimilarities between constructed and reference stream 

periphyton biomass measures over long-term exposures. 

 

Other authors recognize that scouring flows (Stevenson 1983, Grimm and Fisher 1989) and 

hydrologic characteristics (Wehr 1981, Duncan and Blinn 1989), as well as top-down effects of 

herbivory (Winterbourn 1990, Rosemond 1993, Hill et al. 1995, Rosemond et al. 2000), can also 

be important determinants of stream periphyton biomass and/or algal standing crop in some 

streams. However, I view hydrologic regime differences between stream types as an unlikely 

primary driver of differences in periphyton and algal biomass, because measured discharge and 

unit flow in constructed streams were not significantly different from reference streams  

(Chapter 4).  

 

In contrast to hydrologic controls, long-term results provide some evidence that dissimilarities in 

grazing pressure could contribute to algal standing crop and periphyton biomass dissimilarities 

between stream types. Although I did not measure areal density of scraper-grazer 

macroinvertebrates, it is plausible that reduced relative abundance of grazers in constructed 

streams could signal release of top-down grazing pressures. Comparing effects of nutrient 

enrichment on algal biomass in two forested headwater streams in the highlands of North 

Carolina, Greenwood and Rosemond (2005) attributed the relatively small magnitude of 

enrichment effects they observed to some combination of year-round shading by dense evergreen 

understory (R. maximum) and grazing effects. Additionally, Hill and Harvey (1990) used in-

stream flow-through channels in one 2nd -order stream in eastern Tennessee to investigate effects 
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of grazing  and irradiance  on algal biomass and productivity. Those authors reported that benthic 

algae were inhibited by both high levels of grazing and shade, although variation in irradiance 

exerted stronger control on total algal biomass and productivity than did grazing treatments.  

 

Similarly, my results provide strong evidence for light availability (bottom-up effect) as the most 

important single factor controlling periphytic and algal standing crop stream-type differences 

over long-term exposures. However, there is also evidence that a release of top-down grazing 

effects in constructed streams may also contribute to these differences. Nonetheless, warmer 

stream temperatures and bottom-up effects of nutrient enrichment in constructed streams do not 

appear to be dominant drivers of observed differences in periphyton biomass and algal standing 

crop between stream types over long-term exposures in this study.  

 

Short-term inferences: controlling for top-down grazing and confounding losses.  

Short-term results allow for insight into the relative importance of temperature and of bottom-up 

effects on the structure and function of benthic periphyton and algae, free from top-down 

influences and confounding losses. Across short-term accrual periods structural results mirror 

those from long-term deployments, with greater periphyton biomass, algal standing crop, and 

senescent autotrophic OM densities in the periphyton mats of constructed streams. Relative to 

reference streams, benthic algae (rchl-a day-1 and deg.-day-1) also accrued at significantly faster 

rates in constructed streams. These results suggest that the aggregate positive bottom-up effects 

(i.e., elevated light + NO3 + NO2-N) and elevated temperatures in constructed streams, in the 

absence of top-down effects (i.e., grazing) and scour, are important drivers of differences in 

periphyton biomass as well as algal standing crop and accrual between stream types.  

 

I also observed that periphyton biomass, algal standing crop, and all accrual rates varied 

significantly among seasonally-distinct accrual periods regardless of stream type, indicating that 

aggregate temperature and bottom-up effects regulating structure and function of benthic 

periphyton and algae differ by season. Furthermore, benthic algal standing crop and accrual rates 

(rchl-a day-1) were significantly dissimilar between stream types only during summer and fall 

accrual periods, suggesting that constraints on algae are not similar between these two stream 

types during these seasons.   
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In streams with different riparian cover characteristics, a number of authors have manipulated 

nutrient availability over relatively short-exposure periods (~3-8 weeks) to definitively discern 

the effects of shading on benthic algal biomass from those of nutrients in Appalachian 

headwaters (Lowe et al. 1986) and elsewhere (Hill and Knight 1988, Mosisch et al. 1999, 2001).  

Of these, only one (Mosisch et al. 1999) shows no effect of shading/light, whereas all others 

indicate that light is a primary bottom-up driver of differences in standing crop between 

segments with contrasting amounts of shade. Furthermore, in flow-through channels adjacent to 

one shaded headwater in eastern Tennessee, Rosemond (1993) and Rosemond et al. (2000) 

showed that bottom-up controls on periphyton biomass can vary seasonally, with stimulatory 

irradiance effects being particularly important during summer and fall in that study. Functionally, 

Greenwood and Rosemond (2005) also observed that benthic algal growth rates were depressed 

as a result of increases in stream shading in two headwater streams in highland western North 

Carolina. I contend that shading was a major bottom-up factor constraining benthic algal biomass 

in reference streams during leaf-on periods (fall and summer), whereas no such constraint was 

imposed on the benthic algae of most constructed streams in this study during either of these 

seasons. This assertion is consistent with the findings of other authors with respect to algal 

biomass (Rosemond 1993, Rosemond et al. 2000) and accrual (Greenwood and Rosemond 

2005). 

 

I emphasize that NO3 + NO2-N concentrations were most similar between stream types during 

summer of the second study year, and I observed the greatest stream-type differences in algal 

standing crop and accrual during the corresponding accrual period. This suggests that             

NO3 + NO2-N enrichment in constructed streams in this study is not the primary driver of algal 

standing crop and accrual differences between stream-types during leaf-on seasons. These results 

do not preclude NO3 + NO2-N enrichment as contributing to elevated algal standing crop and 

accrual in constructed streams, because multiple factors may simultaneously elicit positive 

responses by algae. Nonetheless, stream-type irradiance differences are the most parsimonious 

single explanation of disparities in algal structure and function during leaf on seasons. Similar to 

the results of this study, the highest growth rates observed by Greenwood and Rosemond (2005) 

were in a nutrient enriched stream when shading was minimal. Those authors also attributed this 
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phenomenon primarily to the effects of irradiance, as timing of dissolved nutrient peaks in the 

enriched stream did not correspond to the peak growth rates observed in that stream.  

 

Stream temperature differences between stream types also appear to play an important role 

during fall. This is evidenced by my observation that temperature-adjustment (rchl-a deg.-day-1) 

eliminates stream-type differences that were apparent on a daily basis (rchl-a day-1) during the fall, 

and not during the summer. These results corroborate the conclusions of Rosemond (1993) and 

Rosemond et al. (2000) that the importance of specific controls on the productivity of periphyton 

communities vary seasonally. However, my results do not support temperature as the sole or 

primary cause of augmented algal accrual in constructed streams during the fall, as several 

individual constructed stream rates remained significantly elevated beyond the reference mean 

despite temperature adjustment. Furthermore, I note that streams with algal accrual rates 

consistently similar to the reference mean on a temperature-adjusted- (SCH, STO) and daily-

basis (STO) during both summer and fall were subject to some degree of shading by riparian 

canopy (SCH) or by emergent aquatic vegetation (STO). 

 

Relative to constructed streams in this study, short-term functional and structural results indicate 

that algal accrual and biomass in reference streams are more constrained by the pooled effects of 

bottom-up factors (i.e., light and NO3 + NO2-N) and stream temperature. My results suggest 

stream-type differences in algal metrics have largely manifested as a result of reduced riparian 

shading in constructed streams relative to forested reference streams. Stream temperature 

differences also appeared to be an important factor contributing to algal accrual rate disparities 

between stream-types during fall. Most constructed streams are largely de-canopied with 

elevated NO3 + NO2-N. I recognize that nutrient-enrichment, in the absence of light-limitation, 

may elicit further positive responses by algae when grazing pressures are eliminated. Therefore, I 

cannot conclusively rule out this factor, or interactions among factors, as contributing to stream-

type algal dissimilarities.  However, stream-type disparities in light availability appear to be the 

single most important driver of stream-type algal differences during summer; overriding effects 

of other factors as predominant controls on stream-type algal differences is unlikely.  
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Algal accrual similarities: individual constructed streams vs. reference condition.  

Comparisons of individual constructed stream accrual rates to the reference mean (day-1 and 

deg.-day-1) show that reference-like algal accrual rates were achieved in some constructed 

streams, and not in others, during fall and summer. However, during these two periods only two 

constructed stream accrual rates were consistently similar to the reference mean on a 

temperature-adjusted basis (SCH and STO), and a single constructed  stream (STO) consistently 

exhibited reference-like accrual rates during these accrual periods when temperature was not 

taken into account. In aggregate, these results suggest that reference-like algal accrual rates are 

possible in constructed streams, but that this was not typical of constructed streams in this study.  

 

Associations with short-term algal accrual and standing crop.  

Simple correlation results were intended to identify factors that associated with algal accrual and 

standing crop among constructed streams during fall and summer short-term accrual periods. 

This effort was aimed at elucidating factors that could be manipulated during the construction 

process to yield reference-like algal attributes following construction and development of these 

streams. In constructed streams during the fall, warmer and less variable temperatures were 

indicative of faster benthic algal accrual rates and greater peak areal standing crop densities. This 

is consistent with my conclusion that temperature is an important driver of elevated accrual and 

biomass in constructed streams during this season. Moreover, the lone negative relationship 

between minimum stream temperature and peak algal standing crop during the summer indicates 

that temperature is  not an overriding factor stimulating accrual or standing crop in constructed 

streams during this season, and therefore not responsible for augmented  algal biomass in 

constructed streams  during the summer. It appears that variation in benthic algal responses, both 

structural and functional, among constructed streams was not primarily driven by NO3 + NO2-N 

concentrations during either season as this variable was not correlated with biomass or accrual.  

 

As a surrogate for irradiance, I expected canopy cover to be significantly associated with peak 

algal standing crop and accrual in constructed streams. Such associations were absent, and I 

surmise that canopy cover was not an adequate surrogate for photosynthetically active radiation 

(PAR) reaching the benthic environment in constructed streams. DeNicola et al. (1992) found 

that stream-surface PAR was not consistently correlated with canopy cover , and other authors 
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have documented that variability in water-column light attenuation is affected by fine sediments 

(Davies-Colley et al. 1992) and dissolved organic matter (Kirk 1983). Depth-related variables 

(bankfull and wetted depth habitat scores) were the only factors associated with algal metrics 

during summer and fall that could be conceptually linked to benthic irradiance (see Kirk 1983, 

Hill 1996, Wetzel 2001). Dense herbaceous vegetation along stream margins and occasional 

presence of aquatic vegetation may have also shaded the benthic environment in some narrow 

constructed streams, and turbidity is another factor that could influence benthic irradiance that 

was not quantified.  Despite lacking relationships between canopy and algal metrics among 

constructed streams during summer and fall, I interpret comparative results as strong evidence 

that high levels of riparian canopy cover during leaf-on seasons can inhibit algal standing crop 

and growth by reducing benthic irradiance. 

 

 
CONCLUSIONS  

Relative to reference streams, constructed stream periphyton mats exhibited greater  total 

biomass, viable algal standing crop, and senescent autotrophic OM densities; altered AI and chl-

a : phaeopigment ratios; and more rapid accrual of benthic algae, particularly during leaf-on 

seasons. Collectively, these results indicate structural and functional shifts in the periphyton of 

typically “young” constructed streams (7 of 8 were < 10 years of age) compared to reference 

conditions.  

 

Although alleviation of top-down grazing pressures may contribute to elevated periphyton 

biomass in constructed streams above reference levels over long-term intervals of 9 to 11 

months, my  short-term results based on seasonal assessments suggest that bottom-up factors are 

largely responsible for the observed stream-type differences in periphyton structure and function. 

Specifically, it appears that increased light availability in constructed streams during leaf-on 

seasons is the primary bottom-up factor driving algal standing crop and accrual differences, and 

that elevated temperatures in the constructed streams during the fall are important secondarily. 

Woody riparian canopy cover can provide shade, reducing both benthic irradiance and thermal 

energy inputs from insolation. Therefore, construction practices that foster successful 

development of woody vegetation in riparian areas of stream mitigations may accelerate 
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establishment of periphyton structural and functional attributes resembling those of forested 

Appalachian headwater streams.  
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Figure 5.1. Location of study streams and their local catchments (hatched 
polygons). Gray shading indicates Pocahontas coal-bed geology. 

 
 
Table 5.1. Stream and catchment characterization based on analysis of DEMs created from 2011 
(mid-field sampling) digital terrain models.  

Stream Code 

Approximate 

Stream Order
 b

  

Year 

Completed 
c
 

Stream 
Slope      
(%)

Mean 
Catchment 
Slope (%)

Catchment 
Area         
(ha) 

Mean 
Catchment 
Aspect (°)

Reference 
1. BIG 1st n/a 22 51 274 38 
2. COP 1st n/a 46 38 48 251 
3. CRO 2nd n/a 10 44 211 228 
4. MCB 1st n/a 31 52 79 260 

Mean ± SE n/a n/a 27 ± 8
A
  46 ± 3.3

A
  153 ± 54

A
  NNE and WSW

Constructed 
5. GUE 2nd 2003 to 2004 45 51 144 201 
6. CRI 2nd 1988 to 1989 16 37 266 84 
7. CAL 1st 2006  28 36 248 261 
8. LLA 1st or 2nd 2005 24 47 265 95 
9. SCH 2nd 2006 21 48 384 170 
10. SEW 1st 2007 to 2008 25 27 34 219 
11. SHO 1st 2008 35 31 26 188 
12. STO 1st 2008 15 43 92 3 

Mean ± SE n/a n/a 26 ± 4
A
  40 ± 3.0

A
  182 ± 45

A
  

NNE clockwise  
to WSW 

a
 Means (± SE) connected by the same letter are not significantly different at α=0.05. 

b
 Stream order determined by USGS digital quadrangles, aerial imagery, and ground scouting. 

c
 Estimate based on historical aerial imagery, NDVI, and consultation with mine and restoration personnel. 
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Table 5.2. Annual means (± 1 SE) for selected structural variables that can influence periphyton 
biomass and accrual in constructed and reference streams.a   

1st Year 2ndYear

Structural variable Constructed Reference   Constructed Reference W' (p-value)
b
 

Avg. daily mean temp. (°C) 12.1 ± 0.3 11.2 ± 0.1 13.1 ± 0.3 12.4 ± 0.1 5.21 (0.023) 

Min. daily mean temp. (°C) 1.7 ± 0.4 0.2 ± 0.2 3.5 ± 0.5 1.2 ± 0.4 12.15 (0.001) 

Canopy cover (%) 25 ± 7 79 ± 2 21 ± 5 75 ± 1 14.77 (< 0.001)

NO
3
+NO

2
-N (mg l

-1
) 2.7 ± 1.0 0.5 ± 0.1 1.6 ± 0.6 0.4 ± 0.1 6.68 (0.010) 

Scraper-grazers (%) 5 ± 2 15 ± 2 9 ± 3 13 ± 1 6.99 (0.008) 
a
 For a complete listing of structural variables that differed between stream types, see Chapter 4.  

b
 Van Elteren’s test [W’ (p-value)] comparing stream type means blocking for year.  

 
 
 
Table 5.3. Periphyton biomass (AFDM), algal standing crop (chl-a), senescent autotrophic 
organic matter (phaeo), and two indicator ratio (AI, chl-a : phaeo) means (± 1 SE) for each 
stream type and long-term exposure.a 

Stream Type Long-term Exposure 

Yearly Variable 
Constructed    

(n = 8) 
 Reference     

(n = 4) F  
1st Year        
(n = 12) 

2nd Year    
(n = 12) F  

Areal densities 

AFDM (g m
-2

) 
b, c

  10.21 ± 1.45 2.52 ± 0.56 23.78*** 8.19 ± 1.65 7.10 ± 1.88 1.88 

chl-a (mg m
-2

) 
d, e

  8.04 ± 0.91 4.32 ± 0.48 9.82* 6.63 ± 0.65 6.97 ± 1.31 0.08 

   phaeo (mg m
-2

) 
b, e

  9.79 ± 1.96 1.82 ± 0.33 19.66** 5.73 ± 1.35 8.54 ± 2.72 2.21 
Indicator ratios 

AI 
b, c

  1332 ± 126 508 ± 41 25.33*** 1167 ± 179 948 ± 151 8.19* 

chl-a: phaeo 
c
  1.41 ± 0.11 2.54 ± 0.18 25.63*** 2.04 ± 0.21 1.53 ± 0.18 24.11*** 

a 
F-ratios are main effects tests from repeated measures ANOVA, interactions were never significant  

b
 ln[x] transformed  

c
 Compound symmetry (CS) covariance structure 

d 
[x]

-0.5 
transformed 

e
 Unstructured (UN) covariance structure 

* p ≤ 0.05 ** p ≤ 0.005 *** p ≤ 0.001 
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Figure 5.2. Mean (±SE) monthly periphyton biomass as AFDM (A), benthic algal standing crop 
as chl-a (B), and autotrophic index values (C) for constructed and reference streams over long-
term exposure periods. Gaps for autotrophic index values indicate that periphyton biomass was 
below minimum recommended values for quantification of this ratio for all reference streams 
during that month (≤ 2 g AFDM m-2; Biggs and Kilroy 2000). 
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Table 5.4. Mean (± 1 SE) accrual rates (rAFDM and rchl-a) and peak densities of periphyton (AFDM), algae (chl-a), and senescent 
autotrophic OM (phaeo) by stream type and short-term accrual period.  

Stream Type Short-term Accrual Period 

Accrual Period Variables 
Constructed    

(n = 8) 
Reference       

(n = 4) F
Fall          

(n = 12) 
Winter         
(n = 12) 

Early Spring     
(n = 12) 

Late Spring     
(n = 12) 

Summer        
(n = 12) F

Areal densities 

[AFDM]
max

 (g m
-2

) 
a, b

  9.14 ± 1.37 2.49 ± 0.45 14.81** 5.91 ± 1.52 10.93 ± 2.93 4.99 ± 1.40 5.06 ± 1.43 7.74 ± 3.20 3.46* 

[chl-a]
max

 (mg m
-2

) 
b, c, d

  12.91 ± 1.63 4.99 ± 1.24 16.26** 6.37 ± 2.07 8.93 ± 1.76 12.68 ± 3.37 11.33 ± 3.41 12.05 ± 3.09 3.84* 

[phaeo]
max

 (mg m
-2

) 
a, b

  11.64 ± 2.23 2.60 ± 0.59 8.69* 7.87 ± 4.02 9.67 ± 4.19 9.9 ± 4.15 7.44 ± 2.25 8.26 ± 3.4 1.73 

Accrual rates 

r
AFDM

 (day
-1

) 
c
  0.184 ± 0.014 0.163 ± 0.019 0.87 0.224 ± 0.024 0.194 ± 0.023 0.141 ± 0.017 0.153 ± 0.029 0.174 ± 0.030 2.69* 

r
AFDM

 (deg.-day
-1

) 
a, b, d

  0.0196 ± 0.0022 0.0281 ± 0.0075 0.00 0.0243 ± 0.0026 0.0549 ± 0.0084 0.0136 ± 0.0027 0.0102 ± 0.0024 0.0091 ± 0.0015 38.92***

r
chl-a

 (day
-1

)
 a, b, d

  0.046 ± 0.004 0.025 ± 0.003 11.38* 0.029 ± 0.005 0.044 ± 0.008 0.036 ± 0.004 0.036 ± 0.007 0.051 ± 0.010 3.16* 

r
chl-a

 (deg.-day
-1

) 
b, c, d

  0.0049 ± 0.0007 0.0041 ± 0.0011 6.25* 0.0030 ± 0.0005 0.0115 ± 0.0015 0.0033 ± 0.0004 0.0024 ± 0.0006 0.0027 ± 0.0006 22.19***
a 
Compound symmetry (CS) covariance structure 

b 
ln[x] transformed 

c 
Spatial power (SpPow) covariance structure 

d
 Significant interaction of main effects (stream type x accrual period) in repeated measures ANOVA; see text for F-ratios and figures 5.3 and 5.5 for Tukey's HSD tests 

* p ≤ 0.05 ** p ≤ 0.005 *** p ≤ 0.001 
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Figure 5.3. Simple effects tests of peak algal standing crop (chl-a) differences between 
constructed and reference streams during short-term accrual periods. Boxes not sharing at least 
one lower case letter are significantly different based on Tukey’s HSD tests following significant 
interaction [F 4, 40 =  5.70; p = 0.001]. Whiskers indicate maximum and minimum observations 
within 1.5 times the 1st and 3rd quartiles, a “+” above boxes indicates an observation outside this 
range, and bisecting lines and closed diamonds indicate medians and means, respectively.  
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Figure 5.4. Accrual time-series of periphyton biomass as AFDM (left) and algal standing 
crop as chl-a (right) over short-term accrual periods for constructed and reference streams. 
Final collection dates (55-75 days) with a * differ between stream types (Bonferroni adjusted 
α = 0.01). Vertical axes are identical among accrual periods for both AFDM and chl-a.
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Figure 5.5. Simple-effects tests of stream-type differences for algal accrual rates per day 
(A) and per degree-day (B) during short-term accrual periods. Boxes not sharing at least 
one lower case letter are significantly different based on Tukey’s HSD tests following 
significant interactions [F 4, 40 ≥ 4.90; p < 0.003].  
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Table 5.5. Algal accrual rate coefficients (k ± 95% confidence limit) per day and per degree-day 
for each stream and mean algal accrual rates (± SE) by stream type during fall and summer short-
term accrual periods.   

rchl-a (day
-1

) rchl-a (deg.-day
-1

) 

Stream  Fall Summer  Fall Summer 

Constructed 

CAL 0.030 ± 0.015 0.096 ± 0.038
*
  0.0030 ± 0.0015 0.0047 ± 0.0020

*
  

CRI 0.036 ± 0.010
*
  0.042 ± 0.021 0.0033 ± 0.0008

*
  0.0025 ± 0.0012

*
  

GUE 0.061 ± 0.022
*
  0.060 ± 0.017

*
  0.0061 ± 0.0024

*
  0.0031 ± 0.0007

*
  

LLA 0.047 ± 0.018
*
  0.041 ± 0.031 0.0049 ± 0.0018

*
  0.0024 ± 0.0018

*
  

SCH 0.027 ± 0.011 0.044 ± 0.017
*
  0.0029 ± 0.0011 0.0021 ± 0.0008 

SEW 0.023 ± 0.014 0.076 ± 0.017
*
  0.0025 ± 0.0015 0.0031 ± 0.0007

*
  

SHO 0.049 ± 0.022
*
  0.134 ± 0.026

*
  0.0047 ± 0.0020

*
  0.0088 ± 0.0016

*
  

STO 0.024 ± 0.007 0.037 ± 0.021 0.0028 ± 0.0008 0.0020 ± 0.0011 
Mean ± SE 0.037 ± 0.005 0.066 ± 0.012 0.0038 ± 0.0005 0.0036 ± 0.0008 
Reference 

BIG 0.012 ± 0.011 0.020 ± 0.006 0.0014 ± 0.0013 0.0010 ± 0.0003 

COP 0.009 ± 0.005 0.012 ± 0.005 0.0010 ± 0.0005 0.0006 ± 0.0003 

CRO 0.020 ± 0.010 0.035 ± 0.009 0.0023 ± 0.0012 0.0018 ± 0.0005 

MCB 0.010 ± 0.009 0.011 ± 0.008 0.0011 ± 0.0009 0.0005 ± 0.0004 

Mean ± SE 0.013 ± 0.002 0.019 ± 0.006  0.0014 ± 0.0003 0.0010 ± 0.0003 
* p ≤ 0.00625, Bonferroni-adjusted α for 8 pairwise comparisons each period. 
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Table 5.6. Spearman correlation coefficients for algal accrual rates (rchl-a day-1) and peak algal 
standing crop (chl-amax) versus environmental and macroinvertebrate variables among 
constructed streams for fall and summer short-term accrual periods.a 

Fall                              
14 Oct. - 16 Dec. 2011 

Summer                          
28 July - 23 August 2012 

Structural Variable  r
chl-a

 (day
-1

)       [chl-a]
max

 (mg m
-2

)
 

r
chl-a

 (day
-1

)    [chl-a]
max

 (mg m
-2

)
 

Water chemistry (mg l
-1

) 

[HCO
3

- 
] dissolved n.s. 0.79* n.s. n.s. 

Water temperature (°C) 

1st quartile daily mean n.s. 0.76* n.s. n.s. 

Median daily mean n.s. 0.71* n.s. n.s. 

Minimum daily mean 0.76* 0.81* n.s. -0.79* 

  CV daily mean (%)
b
  -0.71* -0.81* n.s. n.s. 

Macroinvertebrates 

% Chironomidae 0.79* 0.79* n.s. 0.76* 

% 2 most dominant taxa n.s. n.s. 0.81* n.s. 

% Predator n.s. n.s. -0.88** n.s. 

Habitat and physical 

Bank stability n.s. n.s. -0.79* n.s. 

Stream slope (%) n.s. n.s. 0.88** n.s. 

Baseflow wetted depth (cm) -0.71* -0.76* n.s. n.s. 

Bankfull depth (cm) -0.91** -0.81* n.s. -0.90** 

D
50 

(mm)
c
  0.84* n.s. n.s. n.s. 

In-line valley fill cover (%) n.s. n.s.  0.71* n.s. 
a
 Only correlations that were significant for at least one accrual period-algal metric combination are presented.

b
 CV is the coefficient of variation [CV% = (standard deviation/mean) x 100], from Kelvin-scale temperature.  

c
 D

50 
is median stream bed particle size. 

* p ≤ 0.05 ** p ≤ 0.005 
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CHAPTER 6. Summary and Conclusions 
 

Research overview 

Surface mining has disturbed headwater streams throughout the Appalachian coalfields. 

Construction of streams on reclaimed areas is a common mitigation strategy intended to replace 

stream-ecosystem structures and functions that are lost as a result of such disturbances. The 

organic matter (OM) resource base is fundamentally important as a determinant of structure and 

function in headwater stream ecosystems, and shifts in allochthonous and autochthonous OM 

resources as a result of mining-induced impacts could have downstream implications. The 

primary purpose of this dissertation research was to examine how selected OM functions differed 

between streams constructed on mined areas and forested reference streams not influenced by 

mining, and to determine factors that could be driving such OM functional differences. The 

summary and synthesis of findings in this chapter is aimed at addressing the three overarching 

goals of the dissertation. First, I interpret my results in a scientific context to contribute to the 

knowledge-base concerning OM functions in mining-influenced constructed streams. Second, I 

identify design factors that could be manipulated during construction to potentially foster 

reference-like OM functions. Lastly, I evaluate the potential of these OM functions, and 

function-based metrics, in the context of their potential for inclusion in functional assessment 

frameworks.  

 

To address these goals, I measured litterfall input and leaf breakdown rates (Chapter 4), as well 

as rates of total periphyton and benthic algal accrual (Chapter 5), in eight constructed headwater 

streams influenced by mining and in four reference streams. Litterfall and accrual metrics were 

meant to characterize important sources of allochthonous and autochthonous OM, respectively; 

whereas leaf breakdown rates in differential mesh-diameters can provide insight into how an 

important allochthonous OM resource is processed. Specific objectives for each primary research 

chapter were (1) to evaluate stream-type differences in OM functional measures; (2) to determine 

if OM functions of any constructed streams were similar to the reference mean; and (3) to 

identify likely direct or indirect causes of altered ecosystem functions in constructed streams—

emphasizing design factors that could be manipulated to potentially foster reference-like 

ecosystem functions in constructed streams. 
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Summary of litterfall input and leaf breakdown  

In Chapter 4, I focused on two important allochthonous OM functions to accomplish my specific 

research objectives (see Research Overview), litterfall input and leaf breakdown. Litterfall inputs 

were measured over two years using direct-fall traps adjacent to stream channels. I also 

evaluated leaf breakdown during each of these years by measuring mass loss of white oak leaves 

from bags of two mesh diameters. Coarse-mesh bags allowed access by benthic 

macroinvertebrates, whereas fine-mesh bags excluded macroinvertebrates. 

 

Comparisons between constructed streams and forested reference streams across two study years 

revealed that all constructed streams in this study were characterized by depressed annual 

litterfall input, as well as altered timing and composition of these inputs. Significant associations 

between riparian canopy cover and total litterfall input were evident among all streams and 

constructed streams alone. Mean coarse-mesh leaf breakdown rates in reference streams 

exceeded constructed-stream means by 50% to 70% across both years, and I have presented 

evidence that leaf breakdown in constructed streams was inhibited as a direct result of both 

reduced macroinvertebrate-mediated processing (k coarse – k fine) and diminished contributions of 

combined microbial and physicochemical factors (k fine) to the breakdown process. Catchment-, 

riparian-, and reach-level variables differed between stream types, and among constructed 

streams, I observed significant associations of leaf breakdown rates with variables at each of 

these scales. During both years, coarse-mesh leaf breakdown was associated negatively with 

daily mean stream temperatures, and with coverage by in-line ponds and pond-coverage within 

the catchment; positive relationships between forested riparian land-cover and breakdown were 

also observed. Elevated constructed-stream temperatures corresponded to low levels of riparian 

forest cover and high levels of in-line pond cover, and associations among these variables were 

significant.  

 

Negative leaf breakdown-temperature associations did not appear to be confounded with other 

measured variables based on correlation analyses among constructed streams. However, there is 

anecdotal evidence that other habitat-related factors also may have indirectly inhibited the leaf 

breakdown process in some constructed streams. Specifically, I observed indicators of anoxic 

conditions (i.e., blackened leaves) as a result of sedimentation in three streams at some points 
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during the study; and armoring of the streambed and leaves was regularly evident in another 

stream. Collectively, these results suggest that elevated stream temperatures, sedimentation, 

and/or chemical precipitation need to be accounted for in constructed streams if such streams are 

intended to foster reference-like leaf breakdown rates. 

 

Summary of benthic periphyton and algal accrual 

Periphyton is the primary source of autochthonous OM in many streams, and the algal 

component of this microbial community is a high-quality food source that can support a 

disproportionate amount of primary-consumer biomass. The aim of Chapter 5 was to evaluate the 

structure and function of this important source of autochthonous OM with respect to my research 

objectives (see Research Overview). Artificial substrates (i.e., unglazed ceramic tiles) were used 

to determine periphyton biomass and algal standing crop densities over long-term (two periods, 9 

to 11 months) exposures, and seasonally distinct short-term (five periods, each ~2 months) 

accrual periods. I also determined short-term accrual rates based on areal densities to 

characterize periphyton and algae functionally.  

 

Over short-term accrual periods, I made efforts to eliminate negative effects of grazing on 

periphyton and algae, and minimize the likelihood of confounding losses. Stream-type 

comparisons revealed that algal accrual rates and peak biomass in constructed streams exceeded 

reference levels on a short-term basis; however, disparities were only evident during accrual 

periods corresponding to full leaf emergence (i.e., summer and fall), and these differences were 

greatest during summer when the dissolved oxidized N  disparity between stream-types was 

least. During the fall accrual period, temperature adjustment eliminated stream-type accrual rate 

differences that were apparent on a per day basis, and correlation analysis demonstrated that 

warmer stream temperatures were associated with faster rates of algal accrual and higher peak 

standing crops among constructed streams. Stream temperature was not significantly associated 

with algal accrual or peak standing crop during summer, and associations of algal-variables with 

dissolved oxidized nitrogen concentrations were not evident during either of these seasons. 

Collectively, this evidence points to irradiance as the primary factor driving stream-type 

disparities in algal accrual and standing crops during summer, indicates that temperature is also 

an important contributing factor during fall, and suggests that dissolved oxidized N 
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concentrations did not likely having an overriding influence on algal responses during summer 

and fall. However, I recognize that multiple factors can influence algae simultaneously, and 

cannot rule out interactions among these factors as potentially contributing to the observed 

variation in algal accrual rates or peak standing crops. 

 

Over two long-term exposures (9 to 11 months), periphyton was exposed to ambient biotic and 

abiotic pressures, not controlling for negative effects of grazing or confounding losses. Mean 

periphyton biomass and algal densities were typically elevated in constructed streams across 

long-term exposures. Similar to short-term results, the greatest disparity in algal standing crop 

was observed during summer. Consistency between long-term and short-term algal standing crop 

results demonstrates that algal responses to factors that differ between stream-types are not 

simply transient. In addition to less coverage by riparian canopy, warmer stream temperatures, 

and higher dissolved oxidized nitrogen concentrations, constructed streams also had lower 

relative abundances of grazing benthic macroinvertebrates relative to reference streams; this 

could signal a release of top-down grazing pressures in constructed streams. I cannot wholly 

discount this factor as a contributor to long-term biomass and standing crop differences between 

stream types, but my short-term results suggested that bottom-up factors and stream temperature 

effects are likely important contributors to long-term differences. Relative to reference streams, 

constructed-stream periphyton was characterized by higher mean densities of senescent 

autotrophic OM and greater AI values; whereas mean chlorophyll-a/phaeopigment ratios were 

lower in constructed stream periphyton. Thick filamentous algal forms were also present in 

several constructed streams, and never in any reference. In aggregate, this evidence indicates that 

the structure of periphyton complexes in constructed streams typically differs from reference 

conditions, and suggests that these differences may be attributable to community shifts that could 

result in a higher degree of senescence and a lower proportional dominance of viable algae in 

constructed streams.  

 

Synthesis of findings 

Stream-type comparisons revealed that constructed streams in this study typically differed from 

forested reference streams with respect to several OM functions (Research objective 1). Relative 

to reference means, mean rates of litterfall input and leaf breakdown (per day) were depressed in 
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constructed streams regardless of study year. In contrast, mean algal accrual rates for constructed 

streams exceeded reference means, but these differences only manifested during fall and 

summer. Despite stream-type differences, some individual constructed streams did exhibit OM 

functions that were comparable to, or more closely approximated reference levels (Research 

objective 2). Annual inputs of litterfall to every constructed stream were depressed relative to 

yearly reference-stream means; however, litterfall input to one constructed stream with a 

developing riparian canopy was most similar to the reference mean with respect to quantity and 

composition. Coarse-mesh breakdown rates (per day) in two constructed streams did not 

significantly differ from mean reference-levels during either year, and one constructed stream 

had algal accrual rates (per day) that were consistently comparable to the reference mean during 

both summer and fall. In conjunction, results from stream-type and stream-wise comparisons 

suggest that constructed streams in this study have not typically replaced reference-like OM 

functions, but that it is possible for constructed streams to achieve such functions in some cases.  

 

I used a combination of analytical techniques to evaluate the likely direct (for litterfall, leaf 

breakdown, and algal accrual) and indirect (for leaf breakdown) causes of altered OM functions 

in constructed streams (Research objective 3). Thorough interpretations of these results can be 

found in each primary research chapter, and are discussed in chapter summaries above. In the 

context of factors that can be incorporated into stream design to potentially foster reference-like 

OM functions, my results suggested a single unifying theme: litterfall input, leaf breakdown, and 

algal accrual rates all appeared to be influenced by variables that were related to riparian cover. 

Streams that functioned most similarly to reference streams had high levels of canopy cover 

(litterfall) or riparian forest land-cover (leaf breakdown), had among the lowest stream 

temperatures (leaf breakdown, and fall algal accrual), and had high levels of benthic shading (fall 

and summer algal accrual). Additionally, I demonstrated that elevated constructed-stream 

temperatures corresponded to low levels of riparian forest cover and high levels of in-line pond 

cover. 

 

Research Implications: recommended construction and design techniques 

Natural headwater stream channels in Appalachia are nested within fully functioning forested 

riparian zones. Woody riparian cover serves as an important source of allochthonous OM to 
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streams and concomitantly limits insolation reaching stream surfaces. Such shading not only 

restricts benthic irradiance but can also abate thermal energy input to streams. Relative to 

forested reference streams in this study, constructed streams had less riparian canopy cover with 

warmer stream temperatures. Moreover, I observed that constructed-stream temperatures were 

negatively associated with riparian forest land-cover. Multiple constructed-stream OM functions 

in this study were not similar to reference levels, and my results suggest that many of these 

differences are a result of variables that are related to riparian canopy. Therefore, I contend that 

successful afforestation of constructed-stream riparian areas could aid in establishing some 

stream OM functions that resemble those of forested Appalachian headwaters. If goals of stream 

mitigation projects include approximating reference-level OM dynamics, a successful strategy 

would likely include establishment of riparian soil conditions amenable to tree growth and 

ensuring successful development of diverse, native riparian tree plantings.  

 

Potential of functional metrics in assessment frameworks 

There has been an increasing interest in using functional metrics in stream mitigation assessment 

frameworks. Stream assessment frameworks that are commonly used in constructed Appalachian 

coalfield streams meant as mitigation generally rely on evaluations of structural metrics alone. I 

suggest that assessment of functional metrics is complementary to this approach, and is essential 

to evaluating condition of streams from a holistic perspective. Effective indicators of stream 

condition are responsive to anthropogenic stressors. Multiple in-stream functional metrics  

(k coarse : k fine, rAFDM) were not discriminatory between stream types in this study. However, I 

identified several functional metrics (k coarse , k fine, k coarse – k fine , rchl-a), which consistently 

discriminated between constructed streams and forested reference streams. Two of these were 

intended to indicate how mining-related processes and/or construction techniques have altered 

essential OM dynamics (k coarse, rchl-a). The remaining two (k fine, k coarse – k fine) served as 

indicators of how processes that directly affect overall leaf breakdown have been altered by such 

disturbances. 

 

Inclusion of any given metric in assessment frameworks entails evaluating trade-offs among 

three factors: 1) sensitivity/robustness of the metric, or its ability to respond to specific stressors 

while resisting change as a result of environmental- or methodological-variability; 2) generality 
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of the metric, or its ability to detect disturbances at multiple spatial scales; and 3) practicality of 

the metric, or its time- and cost-effectiveness. For both leaf breakdown- and algal accrual-based 

metrics, standardized methods were used to eliminate methodological variability, and a 

comparative approach (i.e., comparisons with forested reference streams) was used to account 

for environmental variability. Such an approach accounts for method-related and “natural” 

background noise, resulting in relatively robust assessments.  

 

Several functional metrics used in this study appear to have responded consistently to mining-

related disturbances at multiple spatial scales. For instance, coarse-mesh breakdown rates were 

associated consistently with catchment-level (i.e., catchment pond cover), stream corridor-level 

(i.e., in-line pond cover), riparian-level (i.e., riparian forest cover), and stream reach-level (i.e., 

mean daily temperatures) factors. These results suggest that coarse-mesh breakdown rates are 

sufficiently general to detect disturbances at several scales, and consistency of these responses 

indicates high levels of sensitivity to specific environmental stressors. Algal accrual rates 

appeared to be sensitive to riparian shading differences during leaf-on seasons, whereas in-

stream temperatures also appear as important factors influencing this function during fall. The 

generality of this metric appears to be less than for coarse-mesh breakdown. However, it is 

possible that if timing of accrual assays were standardized to a specific season (e.g., summer), 

this metric could be sensitive enough to specific environmental factors (e.g., light availability) 

that it would warrant a trade-off between generality and sensitivity in an assessment context. 

 

Before any functional measures are incorporated into regulatory assessment frameworks, 

potential limitations of such metrics would need to be evaluated, and standardized methodologies 

would need to be designated. Such efforts are beyond the scope of this research. Nonetheless, I 

have identified several functional measures that show potential as candidate metrics within 

functional assessment frameworks, particularly in the context of constructed coalfield streams 

meant as mitigation in central Appalachia.  
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APPENDIX A — Stream Data Summaries 
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Table A.1. Geomorphic characteristics and anthropogenic features for each catchment. 

Stream  
Catchment 
Area (ha) 

Mean 
Catchment 
Slope (%) 

Mean 
Catchment 
Aspect (°) 

In-line 
Valley 

Fill 
Cover 
(%) 

In-line 
Pond 
Cover 
(%) 

Catchment 
Valley Fill 
Cover (%) 

Catchment 
Pond Cover 

(%)  

Catchment 
Valley Fill  

+ Pond 
Cover (%) 

Constructed  
CAL  144 51 201 0.3 0.10 0.3 0.18 0.46

CRI  266 37 84 2.6 0.03 4.1 0.78 4.84

GUE  248 36 261 0.3 0.20 0.3 0.20 0.52

LLA  265 47 95 0 0 2.6 0 2.64

SCH  384 48 170 0 0.27 0.0 0.27 0.27

SEW  34 27 219 9.9 0.41 9.9 0.41 10.33

SHO  26 31 188 15.6 0 15.6 0 15.58

STO  92 43 3 0 0 0.0 0 0

Mean ± SE 182 ± 45  40 ± 3.0  
NNE       

clockwise 
to WSW

3.6 ± 2.1 
0.13 ± 
0.05 

4.1 ± 2.0 0.23 ± 0.09  4.3 ± 2.0 

Reference  
BIG  274 51 38 0 0 0 0 0

COP  48 38 251 0 0 0 0.10 0.10

CRO  211 44 228 0 0 0 0 0

MCB  79 52 260 0 0 0 0 0

Mean ± SE 153 ± 54  46 ± 3.3  
NNE       
and        

WSW
0 ± 0 0 ± 0 0 ± 0  0.03 ± 0.03  0.03 ± 0.03 
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Table A.2. Mean catchment land cover by study year. 

Stream  Mean  Catchment Land Cover Characteristics 

% Forest  % Barren % Developed  
% Non-forest 

Vegetation 

Constructed  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2

CAL  92 91 1 1 3 3 5 6
CRI  42 43 36 33 1 1 21 23
GUE  84 81 2 4 3 3 11 11
LLA  85 86 0.2 0.1 5 5 10 8
SCH  75 79 1 0.2 6 6 18 14
SEW  39 39 23 28 6 6 32 27
SHO  72 69 17 18 0 0 12 13
STO  95 96 0.1 0.1 0.05 0 5 4

Mean ± SE 73 ± 8 73 ± 8  10.0 ± 4.8 10.5 ± 4.9 3 ± 1 3 ± 1  14 ± 3 13 ± 3

Reference  
BIG  96 96 0.4 0.4 1 1 2 2
COP  83 85 0.2 0 8 8 8 7
CRO  96 96 0.04 0.04 3 3 0.4 0.3
MCB  100 100 0 0 0 0 0 0

Mean ± SE 94 ± 4 94 ± 3 0.2 ± 0.1 0.1 ± 0.1 3 ± 2 3 ± 2 3 ± 2 2 ± 2

 

 

Table A.3. Riparian land cover along entire length of streams for each year. 

Stream  Mean Whole Stream Buffer Land Cover Characteristics 

% Forest  % Barren % Developed  
% Non-forest 

Vegetation 

Constructed  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2
CAL  100 99 0 0 0 0 0.4 1
CRI  44 40 3 4 13 15 39 42
GUE  74 73 3 2 0 0 22 25
LLA  80 80 0.4 0.1 15 15 5 5
SCH  64 68 1 0 10 12 24 19
SEW  65 67 1 1 23 23 10 8
SHO  97 96 2 2 0 0 1 2
STO  89 91 0 0 0.2 0 11 9

Mean ± SE 76 ± 7 77 ± 7  1.44 ± 0.48 1.12 ± 0.50 8 ± 3 8 ± 3  14 ± 5 14 ± 5

Reference  
BIG  96 96 0.07 0.07 0 0 4 4
COP  88 89 0 0 5 5 7 6
CRO  91 91 0 0 8 8 1 1
MCB  100 100 0 0 0 0 0 0

Mean ± SE 94 ± 3 94 ± 2  0.02 ± 0.02 0.02 ± 0.02 3 ± 2 3 ± 2  3 ± 2 3 ± 1
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Table A.4. Mean riparian land cover 1,000 m above base of stream reaches or along entire length 
for shorter streams for each study year. 

Stream  Mean ≤ 1000 m Stream Buffer Land Cover Characteristics 

  % Forest    % Barren   % Developed   
% Non-forest 

Vegetation 

Constructed  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2

CAL  100 99 0 0 0 0 0.4 1

CRI  43 39 4.3 4.3 13 14 40 42

GUE  88 87 2.1 0.6 0 0 9 12

LLA  69 70 0 0.2 25 25 6 5

SCH  51 55 0.4 0.2 24 27 21 14

SEW  66 69 0 0 23 23 10 8

SHO  96 96 0.9 0.9 0 0 3 3

STO  86 88 0.2 0.2 0.2 0 14 11

Mean ± SE 75 ± 7 75 ± 7  1 ± 0.5 0.8 ± 0.5 11 ± 4 11 ± 4  13 ± 4 12 ± 5
Reference  
BIG  97 97 0 0 0 0 3 3

COP  89 90 0 0 4 4 6 5

CRO  93 93 0 0 6 6 1 1

MCB  100 100 0 0 0 0 0 0

Mean ± SE 95 ± 2 95 ± 2  0 ± 0 0 ± 0  2 ± 1 2 ± 1  3 ± 1 3 ± 1
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Table A.5. Physical attributes of each stream. 

Stream  

Total 
Stream 
Length  

(m)  

Sinuosity  

Index 
a 

 
Slope 
(%)  

Azimuth  
 (°)  

Mean 
Wetted 

Width at 
Baseflow  

(m)  

Mean Wetted 
Depth at  
Baseflow  

(cm) 

Mean  
Bankfull 
Width 
 (m) 

Mean 
Bankfull 

Depth  
 (cm)  

D
50

 
b

  

(mm)  

Constructed  

CAL  563 1.05 45 178 1.4 10 2.7 36 32 

CRI  953 1.01 16 108 0.6 13 1.4 33 23 

GUE  1447 1.06 28 230 3.3 11 3.8 31 128 

LLA  2762 1.20 24 88 0.8 4 1.7 32 16 

SCH  2848 1.32 21 186 1.7 13 2.6 33 16 

SEW  115 1.04 25 226 1.0 16 2.3 36 2 

SHO  157 1.01 35 208 0.7 8 2.0 33 32 

STO  1331 1.07 15 57 1.2 17 2.0 38 6 

Mean ± SE 1272 ± 376  1.10 ± 0.04  26 ± 4  
ENE         

clockwise to 
WSW 

1.3 ± 0.3  12 ± 2  2.3 ± 0.3  34 ± 1  32 ± 14  

Reference  

BIG  3041 1.12 22 29 2.0 12 5.1 43 16 

COP  993 1.10 46 259 0.8 5 2.3 39 11 

CRO  1585 1.15 10 252 1.4 6 4.3 39 8 

MCB  1265 1.42 31 220 2.5 16 5.0 49 32 

Mean ± SE 1721 ± 456  1.20 ± 0.08  27 ± 8  
NNE, SSW, 
and WSW  

1.7 ± 0.4  10 ± 2  4.2 ± 0.7  43 ± 2  17 ± 5  

a
 Sinuosity Index = thalweg distance/down valley distance  

b
 D

50 
= Median sediment particle size 
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Table A.6. Mean rapid bioassessment protocol (USEPA) habitat scores for each stream. 

Stream  

Epifaunal 
Substrate/ 

Cover  Embeddedness 

Velocity/ 
Depth 

Regime  
Sediment 

Deposition
Channel 

Flow Status
Channel 

Alteration  
Riffle/Bend 
Frequency  

Bank 
Stability  

(left + right)

Vegetative 
Protection    

(left + right)

Riparian 
Width  

(left + right) 
RBP  

Score a  

Constructed  
CAL  18 16 17 14 15 16 19 13 14 14 156 
CRI  9 12 14 17 19 16 10 19 12 19 147 
GUE  16 13 13 6 20 18 8 19 16 17 146 
LLA  16 14 18 12 20 18 16 19 16 18 167 
SCH  16 13 16 12 18 19 16 17 18 19 164 
SEW  8 11 7 9 19 18 16 19 14 19 140 
SHO  13 10 14 7 16 18 18 14 15 18 143 
STO  14 14 15 12 18 19 16 20 12 20 160 

Mean ± SE 13.8 ± 1.3  13 ± 1  14 ± 1  11 ± 1  18 ± 1  17.8 ± 0.4  14.9 ± 1.4  18 ± 1  15 ± 1  18 ± 1  153 ± 4  

Reference  
BIG  18 18 17 15 19 20 20 17 18 20 182 
COP  18 16 10 12 20 20 19 20 20 20 175 
CRO  19 14 16 14 20 20 18 17 20 20 178 
MCB  18 18 16 15 17 20 18 15 18 20 175 

Mean ± SE 18.3 ± 0.3  17 ± 1  15 ± 2  14 ± 1  19 ± 1  20.0 ± 0.0  18.8 ± 0.5  17 ± 1  19 ± 1  20 ± 0  178 ± 2  
a
 RBP = Rapid Bioassessment Protocol  
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Table A.7. Mean stream physicochemical characteristics measured in situ for each year. 

Stream 

Specific Conductance  

(µS cm
-1

) pH 

Dissolved Oxygen   

(mg l
-1

)

Q
 
            

(L s
-1

)

Q/Catchment Area  

 (L s
-1

 ha
-1

)
% Canopy 

Cover 
Constructed  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2

CAL  779 668 8.37 8.24 8.7 8.9 67 39 0.47 0.27 24 21 
CRI  1516 1341 7.98 8.11 9.1 8.5 39 58 0.15 0.22 9 9 
GUE  658 618 7.84 8.06 8.2 8.9 115 84 0.46 0.34 20 21 
LLA  688 651 7.75 7.71 9.0 9.2 68 33 0.26 0.13 21 19 
SCH  455 415 7.59 7.60 9.0 9.3 29 18 0.08 0.05 72 55 
SEW  1413 1407 7.84 7.50 9.9 8.7 2 1 0.06 0.02 21 21 
SHO  1779 1796 7.91 8.15 9.3 9.7 2 2 0.08 0.07 22 18 
STO  184 170 7.40 7.39 8.7 8.9 12 5 0.13 0.05 9 8 

Mean ± SE 934 ± 200 883 ± 199 7.84 ± 0.10 7.84 ± 0.12 9.0 ± 0.2 9.0 ± 0.1 42 ± 14 30 ± 10 0.21 ± 0.06 0.14 ± 0.04 25 ± 7 21 ± 5

Reference  
BIG  79 87 7.5 7.34 8.4 8.7 52 17 0.19 0.06 83 76 
COP  138 138 7.4 7.35 8.8 9.0 10 9 0.21 0.18 83 74 
CRO  72 65 7.4 7.51 8.6 9.2 32 19 0.15 0.09 76 74 
MCB  52 48 7.3 7.46 7.6 9.1 24 8 0.30 0.10 74 74 

Mean ± SE 85 ± 18 84 ± 20 7.38 ± 0.05 7.41 ± 0.04 8.4 ± 0.3 9.0 ± 0.1 30 ± 9 13 ± 3 0.22 ± 0.03 0.11 ± 0.03 79 ± 2 75 ± 1
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Table A.8. Mean stream temperature summaries for each study year. 

Stream  
Average Daily Mean 

Temperature  
Maximum Daily 

Mean Temperature 
Minimum Daily 

Mean Temperature 

 Mean Daily 
Temperature 
Fluctuations  

Minimum Daily 
Temperature 
Fluctuations  

Maximum Daily 
Temperature 
Fluctuations  

CV Daily Mean 

Temperature 
a 
 

Constructed  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 
CAL  12.0 13.0 20.8 22.5 1.1 2.9 2.2 2.6 0.4 0.4 4.7 5.3 46 37 
CRI  12.6 13.5 19.8 20.5 3.2 5.8 4.1 4.3 0.8 0.6 8.3 9.0 35 26 
GUE  12.1 13.3 22.6 25.4 1.8 3.2 2.8 3.7 0.1 0.5 7.5 8.9 45 38 
LLA  11.5 12.3 18.5 18.3 3.1 5.1 2.1 2.5 0.4 0.5 5.4 5.4 39 29 
SCH  12.7 13.4 22.9 22.5 1.2 2.7 2.6 2.1 0.5 0.5 6.3 5.2 51 41 
SEW  13.8 14.9 24.8 26.5 2.5 2.7 2.2 2.3 0.2 0.3 6.2 7.6 51 44 
SHO  10.6 11.9 18.0 16.9 0.5 4.3 4.0 3.0 0.4 0.6 10.4 6.8 37 23 
STO  11.2 12.3 21.4 21.4 0.2 1.3 2.7 2.7 0.1 0.6 8.5 7.9 56 42 

Mean ± SE 12.1 ± 0.3 13.1 ± 0.3 21.1 ± 0.8 21.8 ± 1.1 1.7 ± 0.4 3.5 ± 0.5 2.8 ± 0.3 2.9 ± 0.3 0.4 ± 0.1 0.51 ± 0.04 7.2 ± 0.7 7.0 ± 0.6 45 ± 3 35 ± 3 

Reference  
BIG  11.1 12.1 21.7 20.4 0.0 0.7 2.2 2.1 0.1 0.2 6.95 7.68 57 42 
COP  11.1 12.2 19.4 19.6 0.9 2.5 1.3 1.5 0.1 0.4 4.59 4.63 49 35 
CRO  11.1 12.4 21.6 21.1 0.0 0.5 2.0 2.4 0.1 0.6 4.91 7.38 59 44 
MCB  11.5 12.7 22.3 21.4 0.0 1.1 1.7 2.0 0.0 0.3 5.52 6.02 57 41 

Mean ± SE 11.2 ± 0.1 12.4 ± 0.1 
 

21.2 ± 0.6 20.6 ± 0.4 0.2 ± 0.2 1.2 ± 0.4 1.8 ± 0.2 2.0 ± 0.2 
 

0.08 ± 0.03 0.4 ± 0.1 5.5 ± 0.5 6.4 ± 0.7 55 ± 2 41 ± 2 
a 
CV is the coefficient of variation [CV% = (standard deviation/mean) x 100], from Kelvin-scale temperature.
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Table A.9. Mean stream water chemistry variables (mg l-1) for each stream during each study year. a 

Stream  [ SO
4

2- 
]  [ HCO

3

-
 ] [ Cl

-
 ] [ NO

3 
+ NO

2
-N ] [ Ca

2+
 ]  [ K

+
 ] [ Mg

2+ 
] [ Na

+
 ] 

Constructed  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2
CAL  225 222 100 95 8.8 2.5 1.4 1.1 45 53 4.54 4.68 19.5 19.0 99 110 
CRI  669 543 138 159 4.2 1.6 5.4 3.4 175 204 10.18 10.68 101.1 120.8 28 39 
GUE  234 245 89 91 1.5 1.0 0.4 0.4 86 105 6.37 6.70 40.1 44.2 2 2 
LLA  204 233 83 88 8.3 2.1 1.5 1.1 70 86 4.38 4.42 34.7 37.8 40 46 
SCH  135 146 74 67 3.3 1.1 0.5 0.3 48 61 2.82 3.46 23.9 25.8 10 12 
SEW  654 722 77 83 23.0 20.8 2.8 0.8 145 194 8.88 9.39 77.4 106.8 64 85 
SHO  826 927 162 200 4.2 3.8 8.5 5.3 228 295 10.10 9.96 123.4 182.6 21 29 
STO  44 48 25 28 1.8 1.0 1.5 0.3 17 20 1.74 1.83 9.0 7.9 4 5 

Mean ± SE 374 ± 104 386 ± 110 94 ± 15 101 ± 19 6.9 ± 2.5 4.2 ± 2.4 2.7 ± 1.0 1.6 ± 0.6 102 ± 26 127 ± 33 6.13 ± 1.16 6.39 ± 1.17 53.6 ± 14.8 68.1 ± 21.8 34 ± 12 41 ± 14

Reference  
BIG  11 7 10 15 5.4 9.7 0.4 0.7 6 7 1.60 1.67 2.6 3.1 5 5 
COP  19 18 31 39 1.8 1.5 0.5 0.5 15 17 1.73 1.59 5.5 4.3 7 7 
CRO  8 8 11 16 4.8 3.5 0.7 0.2 5 5 1.68 1.71 2.8 2.8 4 3 
MCB  9 8 10 14 0.5 0.4 0.5 0.2 4 3 1.57 1.40 2.3 2.1 2 2 

Mean ± SE 12 ± 2 10 ± 2 
 

16 ± 5 21 ± 6 3.1 ± 1.2 3.8 ± 2.1 0.5 ± 0.1 0.4 ± 0.1 8 ± 3 8 ± 3 
 

1.64 ± 0.04 1.59 ± 0.07 3.3 ± 0.8 3.1 ± 0.4 4 ± 1 4 ± 1 

a Only those variables for which > 85% of observations were above the method detection limit (MDL) reported here. See Table B.3. for a summary of chemical variables where > 
15% of observations were less than the MDL. 
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Table A.10. Mean estimates of TDS and ionic composition (% sum of solutes) for each stream during each year. 

Stream  

TDS estimate       

(0.67 x SC)
1
        

mg l
-1

    

TDS estimate      
(sum solutes)       

mg l
-1

   % [SO
4

2-
]

 
  % [HCO

3

-
]   % [Ca

2+
]   % [Mg

2+
]   % [Na

+
]   % [K

+
]   % [Cl

-
]  

Constructed  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 
CAL  468 447 473 520 43 42 23 18 9 11 3.8 3.8 17.1 21.4 0.9 0.9 2.1 0.6 
CRI  1012 883 1135 1134 59 52 14 14 15 18 8.5 10.4 2.3 3.2 0.8 1.0 0.4 0.2 
GUE  435 418 456 503 51 49 20 18 18 21 8.5 8.9 0.4 0.4 1.4 1.4 0.4 0.3 
LLA  430 451 432 553 45 44 20 16 15 16 7.6 7.3 8.0 8.6 1.0 0.8 1.8 5.2 
SCH  303 279 297 329 46 44 25 20 16 19 7.7 8.1 3.2 3.8 0.9 1.1 1.2 0.4 
SEW  968 946 1065 1233 62 59 8 7 14 16 7.1 8.6 5.8 6.8 0.8 0.8 2.2 1.7 
SHO  1142 1190 1334 1639 58 56 13 12 16 18 9.0 11.1 1.5 1.8 0.7 0.6 0.3 0.2 
STO  104 114   92 117  45 43  20 21  15 18  8.2 6.6  4.2 4.1  1.9 1.7  1.9 1.1 

Mean ± SE 
608 ± 134 591 ± 131 

660 ± 
160 753± 184 51 ± 3 49 ± 2 18 ± 2 16 ± 2 15 ± 1 17 ± 1 7.5 ± 0.6 8.1 ± 0.8 5.3 ± 1.9 6.3 ± 2.3 1.1 ± 0.1 1.0 ± 0.1 1.3 ± 0.3 1.2 ± 0.6

Reference  
BIG  49 59 40 50 29 17 23 29 13 13 5.9 6.2 10.1 9.6 3.8 3.5 12.4 18.0 
COP  84 92 80 96 25 20 38 38 17 18 6.1 4.4 6.4 6.7 2.0 1.7 2.5 1.7 
CRO  47 44 38 42 24 20 26 36 13 12 6.8 6.7 10.0 7.9 4.2 4.2 13.2 9.0 
MCB  32 32   27 32  37 27  25 43  13 9  7.2 6.9  7.5 6.7  5.0 4.5  2.1 1.4 

Mean ± SE 53 ± 11 57 ± 13 46 ± 12 55 ± 14 29 ± 3 21 ± 2 28 ± 3 37 ± 3 14 ± 1 13 ± 2 6.5 ± 0.3 6.1 ± 0.6 8.5 ± 0.9 7.7 ± 0.7 3.8 ± 0.6 3.5 ± 0.6 7.5 ± 3.0 7.5 ± 3.9
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Table A.11. Study-year mean VASCI and component metrics for each stream. 

Stream  VASCI
200

 Scores And Component Metrics 

Total Richness  EPT Richness
a 
 

% 

Ephemeroptera % PT-H 
b 
 % Scrapers % Chironomidae 

% 2 Dominant 

Taxa HBI
c
  VASCI200

d
 

Constructed  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2
CAL  14 11 8 6 20 46 7 19 11 21 28 14 70 75 5 5 49 58
CRI  8 8 3 3 0 1 4 3 0 2 48 29 74 74 6 6 28 30
GUE  12 13 8 7 29 17 19 24 2 17 28 28 66 65 5 5 54 53
LLA  17 17 10 10 20 15 48 29 6 7 13 18 56 57 3 4 69 63
SCH  18 18 11 10 8 7 42 46 6 10 22 15 62 54 4 4 65 67
SEW  10 13 4 3 0 0 8 2 12 2 9 10 74 84 6 6 39 33
SHO  10 10 4 5 0.2 0 31 25 0 1 27 46 90 80 4 5 39 38
STO  19 20 11 11 15 26 48 32 4 10 18 16 48 38 3 4 71 75

Mean ± SE 13.3 ± 1.4 13.5 ± 1.5  7.1 ± 1.2 6.7 ± 1.1 11 ± 4 14 ± 6 26 ± 7 23 ± 5 5 ± 2 9 ± 3  24 ± 4 22 ± 4 67 ± 4 66 ± 5 4.4 ± 0.4 4.7 ± 0.3 52 ± 6 52 ± 6

Reference  
BIG  22 20 13 13 27 31 36 32 13 17 12 9 34 32 3 3 81 80
COP  22 24 15 16 41 23 26 25 18 10 5 18 37 42 4 4 81 73
CRO  23 20 16 13 32 31 33 25 18 13 11 10 30 41 3 4 82 75
MCB  22 22 15 15 28 33 36 34 10 12 17 17 46 37 3 3 77 79

Mean ± SE 22.0 ± 0.2 21.4 ± 1.0 14.5 ± 0.5 13.8 ± 0.8 32 ± 3 29 ± 2 33 ± 2 29 ± 2 15 ± 2 13 ± 1 11 ± 3 14 ± 2 37 ± 3 38 ± 2 3.4 ± 0.1 3.6 ± 0.1 80 ± 1 77 ± 2
a
 EPT = Ephemeroptera-Plecoptera-Trichoptera  

b 
PT-H = Plecoptera and Trichoptera minus Hydropsychidae  

c
 HBI = Hilsenhoff family-level biotic index  

d
VASCI = Virginia Stream Condition Index  
 
 



174 
 

Table A.12. Study-year mean relative abundances of functional feeding groups by stream. 

Stream  Functional Feeding Groups
a
  

% Collector-Filterers  % Collector-Gatherers % Predators % Shredders  

Constructed  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 

CAL  33 14 49 60 5 3 2 2 
CRI  39 62 50 31 8 4 3 0.3 

GUE b  18 26 56 46 14 6 10 7 

LLA  16 30 32 33 8 13 38 17 
SCH  24 26 28 20 7 5 35 39 

SEW  74 81 9 11 1 4 3 1 

SHO  37 25 28 47 4 3 31 24 

STO  18 23 30 37 9 10 38 19 

Mean ± SE 33 ± 7 36 ± 8 35 ± 5 36 ± 6 7 ± 1 6 ± 1 20 ± 6 14 ± 5 

Reference  
BIG  17 19 33 37 12 10 24 17 

COP  12 22 37 37 13 10 20 20 

CRO  19 27 33 37 8 7 21 16 

MCB  5 14 42 43 10 8 32 22 

Mean ± SE 13 ± 3 21 ± 3 36 ± 2 39 ± 2 11 ± 1 9 ± 1 24 ± 3 19 ± 2 
a 
Relative abundance of scraper-grazers can be found in Table A.11.  

b 
Fall 2010 sample only 69 individuals in entire sample. Unable to complete 200 (± 10%) count, but included in study-year 

means calculations.  

 
 
Table A.13. Mean richness of selected macroinvertebrate orders by stream and study year. 

Stream  Richness Metrics
a
  

Ephemeroptera Plecoptera Trichoptera Diptera 

Constructed  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 

CAL  2 2 4 2 2 3 3 3 

CRI  0 1 2 1 1 2 5 4 

GUE 
b 
 2 1 4 4 2 2 3 3 

LLA  2 3 5 5 4 3 2 3 

SCH  3 3 5 5 4 3 2 3 

SEW  0 0 2 1 2 2 3 5 

SHO  1 0 2 2 2 3 6 5 

STO  3 3 5 6 3 3 4 4 
Mean ± SE  1.3 ± 0.4 1.4 ± 0.4  3.4 ± 0.5 2.9 ± 0.6 2.4 ± 0.4 2.4 ± 0.2  3.3 ± 0.4 3.4 ± 0.3 

Reference  

BIG  4 4 5 5 5 4 5 4 

COP  5 5 5 7 5 4 5 5 

CRO  5 5 6 4 5 4 4 4 

MCB  5 4 5 6 6 5 4 5 
Mean ± SE  4.4 ± 0.1 4.4 ± 0.2  5.1 ± 0.3 5.5 ± 0.6 5.0 ± 0.2 3.9 ± 0.2  4.1 ± 0.2 4.3 ± 0.3 

a
 Total and EPT richness can be found in Table A.11. 

b
Fall 2010 sample only 69 individuals in entire sample. Unable to complete 200 (± 10%) count, but included in means calculations. 
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Table A.14. Mean relative abundances of selected macroinvertebrateorders by stream and study 
year. 

Stream  Relative Abundances
a
  

%EPT  %Plecoptera  %Trichoptera %Diptera  %Oligochaeta  
Constructed  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 

CAL  60 79 5 2 35 31 30 15 0.3 0 
CRI  28 37 4 1 24 35 71 61 1.2 0.3 

GUE 
b 
 65 66 18 10 19 39 32 30 0 0.3 

LLA  79 73 43 26 17 31 14 20 0.3 0 
SCH  71 73 38 40 25 26 24 17 1.0 0 
SEW  43 37 1 0 42 36 44 59 0 1.0 
SHO  67 48 31 24 36 24 33 52 0 0.3 
STO  76 73 44 24 18 23 21 20 0.5 0.3 

Mean ± SE  61 ± 6 61 ± 6  23 ± 6 16 ± 5 27 ± 3 31 ± 2 33 ± 6 34 ± 7  0.41 ± 0.17 0.26 ± 0.11

Reference  
BIG  73 69 26 19 20 19 19 15 0 0 
COP  79 65 19 18 18 24 15 29 0 0.2 
CRO  74 73 22 15 21 27 20 15 0 0 
MCB  68 69 31 22 9 15 25 24 0 0 

Mean ± SE  73 ± 2 69 ± 2  24 ± 3 18 ± 1 17 ± 3 21 ± 3 20 ± 2 21 ± 3  0 ± 0 0.06 ± 0.06

a 
Additional relative abundances can be found in Table A.11. 

b 
Fall 2010 sample only 69 individuals in entire sample. Unable to complete 200 (± 10%) count, but included in 

means calculations. 
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Table A.15. Annual total and component litterfall input to each stream by study year. 

Stream  Litterfall Input (g DM m
-2

 yr
-1

)

Detrital
a  Herbaceous

b
 Reproductive

c
 Wood

d
 Leaves

e
 Total

Constructed  Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2
CAL  1.8 19.0 13 31 3.1 10.9 2 10 48 67 67 138
CRI  0.7 5.4 5 15 0.2 1.4 1 1 15 13 22 35
GUE  0.0 15.4 21 79 10.8 2.7 41 3 50 185 124 286
LLA  2.4 11.5 39 82 4.6 3.8 12 7 70 120 128 224
SCH  14.8 17.2 7 18 13.6 23.2 17 70 235 267 288 395
SEW  0.2 8.7 10 10 2.5 8.0 6 5 114 85 132 118
SHO  0.8 2.7 6 6 0.8 10.0 2 1 102 83 111 102
STO  0.9 6.6 6 28 1.6 4.9 0 6 31 25 40 71

Mean ± SE 2.7 ± 1.8 10.8 ± 2.1 13 ± 4 34 ± 11 4.7 ± 1.7 8.1 ± 2.5 10 ± 5 13 ± 8 83 ± 25 106 ± 30 114 ± 29 171 ± 43

Reference  
BIG  18.5 23.1 19 17 38.4 12.1 161 123 403 437 639 613
COP  4.2 6.8 1 6 27.9 9.0 37 46 398 425 469 493
CRO  4.8 10.6 8 16 4.3 12.0 117 117 395 382 529 538
MCB  17.3 15.6 18 18 9.3 31.3 95 80 472 450 612 594

Mean ± SE 11.2 ± 3.9 14.0 ± 3.5  12 ± 4 14 ± 3 20.0 ± 8.0 16.1 ± 5.1 102 ± 26 91 ± 18 417 ± 18 424 ± 15 562 ± 39 559 ± 27
a 
Detrital = Unidentifiable vegetative detritus. 

b 
Herbaceous = all herbaceous vegetation 

c
 Reproductive = reproductive parts of woody plants 

d
Wood = woody debris. 

e 
Leaves = leaves of woody plants 
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Table A.16. Leaf breakdown rates (day-1 and degree-day-1) for each stream during each study year. 

Stream  k coarse (day
-1

) k fine (day
-1

) k coarse (deg.-day
-1

) k fine (deg.-day
-1

)

Constructed Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2

CAL  0.014 0.017 0.007 0.003 0.0011 0.0014 0.0006 0.0003

CRI  0.010 0.010 0.008 0.003 0.0008 0.0008 0.0006 0.0002

GUE  0.007 0.007 0.005 0.004 0.0005 0.0005 0.0004 0.0003

LLA  0.013 0.013 0.013 0.008 0.0011 0.0013 0.0012 0.0007

SCH  0.010 0.013 0.006 0.010 0.0010 0.0011 0.0005 0.0009

SEW  0.005 0.004 0.004 0.003 0.0004 0.0002 0.0003 0.0002

SHO  0.019 0.016 0.016 0.006 0.0019 0.0015 0.0017 0.0005

STO  0.021 0.019 0.005 0.005 0.0023 0.0017 0.0004 0.0005

Mean ± SE  0.012 ± 0.002 0.012 ± 0.002 0.008 ± 0.001 0.005 ± 0.001 0.0011 ± 0.0002  0.0011 ± 0.0002 0.0007 ± 0.0002 0.0005 ± 0.0001

Reference  
BIG  0.025 0.019 0.016 0.006 0.0028 0.0018 0.0015 0.0006

COP  0.024 0.018 0.018 0.007 0.0027 0.0017 0.0021 0.0007

CRO  0.024 0.016 0.011 0.004 0.0027 0.0016 0.0010 0.0004

MCB  0.021 0.017 0.012 0.010 0.0024 0.0015 0.0011 0.0010
Mean ± SE  0.024 ± 0.001 0.018 ± 0.001 0.014 ± 0.002 0.007 ± 0.001 0.0026 ± 0.0001  0.0017 ± 0.0001 0.0014 ± 0.0003 0.0007 ± 0.0001
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Table A.17. Mean total periphyton biomass (as AFDM), algal standing crop (as chl-a), 
and senescent autotrophic organic matter (as phaeopigment) densities for each stream 
by study year. 

Stream Stream Type Study Year

Mean

AFDM (g m
-2

)

Mean

chl-a (mg m
-2

)

Mean 
Phaeopigment (mg m

-2
)

CAL Constructed 1st 13.33 8.78 3.47 
CRI Constructed 1st 21.05 9.03 9.58 
GUE Constructed 1st 8.32 6.23 4.28 
LLA Constructed 1st 9.26 9.80 11.41 
SCH Constructed 1st 3.94 7.52 5.32 
SEW Constructed 1st 12.46 6.19 7.93 
SHO Constructed 1st 11.44 8.22 15.97 
STO Constructed 1st 5.95 7.83 5.33 
BIG Reference 1st 2.01 3.14 0.97 
COP Reference 1st 1.82 3.23 0.84 
CRO Reference 1st 2.50 4.97 1.68 
MCB Reference 1st 6.23 4.64 1.97 
CAL Constructed 2nd 7.84 4.68 4.24 
CRI Constructed 2nd 21.62 9.11 14.76 
GUE Constructed 2nd 6.44 5.18 4.88 
LLA Constructed 2nd 13.32 13.47 27.63 
SCH Constructed 2nd 6.37 7.57 8.72 
SEW Constructed 2nd 2.65 2.90 2.94 
SHO Constructed 2nd 15.78 17.83 26.57 
STO Constructed 2nd 3.57 4.29 3.65 
BIG Reference 2nd 1.58 5.73 2.13 
COP Reference 2nd 2.66 6.11 3.68 
CRO Reference 2nd 2.23 4.54 2.24 
MCB Reference 2nd 1.12 2.21 1.02 
a
 Means for each stream-year combination are calculated based on the means (from three arrays) from 

each collection in that stream during that year. Collections from each array were approximately bi-
weekly to monthly.   
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Table A.18. Areal accrual rates of periphyton (AFDM) and algae (chl-a) per day for each stream during every accrual period. 

  Daily Accrual Rates

Stream  r
AFDM

 (day
-1

)  r
chl-a

 (day
-1

) 

  Fall Winter Early-spring Late-spring Summer Fall Winter Early-spring Late-spring Summer

Constructed  14 Oct - 16 Dec 
2011 9 Dec 2010 -   

7 Feb 2011 15 Feb - 20 Apr 
2012

17 Apr - 29 Jun 
2012

28 Jun - 23 
Aug 2012

14 Oct - 16 Dec 
2011

9 Dec 2010 -    
7 Feb 2011

15 Feb - 20 Apr 
2012

17 Apr - 29 Jun 
2012

28 Jun - 23 Aug 
2012

CAL  0.124 ± 0.085  0.174 ± 0.039 0.260 ± 0.064 0.116 ± 0.051 0.345 ± 0.072 0.030 ± 0.015 0.053 ± 0.012 0.019 ± 0.009 0.03 ± 0.008 0.096 ± 0.038 

CRI  0.123 ± 0.066  0.335 ± 0.058 0.123 ± 0.050 0.322 ± 0.051 0.142 ± 0.084 0.036 ± 0.010  0.022 ± 0.008 0.032 ± 0.004 0.036 ± 0.007 0.042 ± 0.021

GUE 
 
  0.276 ± 0.141 0.155 ± 0.045 0.090 ± 0.059 0.110 ± 0.053 0.154 ± 0.081 0.061 ± 0.022  0.043 ± 0.011 0.012 ± 0.006 0.031 ± 0.011 0.060 ± 0.017 

LLA  0.315 ± 0.124 0.166 ± 0.071 0.138 ± 0.066 0.115 ± 0.074 0.362 ± 0.147 0.047 ± 0.018  0.103 ± 0.011 0.059 ± 0.009 0.048 ± 0.021 0.041 ± 0.031

SCH  0.112 ± 0.072  0.139 ± 0.070 0.131 ± 0.063 0.093 ± 0.058 0.114 ± 0.069 0.027 ± 0.011 0.030 ± 0.011 0.046 ± 0.011 0.034 ± 0.01 0.044 ± 0.017 

SEW  0.117 ± 0.074  0.145 ± 0.076 0.104 ± 0.056 0.087 ± 0.057 0.319 ± 0.131 0.023 ± 0.014 0.022 ± 0.008 0.026 ± 0.005 0.025 ± 0.005 0.076 ± 0.017 

SHO  0.334 ± 0.156 0.177 ± 0.096 0.126 ± 0.067 0.321 ± 0.038 0.145 ± 0.106 0.049 ± 0.022  0.098 ± 0.049 0.043 ± 0.014 0.106 ± 0.006 0.134 ± 0.026 

STO  0.252 ± 0.130   0.147 ± 0.060   0.120 ± 0.051  0.315 ± 0.045  0.121 ± 0.080  0.024 ± 0.007   0.039 ± 0.007  0.045 ± 0.012  0.026 ± 0.019  0.037 ± 0.021

Mean ± SE 0.207 ± 0.034   0.180 ± 0.023   0.137 ± 0.018  0.185 ± 0.040  0.213 ± 0.038  0.037 ± 0.005   0.051 ± 0.011  0.035 ± 0.006  0.042 ± 0.009  0.066 ± 0.012

Reference  
BIG  0.235 ± 0.129 0.301 ± 0.127 0.119 ± 0.054 0.094 ± 0.068 0.093 ± 0.096 0.012 ± 0.011 0.030 ± 0.016 0.048 ± 0.013 0.027 ± 0.016 0.020 ± 0.006

COP  0.255 ± 0.143 0.124 ± 0.067 0.108 ± 0.059 0.089 ± 0.046 0.101 ± 0.077 0.009 ± 0.005 0.018 ± 0.011 0.046 ± 0.016 0.026 ± 0.048 0.012 ± 0.005

CRO  0.274 ± 0.142 0.138 ± 0.074 0.106 ± 0.055 0.086 ± 0.058 0.099 ± 0.066 0.020 ± 0.010 0.029 ± 0.020 0.033 ± 0.005 0.025 ± 0.009 0.035 ± 0.009

MCB  0.267 ± 0.116   0.325 ± 0.084   0.267 ± 0.066  0.088 ± 0.057  0.095 ± 0.065  0.010 ± 0.009   0.045 ± 0.017  0.022 ± 0.005  0.013 ± 0.009  0.011 ± 0.008

Mean ± SE 0.257 ± 0.008  0.222 ± 0.053  0.150 ± 0.039  0.089 ± 0.002  0.097 ± 0.002  0.013 ± 0.002  0.031 ± 0.006  0.037 ± 0.006  0.023 ± 0.003  0.019 ± 0.006
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Table A.19. Areal accrual rates of periphyton (AFDM) and algae (chl-a) per degree-day for each stream during every accrual period. 

  Temperature-corrected Accrual Rates   
Stream  r

AFDM
 (deg.-day

-1
)   r

chl-a
 (deg.-day

-1
) 

  Fall Winter Early-spring Late-spring Summer Fall Winter Early-spring Late-spring Summer

Constructed  14 Oct - 16 Dec 
2011 9 Dec 2010 -  

7 Feb 2011 15 Feb - 20 Apr 
2012

17 Apr - 29 Jun 
2012

28 Jun - 23 Aug 
2012

14 Oct - 16 Dec 
2011 9 Dec 2010 -   

7 Feb 2011
15 Feb - 20 Apr 

2012
17 Apr - 29 Jun 

2012
28 Jun - 23 Aug 

2012

CAL  0.013 ± 0.008  0.040 ± 0.009 0.031 ± 0.009 0.0067 ± 0.0034 0.0169 ± 0.0031 0.0030 ± 0.0015 0.012 ± 0.003 0.0017 ± 0.0008 0.0018 ± 0.0005 0.0047 ± 0.0020

CRI  0.011 ± 0.006 0.053 ± 0.009 0.009 ± 0.005 0.0216 ± 0.0035 0.0084 ± 0.0047 0.0033 ± 0.0008 0.003 ± 0.001 0.0025 ± 0.0003 0.0022 ± 0.0005 0.0025 ± 0.0012

GUE 
 
  0.029 ± 0.012 0.032 ± 0.011 0.007 ± 0.006 0.0062 ± 0.0035 0.0081 ± 0.0037 0.0061 ± 0.0024 0.009 ± 0.002 0.0010 ± 0.0006 0.0018 ± 0.0007 0.0031 ± 0.0007

LLA  0.033 ± 0.010 0.031 ± 0.013 0.012 ± 0.007 0.0075 ± 0.0053 0.0211 ± 0.0083 0.0049 ± 0.0018 0.019 ± 0.002 0.0054 ± 0.0011 0.0032 ± 0.0015 0.0024 ± 0.0018

SCH  0.013 ± 0.007 0.038 ± 0.020 0.010 ± 0.007 0.0050 ± 0.0035 0.0056 ± 0.0033 0.0029 ± 0.0011 0.008 ± 0.003 0.0039 ± 0.0013 0.0019 ± 0.0006 0.0021 ± 0.0008

SEW  0.013 ± 0.007 0.035 ± 0.018 0.007 ± 0.005 0.0041 ± 0.0030 0.0131 ± 0.0052 0.0025 ± 0.0015 0.005 ± 0.002 0.0019 ± 0.0004 0.0012 ± 0.0002 0.0031 ± 0.0007

SHO  0.032 ± 0.013 0.039 ± 0.016 0.011 ± 0.007 0.0262 ± 0.0032 0.0098 ± 0.0070 0.0047 ± 0.0020 0.017 ± 0.009 0.0040 ± 0.0014 0.0086 ± 0.0005 0.0088 ± 0.0016

STO  0.030 ± 0.012   0.053 ± 0.020   0.011 ± 0.006  0.0233 ± 0.0033  0.0064 ± 0.0041  0.0028 ± 0.0008   0.014 ± 0.003  0.0045 ± 0.0008  0.0016 ± 0.0012  0.0020 ± 0.0011

Mean ± SE 0.022 ± 0.004   0.040 ± 0.003   0.012 ± 0.003  0.0126 ± 0.0033  0.0112 ± 0.0019  0.0038 ± 0.0005   0.011 ± 0.002  0.0031 ± 0.0005  0.0028 ± 0.0009  0.0036 ± 0.0008

Reference  
BIG  0.028 ± 0.012 0.105 ± 0.044 0.011 ± 0.006 0.0060 ± 0.0048 0.0049 ± 0.0050 0.0014 ± 0.0013 0.012 ± 0.007 0.0050 ± 0.0009 0.0018 ± 0.0011 0.0010 ± 0.0003

COP  0.027 ± 0.013 0.038 ± 0.019 0.010 ± 0.007 0.0058 ± 0.0034 0.0055 ± 0.0042 0.0010 ± 0.0005 0.005 ± 0.003 0.0046 ± 0.0015 0.0021 ± 0.0038 0.0006 ± 0.0003

CRO  0.033 ± 0.013 0.078 ± 0.037 0.009 ± 0.006 0.0053 ± 0.0038 0.0051 ± 0.0033 0.0023 ± 0.0012 0.016 ± 0.011 0.0033 ± 0.0003 0.0016 ± 0.0006 0.0018 ± 0.0005

MCB  0.029 ± 0.010   0.116 ± 0.030   0.035 ± 0.011  0.0053 ± 0.0038  0.0048 ± 0.0033  0.0011 ± 0.0009   0.017 ± 0.007  0.0020 ± 0.0007  0.0008 ± 0.0006  0.0005 ± 0.0004

Mean ± SE 0.029 ± 0.001  0.084 ± 0.017  0.016 ± 0.006  0.0056 ± 0.0002  0.0051 ± 0.0002  0.0014 ± 0.0003  0.013 ± 0.003  0.0037 ± 0.0007  0.0016 ± 0.0003  0.0010 ± 0.0003



181 
 

Table A.20. Peak periphyton (as AFDM), algal (as chl-a), and senescent autotrophic organic 
matter (as phaeopigment) densities for each stream during every short-term accrual period. 

Stream Stream Type 

 

Accrual Period 

Peak  

AFDM (g m
-2

) 

Peak 

chl-a (mg m
-2

) 

Peak 

Phaeopigment (mg m
-2

) 
CAL Constructed Fall 6.54 4.55 2.23 
CRI Constructed Fall 10.96 9.99 10.83 
GUE Constructed Fall 3.41 5.00 2.61 
LLA Constructed Fall 12.50 15.10 17.55 
SCH Constructed Fall 3.41 4.58 2.75 
SEW Constructed Fall 4.68 3.90 4.26 
SHO Constructed Fall 18.22 25.03 49.02 
STO Constructed Fall 2.11 3.47 1.73 
BIG Reference Fall 1.33 1.19 0.86 
COP Reference Fall 2.46 0.79 0.56 
CRO Reference Fall 3.02 1.98 1.07 
MCB Reference Fall 2.28 0.87 0.97 
CAL Constructed Winter 35.28 21.75 6.97 
CRI Constructed Winter 7.71 2.92 2.03 
GUE Constructed Winter 11.93 13.94 8.32 
LLA Constructed Winter 15.85 13.57 33.94 
SCH Constructed Winter 4.50 5.23 2.48 
SEW Constructed Winter 3.13 2.46 1.41 
SHO Constructed Winter 25.78 14.23 45.81 
STO Constructed Winter 6.27 8.56 4.92 
BIG Reference Winter 6.76 5.41 1.65 
COP Reference Winter 1.30 2.00 0.82 
CRO Reference Winter 4.77 5.63 2.55 
MCB Reference Winter 7.84 11.51 5.19 
CAL Constructed Early Spring 1.32 2.40 1.96 
CRI Constructed Early Spring 6.20 6.47 5.69 
GUE Constructed Early Spring 1.16 1.24 1.14 
LLA Constructed Early Spring 17.70 42.10 52.67 
SCH Constructed Early Spring 10.33 19.05 18.23 
SEW Constructed Early Spring 1.29 3.91 3.02 
SHO Constructed Early Spring 6.08 15.82 6.59 
STO Constructed Early Spring 4.62 13.94 7.90 
BIG Reference Early Spring 3.95 15.34 5.02 
COP Reference Early Spring 3.62 22.14 12.27 
CRO Reference Early Spring 2.09 6.69 2.66 
MCB Reference Early Spring 1.47 3.03 1.62 
CAL Constructed Late Spring 10.55 8.19 9.11 
CRI Constructed Late Spring 3.72 13.98 8.17 
GUE Constructed Late Spring 7.57 9.62 7.74 
LLA Constructed Late Spring 17.34 44.79 29.77 
SCH Constructed Late Spring 2.60 11.92 5.31 
SEW Constructed Late Spring 1.68 4.89 2.42 
SHO Constructed Late Spring 7.39 20.09 12.15 
STO Constructed Late Spring 4.70 8.97 5.38 
BIG Reference Late Spring 1.20 5.80 3.10 
COP Reference Late Spring 2.01 1.08 0.84 
CRO Reference Late Spring 0.94 4.79 3.17 
MCB Reference Late Spring 1.04 1.87 2.10 
CAL Constructed Summer 5.99 10.69 2.98 
CRI Constructed Summer 12.49 12.10 6.73 
GUE Constructed Summer 40.10 36.44 13.71 
LLA Constructed Summer 9.48 17.77 9.73 
SCH Constructed Summer 2.28 14.18 5.75 
SEW Constructed Summer 2.37 5.66 3.25 
SHO Constructed Summer 12.24 26.25 43.71 
STO Constructed Summer 4.18 11.81 5.69 
BIG Reference Summer 0.63 1.93 1.44 
COP Reference Summer 1.19 0.97 1.02 
CRO Reference Summer 1.01 5.72 3.70 
MCB Reference Summer 0.93 1.10 1.40 
a
 Peaks during each period are the maximum of the means (based on three arrays in each stream) for each collection during that period. 
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APPENDIX B — Supporting Data 
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Table B.1. Transformations and covariance structures for multivariate (REML) repeated 
measures ANOVAs. 

Covariance Fit Diagnostics

Variable 
Applied 

Transformation 

Chosen Covariance 

Structure
a
 AIC  AICc  BIC

Short-term accrual period vars. 
k

chl-a
 (day

-1
)

   ln[x] CS 81.8 82.1 82.8

k
chl-a

 (deg.-day
-1

)  ln[x] spPOW 88.9 89.2 89.9

k
AFDM

 (day
-1

)  n/a spPOW -86.8 -86.6 -85.9

k
AFDM

 (deg.-day
-1

)   ln[x] CS 87.4 87.7 88.4

Observed µ
chl-a

 (div.•day
-1

)   ln[x] CS 81.8 82 82.8

Theoretical µ
max-P

  (div.•day
-1

)   ln[x] CS -105.4 -105.1 -104.4

k
AFDM

 : k
chl-a

 (unitless; day
-1 

basis) [x] 
-0.25

 CS -73.4 -73.2 -72.4

k
AFDM

 : k
chl-a

 (unitless; deg.-day
-1 

basis)  [x] 
-0.5

  CS -36.4 -36.1 -35.4
µ

chl-a
 : µ

max-P
 (unitless)  ln[x] CS 84.2 84.4 85.2

[AFDM]
max

 (g m
-2

)   ln[x] CS 133.8 134 134.7

[Chl-a]
max

 (mg m
-2

)  ln[x] spPOW 133.4 133.6 134.3
AI

mean
  n/a spPOW 497.5 497.9 498.5

AI
max

  n/a spPOW 524.6 524.9 525.5

Long-term exposure vars. 
[AFDM]

mean
 (g m

-2
) 

b
   ln[x] CS 46.1 46.8 47.1

[Chl-a]
mean

 (mg m
-2

) 
c
  [x] 

-0.5
 UN -36.4 -34.9 -34.9

[AFDM]
max

 (g m
-2

) 
b
   ln[x] CS 54.2 54.9 55.2

[Chl-a]
max

 (mg m
-2

) 
c
   ln[x] UN 28.2 29.7 29.7

AI
mean

 
b
   ln[x] CS 17.8 18.5 18.8

AI
max

 c
   ln[x] UN 33.2 34.7 34.7

a
CS = Compound Symmetry; SpPow = Spatial Power; UN = Unstructured.

b
Identical fit statistics between CS and first-order autoregressive (ar1). CS chosen because it is less restrictive.

c
Identical fit statistics between UN and first-order autoregressive heterogeneous (arh1). UN chosen because it is less 

restrictive. 
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Table B.2. Results of two-factor ANOVA for land cover comparisons. 

Main Effects

Stream Category Study Year 

Structural Variable 
MINE       
(n = 8) 

REF      
(n = 4)

Test       
Statistic

1st Year    
(n = 12)

2nd Year    
(n = 12) 

Test       
Statistic

Catchment LULC (%) 

% Forest b  73 ± 5 94 ± 2 13.14** 80 ± 6 80 ± 6 < 0.01 

% Barren b  10.2 ± 3.3 0.1 ± 0.1 12.27** 6.7 ± 3.4 7.0 ± 3.5 0.13 

% Developed c  3 ± 1 3 ± 1 < 0.01 3 ± 1 3 ± 1 < 0.01 

% Non-forest veg c  14 ± 2 2 ± 1 21.28*** 10 ± 3 10 ± 2 0.02 

Riparian LULC (%) 

% Forest d  77 ± 5 94 ± 2 6.66* 82 ± 5 83 ± 5 0.01 

% Barren b  1.28 ± 0.34 
0.02 ± 
0.01 10.73** 0.96 ± 0.37 0.76 ± 0.36 0.14 

% Developed e  8 ± 2 3 ± 1 1.7 6 ± 2 6 ± 2 < 0.01 

% Non-forest veg f  14 ± 3 3 ± 1 7.36* 10 ± 3 10 ± 4 < 0.01 
a Study year x Stream type interactions were not significant and are not presented.   
b Logit transformed   c √[x] transformed   d [x]3 transformed e ln[x] transformed  
f [x]0.25 transformed * p < 0.05 **  p < 0.005 *** p < 0.001 
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Table B.3. Trace element, ammonia, and phosphorus detection limits and stream-type summary. 

  Al       Cu      Fe       Mn      Se       Zn      NH
4
-N   PO

4
-P    

Constructed
*
  

Median
a
 (µg l

-1
) 19.6 < 20.7 13.7 19.4 < 31.8 < 14.0 < 9.6 < 6.8 

# > MDL 171 3 122 187 63 43 59 0 

% < MDL
b 
(± SE) 23 ± 9

A
  99 ± 1

A
 45 ± 10

A
 16 ± 6

A
 72 ± 7

A
 81 ± 7

A
  73 ± 4

A
  100 ± 0 

Reference
*
  

Median
a
 (µg l

-1
) < 10.2 < 20.7 13.1 8.8 < 31.8 < 14.0 < 9.6 < 6.8 

# > MDL 35 2 68 60 7 15 12 0 

% < MDL
c
 (± SE) 69 ± 5

B
  98 ± 1

A
 39 ± 4

A
 46 ± 7

B
 94 ± 2

B
 87 ± 3

A
  89 ± 2

B
  100 ± 0 

MDL 

Max MDL
d
  10.2 20.7 9.9 8.4 31.8 14.0 9.6 6.8 

Total % < MDL
e
  39 99 43 26 79 83 78 100 

RL = 0.5 x MDL 5.1 10.4 5.0 4.2 15.9 7.0 4.78 3.39 

a 
Median stream type concentrations that were below max MDL for each category are reported as "< 

[Max MDL value]".  
b 
Total samples for MINE: trace metals (n = 223); nutrients (n = 216).  

c 
Total 

samples for REF: trace metals (n = 112); nutrients (n = 108).
  d 

Maximum of the batch MDLs are reported, 

and were used to determine a single reporting limit (RL = 0.5 x MDL) for each analyte.  
e 
Total samples 

both categories: trace metals (n = 335); nutrients (n = 324). 
* 
Comparisons are Mann-Whitney U tests 

between categories, identical letters connecting mean % of samples below MDL are not significantly 
different. No comparison was made for phosphorus as all samples were < MDL. 

 


