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Abstract. Mountaintop removal and valley fill (MTR/VF) coal mining has altered the landscape of the
Central Appalachian region in the USA. Among the changes are large-scale topographic recontouring,
burial of headwater streams, and degradation of downstream water quality. The goals of our study were
to: 1) compare the structure and function of natural and constructed stream channels in forested and MTR/
VF catchments across ephemeral, intermittent, and perennial flow regimes and 2) assess the relationship
between leaf litter breakdown and structural measures, such as the habitat assessments currently used by
regulatory agencies. Specific conductance of stream water was, on average, 36 to 573 higher at perennial
reaches below valley fills than at perennial reaches in forested catchments, whereas pH was circumneutral
in both catchment types. Channel habitat and invertebrate assemblages in litter bags differed between
forested streams and constructed channels in VF catchments. Invertebrate density, diversity, and biomass
were typically higher in litter bags from forested catchments than from VF catchments. No differences in
fungal biomass, estimated as ergosterol concentration, were detected between litter bags from forested and
VF catchments. Breakdown of oak (Quercus alba) leaves was slower at perennial and intermittent reaches in
VF catchments than at perennial and intermittent reaches in forested catchments. However, breakdown
rates did not differ between ephemeral reaches on VFs and in forested catchments. Breakdown rates of oak
leaves were significantly correlated to conductivity at perennial and intermittent reaches and to shredder
diversity across all reaches, but were not correlated with habitat assessment scores currently being used to
determine compensatory mitigation. Landuse changes associated with MTR/VF have detrimental
consequences to headwater stream function that are not adequately evaluated using the prevalent habitat
assessment.

Key words: mountaintop removal, valley fill, coal mining, litter breakdown, organic matter processing,
hydrologic permanence, reclaimed mine, rapid functional methods, stream assessment, mitigation.

Worldwide coal production has increased over the
last 30 y from 4.2 billion to 7 billion tons/y to meet
increasing global energy demands (USDOE-EIA
2008c). In the USA, where coal-fired power plants
supply half of the electricity, coal consumption for
electricity is expected to increase 42% from 2008 to
2030 (USDOE-EIA 2008b) despite changing energy
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policies intended to encourage more use of alternative
fuels. Furthermore, policies and technologies aimed to
reduce CO2 emissions from coal-fired power plants
(e.g., Anderson and Newell 2004) do not address the
direct water-quality problems associated with large-
scale coal extraction. In 2007, the Central Appalachian
Mountains produced nearly 20% of US coal, and this
region alone ranks 7th internationally in coal produc-
tion (USDOE-EIA 2008a, c).

Historically, the mountainous terrain of the Central
Appalachians limited surface mining to outcrops of
coal seams along topographic contours (i.e., auger and
contour or highwall mining). However, a relatively
recent method of coal mining called mountaintop
removal and valley fill (MTR/VF) has contributed to a
dramatic increase in coal production from surface
mining in southern West Virginia and eastern Ken-
tucky (Greene and Raney 1979, Robins 1979, Slonecker
and Benger 2002). For example, coal production from
eastern Kentucky surface mines increased . 400%

from 1969 to 1998 (Kentucky Geological Survey 2009).
The MTR/VF method has existed since the 1960s, but a
combination of incentives for coal production, amend-
ments to the US Clean Air Act to reduce sulfur
emissions, and technological advances have made
MTR/VF economically feasible (Fox 1999, Duffy 2003,
Szwilski et al. 2001).

MTR/VF begins with removal (through blasting
and excavation) of vegetation, soil, and layers of
sedimentary rock (i.e., overburden or spoil) above
underlying coal seams, and then the coal is extracted.
The overburden is deposited into adjacent valleys
creating hollow or valley fills (VFs). To meet
performance standards set under the Surface Mining
Control and Reclamation Act of 1977 (SMCRA;
implemented and enforced by the Office of Surface
Mining [OSM] in the US Department of Interior,
except where federally delegated to qualified states),
reclaimed mines must be physically stable. In addi-
tion to compaction and terracing, SMCRA perfor-
mance standards require that VFs have permanent
diversion channels (i.e., groin drains) to contain and
direct runoff, minimize erosion, and prevent fill
destabilization (Appendix 1A; available online from:
http://dx.doi.org/10.1899/09-060.1.s1). Depending
upon design and state regulations, VFs have a rock
underdrain, and either a central drain or 2 perimeter
groin drains that join at the base or toe of the fill.
These constructed channels are required to contain
floods associated with at least 100-y, 24-h precipita-
tion events and to minimize contribution of sus-
pended solids to downstream waters. The bed and
banks of these channels must be constructed with
durable, nonacid-, nontoxin-forming boulders (.1 m

diameter; Appendix 1B; available online from: http://
dx.doi.org/10.1899/09-060.1.s1).

In an assessment of VFs (.12 ha) in Kentucky, the
US Environmental Protection Agency found that
between 1985 and 1999, .660 km of headwater
streams were permanently buried (USEPA 2005).
Filling of waters of the US is regulated under Section
404 of the US Clean Water Act (CWA), and permitting
of such activities is authorized by the US Army Corps
of Engineers (USACE) and state water-quality agen-
cies (under CWA 1401). Under CWA Section
404(b)(1), regulatory agencies must consider potential
impacts to the stream functions and values when
determining compensatory mitigation requirements
for aquatic resources unavoidably lost or adversely
affected by authorized activities. The USACE did not
typically require compensatory mitigation for coal
mining activities prior to the authorization of the 2002
Nationwide Permits (NWP). Since 2002, compensa-
tory mitigation has been required for all coal mining
activities authorized under Section 404, including
NWPs (i.e., NWP 21, Surface Coal Mining Operations;
NWP 49, Coal Remining Activities, and NWP 50,
Underground Coal Mining Activities). Since 2004, on-
site mitigation credit has been given to coal mine
operators for constructed drains. In the past, the linear
distance of streams impacted by mining in the Central
Appalachians was the only factor used in estimating
the mitigation necessary for buried or impacted
streams. In an attempt to incorporate the hydrologic
class (i.e., ephemeral, intermittent, and perennial) and
stream quality affected by a permitted activity, the
Louisville Army Corps District developed a method
(Sparks et al. 2003a, b) that combines specific
conductance of water, the USEPA rapid bioassess-
ment protocol (RBP) habitat assessment score (Bar-
bour et al. 1999), and, where possible, a macroinverte-
brate bioassessment index score (Pond and McMurray
2002). The Huntington Army Corps District also has
used hydrologic permanence and the RBP habitat
assessment score for determining mitigation require-
ments. A recent court case (Ohio Valley Environmental
Coalition v. USACE, Southern District West Virginia
2007) has questioned whether such assessments used
by regulatory agencies have adequately characterized
the stream functions that will be lost when assessing
fill permits and compensatory mitigation associated
with MTR/VF activities.

Stream structure refers to the pattern or organiza-
tion of features within a system (e.g., bed particle size
distribution, macroinvertebrate diversity), whereas
stream functions are the processes and rates of a
system (e.g., metabolism, nutrient uptake; Bunn and
Davies 2000). It usually is assumed that structure and
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function are closely related (e.g., Schindler 1987,
Wallace et al. 1996), but this relationship is poorly
understood. Structural measures have been used to a
greater extent than functional measures to character-
ize the integrity of aquatic systems. However, func-
tional measures have been advocated for stream
assessments in the past (Matthews et al. 1982), and
recent suggestions have been made to use them for
regulatory purposes (Meyer 1997, Gessner and Chau-
vet 2002, Davies and Jackson 2006). Combined use of
structural and functional measures would support
regulatory agencies in meeting their regulatory
obligations under the Clean Water Act, might provide
better information regarding the integrity of water
bodies, and would help integrate our understanding
across levels of organization (e.g., population, species,
ecosystem; Bunn and Davies 2000).

Assessments of the coal mining impacts on streams
have been focused mainly on the effects and
remediation of acid mine drainage (AMD; Kelly
1988) rather than on the effects of filling headwaters.
Aside from permanent burial of upstream reaches,
several patterns have been consistently documented
from the relatively few studies on the impacts of
MTR/VF on streams.

These patterns include elevated total dissolved
solids (TDS) or specific conductance and specific ions
(e.g., SO4

22, Mg2+, Ca2+, HCO3
2) in stream water,

stabilized water temperature, elevated base flow,
increased flood risk, and impaired macroinvertebrate
communities, particularly reductions in the abun-
dance and diversity of Ephemeroptera (Wiley et al.
2001, Messinger and Paybins 2003, Phillips 2004,
Hartman et al. 2005, USEPA 2005, Pond et al. 2008,
Simmons et al. 2008). As in other forms of mining,
elevated TDS downstream of VFs is a result of
exposing fractured rock to weathering and percola-
tion. Coal mine operators have received on-site
mitigation credit for constructed channels, but we
are not aware of any published studies that compared
the structure and function of such constructed
channels to natural channels.

Our objectives were to: 1) compare habitat and
biological characteristics (structure) and litter break-
down (function) in natural and constructed channels
in forested and MTR/VF catchments across a hydro-
logical permanence gradient and 2) assess the
relationship between litter breakdown and structural
measures. RBP habitat assessment was one of our
structural measures because it has been used to assess
the potential impacts to the stream structure and
function when determining compensatory mitigation
requirements for authorized burial of headwater
streams. We used litter breakdown as our functional

measure because it is an important function of
forested headwater streams in the Appalachians,
and previous work endorses its use as a functional
indicator (Gessner and Chauvet 2002, Young et al.
2008). We predicted that litter breakdown would
differ between mined and forested catchments based
on documented impacts of MTR/VF on streams.
However, we expected varying outcomes to litter
breakdown rates depending upon overriding or
additive effects on leaf breakdown caused by interac-
tions between abiotic and biotic factors and MTR/VF
stressors (Fig. 1). For example, breakdown rates might
be slower in VF catchments than in forested catch-
ments because elevated total dissolved ions and metal
precipitates impair microbial and macroinvertebrate
communities or interfere with leaf colonization and
consumption. Alternatively, breakdown rates might
be faster in VF constructed channels than in forested
catchments because flashier flows could cause high
physical fragmentation (i.e., higher abrasion and
lower retention).

Methods

Study area

The study sites were in 6 headwater catchments of
Buckhorn Creek in Breathitt County in east-central
Kentucky, USA. The study area is in the Eastern
Coalfield physiographic region and the Central
Appalachian ecoregion (level III; Woods et al. 2002).
This area is characterized by sandstone, siltstone,
shale, and coal geology with mixed mesophytic forest.
The dominant tree species on lower catchment slopes
were Quercus alba, Liriodendron tulipifera, Tsuga cana-
densis, and Fagus grandifolia, whereas Quercus velutina
and Quercus prinus dominated the upper slopes
(Phillippi and Boebinger 1986). The dominant vegeta-
tion growing on the VFs were Lespedeza cuneata and
grasses, with scattered young stands of Platanus
occidentalis, Elaeagnus angustifolia, Robinia pseudoacacia,
and Pinus strobus along the constructed channels.
Annual precipitation in the region ranges from 100 to
125 cm, and mean annual air temperature is 12uC
(Owenby et al. 2001). Soils are predominantly fine-
loamy to loamy-skeletal in texture and are derived
from weathered sandstone, siltstone, and shale
(Hayes 1998).

Study design

Catchments were classified into 2 treatments:
forested and VF. Two catchments, F1 and F2, were
completely forested, and 4 catchments, VF1, VF2, VF3,
and VF4, contained VFs (4–10 y old) with perimeter
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drains. Study reaches (30 m) within each catchment
were longitudinally positioned to correspond with
documented or expected hydrological permanence
classes (Table 1). Ephemeral reaches flow for short
durations and only after rain or snow melt because
the streambed surface is always above the ground-
water table. Intermittent reaches flow seasonally
when the groundwater table elevation is above the
streambed surface. Perennial reaches have flow
throughout most years. Two VF catchments (VF1
and VF2) had intact, natural ephemeral channels
upslope of the VFs, whereas the remaining inter-
mittent and ephemeral channels in the VF catchments
had constructed channels (Table 1). All perennial
reaches in VF catchments were downstream of the
VFs and, with the exception of 1 reach (VF2c-P), were
not constructed channels. VF2c-P was immediately
downstream from VF2 and 130 m upstream of VF2-P,
but was within a ,150-m stretch of constructed
channel. Riparian trees were sparse to absent along
the bank of the constructed intermittent channels
adjacent to the VF and were absent along both sides of
constructed ephemeral VF reaches. Riparian vegeta-
tion was intact along both banks of the perennial
reaches downstream of VFs, except VF2c-P where
near-bank trees were absent along 1 bank.

Habitat and litter standing crop

The channel habitat was characterized by measur-
ing selected hydrologic, physicochemical, and geo-
morphologic features of each study reach. The
frequency and duration of dry periods were mea-
sured with electrical resistance loggers (Fritz et al.
2006). The loggers record binary state (dry or wet)
changes at contact ends of a cable, where the presence
or absence of water results in a closed or open circuit,
respectively. Temperature was measured at 4-h
intervals with StowAway TidbiTH temperature log-
gers (OnsetH Computer Corp., Bourne, Massachu-
setts). Specific conductance and pH were measured
with a water-quality sonde (Quanta HydroLabH,
Hach Company, Loveland, Colorado) when reaches
had flowing surface water. Water samples were
collected from perennial stream locations on a
biweekly basis (January–July 2006). Sampling, pre-
servation, and analytic protocols were done in
accordance to standard procedures (APHA 1992).
Samples were filtered through a 0.45-mm syringe filter
prior to analysis. SO4

22 and Cl2 concentrations were
determined by means of a quantitative ion chromato-
graphy procedure on a Dionex Ion Chromatograph
(IC) 2000 (Dionex Corporation, Sunnyvale, Califor-

FIG. 1. Factors controlling leaf breakdown (modified from Royer and Minshall 2003) and the expected impact (positive or
negative) of mountaintop removal and valley fill (MTR/VF) stressors on leaf breakdown in streams downstream of VFs and in
MTR/VF constructed channels on VFs. Stressors in solid boxes are restricted to reaches downstream of VFs and those in dashed
boxes are restricted to constructed channels on VFs.
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nia). Measurements of Ca2+ and Mg2+ concentrations
were made with a GBC SDS 270 Atomic Adsorption
Spectrophotometer (AAS) (GBC Scientific Equipment,
Hampshire, Illinois). An ICP-OES - Varian Vista-Pro
CCD Simultaneous (Varian Instruments, Palo Alto,
California) was used to measure dissolved Fe and Mn.
Median particle size, channel slope, canopy cover,
and frequency of erosional–depositional sequences
were measured once for each reach with methods
described by Fritz et al. (2006). Water depth and active
channel width were measured on each visit (Fritz et
al. 2006). The RBP habitat assessment form for high
gradient streams (Barbour et al. 1999) was used to
score each site once.

In-channel standing crop of coarse benthic organic
matter (CBOM) was measured in October, January,
April, and August. All surface and partially buried
CBOM was collected by hand along 3 random
transects (area = 20 cm long 3 channel width)
spanning the active channel. On occasions when
accumulations of CBOM were large, transects were
subsampled randomly. CBOM samples were taken to
the laboratory, dried (70uC) for .48 h, weighed,
combusted at 550uC for §2 h, and reweighed to
determine ash-free dry mass (AFDM). Each transect
was treated as a subsample, and the mean of the 3
transects was the statistical unit for comparisons.

Litter breakdown and invertebrate colonization

Breakdown rates of Q. alba (white oak) were
determined with a standard litterbag technique

(Boulton and Boon 1991). Abscised white oak leaves
were collected in aerial littertraps in September–
October 2005, pooled among traps and air dried
(,20uC) in the laboratory for ,30 d. We placed ,5.0 g
of leaves (4.2 g AFDM) in 30 3 35 cm nylon bags with
6-mm mesh size (Hubert Company, Harrison, Ohio).
Bags were staked to the streambed surface in pools
throughout the study reaches at the end of October
2005 (228 total). Pools were chosen because they were
common habitat units and retained surface water
longer than other habitat units in our study reaches.
Three litter bags were collected from each study reach
at time 0 (to estimate handling loss), 21, 82, 166, and
306 d. Upon collection, litter bags were placed
individually into resealable plastic bags, stored on
ice, and returned to the laboratory.

In the laboratory, litter bag contents were rinsed
gently with tap water into a 250-mm sieve to separate
oak leaves from fine particulate organic matter and
invertebrates. Invertebrates were placed into Whirl-
PakH bags and preserved with 75% ethanol prior to
identification, measurement, and enumeration. Both
aquatic and terrestrial invertebrates were included in
our study because ephemeral and intermittent reaches
regularly dry and are colonized by aquatic and
terrestrial fauna that use organic matter as a resource.
Most aquatic taxa were identified to genus (except
chironomids [to tribe], mites and oligochaetes [to
family], and meiofauna [to suborder, order, or
phylum]), whereas terrestrial insects, snails, and
spiders were identified to family and other terrestrial
taxa to order or suborder (e.g., Diplopoda, Pseudo-

TABLE 1. Characteristics of the 19 study reaches in east-central Kentucky. F = forested, VF = valley fill.

Study
reach

Reach
permanence

Catchment class
(fill volume, m3) Channel

Catchment area
(ha)

Permit
number

Year fill
completed

F1-E Ephemeral Forested Natural 2.1 na na
F1-I Intermittent Forested Natural 19.7 na na
F1-P Perennial Forested Natural 88.0 na na
F2-E Ephemeral Forested Natural 1.8 na na
F2-I Intermittent Forested Natural 10.1 na na
F2-P Perennial Forested Natural 75.7 na na
F3-E Ephemeral Forested Natural 1.7 na na
VF1-I Intermittent VF Constructed 19.0 813-0180 2000
VF1-P Perennial VF (1,862,801) Below fill, natural 42.9 813-0180 2000
F4-E Ephemeral Forested Natural 1.9 na na
VF2-I Intermittent VF Constructed 15.6 813-0205 1998
VF2c-P Perennial VF Below fill, constructed 33.5 813-0205 1998
VF2-P Perennial VF (1,660,218) Below fill, natural 37.3 813-0205 1998
VF3-E Ephemeral VF Constructed 10.2 813-0156 1995
VF3-I Intermittent VF Constructed 12.2 813-0156 1995
VF3-P Perennial VF (9,330,515) Below fill, natural 45.8 813-0156 1995
VF4-E Ephemeral VF Constructed 0.1 813-0180 2001
VF4-I Intermittent VF Constructed 20.4 813-0180 2001
VF4-P Perennial VF (4,509,936) Below fill, natural 44.1 813-0180 2001
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scorpiones, Oribatida). Because of the limited taxo-
nomic resolution, all nematodes were assumed to be
aquatic and mites that were not hydracarina (e.g.,
Oribatida, Gamasida) were assumed to be terrestrial.
Shredder biomass was estimated using published
allometric equations (e.g., Edwards 1967, Sample et al.
1993, Benke et al. 1999).

Subsamples (20) were taken with a cork borer (9.5-
mm diameter) from randomly selected leaves in each
litter bag, blotted, weighed, placed in methanol, and
stored in a freezer until analysis for ergosterol
concentration (Montgomery et al. 2000). Ergosterol
concentration in each sample was measured using an
HP series 1100 HPLC high performance liquid
chromatograph (Hewlett Packard, Palo Alto, Califor-
nia) with a Varian Microsorb MV (100 Angstroms)
column (Varian Instruments, Palo Alto, California).
Ergosterol was expressed as mg/g ash-free dry mass
(AFDM) litter. The remaining leaf material was dried
at 70uC for .48 h, weighed, and ground to a fine
powder in a mill. Separate subsamples of the ground
material were weighed and used to determine %

AFDM and C to N ratio (C:N). Subsamples were
combusted at 550uC for 2 h to determine % AFDM.
Total C (organic and inorganic) and N contents of
subsamples were determined by dry combustion in a
LECO CHN 2000 analyzer (LECO Corporation, St.
Joseph, Michigan).

Data analysis

Concentrations of dissolved SO4
22, Cl2, Mn, Mg2+,

Fe, and Ca2+ at perennial sites were compared
between VF and forested catchments with Mann–
Whitney U tests. Habitat measures were compared
across catchment (forested and VF) and permanence
(ephemeral, intermittent, and perennial) classes with
a standardized or correlation-based principal compo-
nents analysis (PCA; PC-ORD, version 4.25; MjM
Software, Gleneden Beach, Oregon). The habitat
variables included mean duration of dry periods,
the frequency of dry periods, channel slope, median
sediment particle size, mean water depth, mean active
channel width, frequency of erosional–depositional
sequences, mean canopy cover, cumulative degree
days, and RBP scores. Variables were transformed
prior to analysis if they were not normally distributed.

Breakdown rates were calculated only through
166 d, rather than the full 306 d because of litterbag
losses at several sites. Percent AFDM remaining was
used to calculate a breakdown rate (k) for each litter
bag based on the formula, breakdown rate = (ln[final
AFDM/initial AFDM])/cumulative degree days)
(Huryn et al. 2002). We also calculated breakdown

rate on a per day basis because MTR/VF might alter
water temperature. Litter breakdown rates (per day
and per degree day) were compared across perennial
reaches to determine if rates at the constructed
perennial reach differed from the natural perennial
reaches (PROC GLM, SAS 9.1; SAS Institute, Cary,
North Carolina). For this initial comparison, each final
litter bag within a reach was treated as a replicate.
Breakdown rates were compared across catchment
and permanence classes with a 2-way analysis of
variance (ANOVA; PROC GLM). For this analysis the
average breakdown rate across litter bags from a
reach was treated as a replicate.

Standing crop of CBOM was compared across
catchment and permanence classes with a repeated
measures 2-way ANOVA (PROC MIXED with Ken-
ward–Rogers adjustment for degrees of freedom).
Variables associated with litter bags included ergos-
terol concentration, C:N of litter, total invertebrate
density (number of invertebrates/g litter remaining),
total invertebrate taxon richness, aquatic invertebrate
density, aquatic taxon richness, taxon richness within
insect orders Ephemeroptera, Plecoptera, and Tri-
choptera (EPT richness), and shredder density. Mean
values across litter bags collected from a reach at a
time period for these variables were treated as the
statistical unit for comparisons, and values were
compared across catchment and permanence classes
with a repeated measures 2-way ANOVA (PROC
MIXED with Kenward–Rogers adjustment for degrees
of freedom). For all repeated measures analyses, the
best fit covariance structure was selected based on
relevance to our design and corrected Akaike In-
formation Criteria (Wang and Goonewardene 2004).
Multiple comparison tests (LSMEANS, Tukey adjust-
ment) were used to determine where specific differ-
ences resided if significant differences were found
among treatments.

Invertebrate assemblage structure was compared
based on nonmetric multidimensional scaling (NMS,
PC-ORD version 5.1) and analysis of similarities
(ANOSIM; PRIMER version 5.2, PRIMER-E, Plym-
outh, UK). Invertebrate assemblage structure across
samples was visually assessed with NMS, an ordina-
tion technique (Clarke and Warwick 2001). This
technique reduces the complexity associated with
data (multiple species across many sites) to a few axes
that might capture variation across study reaches. The
number of taxa was reduced from 114 to 74 by using
only those taxa that had .4% relative abundance in at
least 1 litter bag (removing 214 of 9689 individuals).
Abundance was averaged across litter bags collected
from each site and date resulting in a matrix of 74 taxa
and 71 samples (5 sites had no litter bags remaining at
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the 306 d collection). The data were 4th-root trans-
formed (Field et al. 1982), and the Bray–Curtis
coefficient was used as the distance measure in the
NMS ordination. The dimensionality of the final
ordination was determined by Monte Carlo simula-
tions (99 runs) and Shepard plots. We used 2-way
crossed ANOSIM to test the hypothesis that assem-
blage structure does not differ significantly among
groups of litter bags (catchment and permanence
classes). This test compares the test statistic, R
(calculated difference between the rank similarities
of assemblages between and within groups) to a null
distribution of random R values derived from
permutations (999) of the data. The typical range of
R values is from 0 (assemblages not different) to 1
(assemblages completely different). The individual
contributions of taxa to dissimilarity among litter bag
assemblages were identified using similarity percen-
tage-species contributions (SIMPER; PRIMER). Rela-
tionships between breakdown rate and structural
measures (PCA scores, mean ergosterol concentration,
CBOM standing crop, mean shredder biomass, and
RBP scores) were assessed using Spearman rank
correlations.

Results

Specific conductance was, on average, 36 to 573

higher in perennial reaches below VFs than at
perennial forested sites (Fig. 2A), whereas pH ranged
from 6.0 to 7.2 and was similar among perennial
reaches downstream of VFs and in perennial forested
reaches. Daily mean water temperatures were 2 to 4uC
higher in perennial streams downstream of VFs than in
perennial forested reaches (Fig. 2B) and dissolved O2

(range: 6.1–12.9 mg/l) varied as much over the study
visits as among streams. Dissolved concentrations of
SO4

22, Cl2, Mn, Mg2+, Fe, and Ca2+ were significantly
higher in perennial reaches downstream of VFs than in
perennial forested reaches (Table 2). The proportion of
time intermittent and ephemeral channels were dry
was, on average, higher for the constructed channels
(intermittent = 0.62; ephemeral = 0.999) draining VFs
than for natural channels (intermittent = 0.11; ephem-
eral = 0.88) draining forest. Habitat characteristics
varied across catchment and permanence classes
(Fig. 3). The first 2 PCA axes explained 67% of the
variation in habitat variables among sites, whereas the
remaining PCA axes each explained ,10% of the
variation. The variables with highest loadings on PC1
were water depth (r = 0.86) and channel slope (r =

20.85), whereas degree days (r = 20.88) and RBP
scores (r = 0.73) had the highest loadings on PC2.
Among permanence classes, the largest difference in
ordination space was between intermittent sites in
forested and VF catchments. The habitat of intermittent
forested sites was more comparable to habitat of
perennial sites than habitat of intermittent VF sites,
which plotted nearer to ephemeral sites (Fig. 3).

CBOM standing crop did not differ across time
periods (Table 3). CBOM varied across catchment and
permanence classes, and the interaction term was
significant (Fig. 4). Ephemeral forested reaches had
significantly higher CBOM than constructed ephem-

FIG. 2. Mean (+1 SE) specific conductance (A) and daily
mean water temperature (B) at perennial sites over the
study period. VF = valley fill, F = forested.

TABLE 2. Mean (61 SE) dissolved concentrations of
dominant ions in perennial streams at valley fill and
forested sites. Samples were collected biweekly from
January to July 2006. Mann–Whitney U tests were done to
compare valley fill and forested sites.

Ion

Concentration (mg/L)

pValley fill Forested

Cl2 2.6 (0.4) 0.8 (0.2) ,0.001
SO4

22 1187 (85) 11 (1.7) ,0.001

Mg2+ 196.0 (15.0) 2.7 (0.2) ,0.001
Ca 2+ 92.0 (13.0) 9.8 (3.7) ,0.001
Fe 6.9 (1.8) 0.1 (0.03) ,0.001
Mn 29.0 (4.6) 0.2 (0.06) ,0.001
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eral VF reaches (adjusted Tukey’s test, p , 0.0001),
whereas CBOM in intermittent (p = 0.07) and
perennial (p = 0.5) sites did not differ significantly
between catchment treatments. CBOM also varied
longitudinally in forested and VF catchments. Ephem-
eral reaches (located furthest upstream) in forested
catchments tended to have higher levels of CBOM
than reaches further downstream. The reverse pattern
was seen in VF catchments, where perennial reaches
(furthest downstream) typically had higher CBOM
levels than reaches further upstream.

Breakdown rates (per day or per degree day) at the
perennial reach with a constructed channel (VF2c-P)
did not differ from rates in other perennial VF reaches
(p . 0.41, adjusted Tukey’s test). Therefore, we treated
VF2c-P as a replicate perennial VF reach in the
subsequent analyses. The overall model comparing
breakdown rates across catchment and permanence
classes was significant whether calculated per day
(F5,18 = 25.83, p , 0.0001) or per degree day (F5,18 =

20.99, p , 0.0001). Breakdown per day differed for
catchment class (F1,13 = 61.26, p , 0.0001), perma-
nence class (F2,13 = 33.45, p , 0.0001), and their
interaction (F2,13 = 12.42, p = 0.001). Breakdown per
degree day also differed for catchment class (F1,13 =

45.43, p , 0.0001), permanence class (F2,13 = 17.60, p =

0.0002), and their interaction (F2,13 = 14.13, p =

0.0005). Breakdown rates at intermittent and peren-
nial reaches in forested catchments did not differ per
day (adjusted Tukey’s test, p = 0.08) or per degree day
(p = 0.71), but were significantly faster than rates in

FIG. 3. Ordination from principal component analysis
(PCA) of habitat variables from the 19 study sites. Arrows
represent linear correlations (r . 60.7) between PCA scores
and the individual habitat variables. Numbers in parenthe-
ses after axis titles are % total variance explained by the axis.
VF = valley fill, RBP = Rapid Bioassessment Protocol.
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all VF reaches and at ephemeral reaches in forested
catchments (Fig. 5A, B). Breakdown rates per degree
day at intermittent VF reaches (constructed channels)
were faster than those at perennial VF reaches
(natural channels below VFs; p = 0.02).

Litter C:N did not differ between catchment classes
or across permanence classes, but C:N did decline
over time across all sites (slope = 20.09, R2

= 0.41, p
, 0.0001, n = 197; Table 3). Ergosterol concentration
of leaves did not differ consistently between catch-
ment classes or among permanence classes, and
several interaction terms were significant (Table 3,
Fig. 6A–C). Ergosterol concentrations increased over
time at ephemeral (Fig. 6A) and perennial reaches
(Fig. 6C), but this trend was not apparent across all
intermittent reaches (Fig. 6B).

All measures of invertebrate density and richness
varied between catchment classes (Table 3, Figs 7A–F,
8A–F). Total density in litter bags from forested
catchments was significantly higher than in litter
bags from VF catchments (adjusted Tukey’s test, p ,

0.05), regardless of permanence (Fig. 7A–C). The
remaining measures were significantly higher at
perennial and intermittent sites from forested catch-
ments than at perennial and intermittent sites from VF
catchments, but did not differ between ephemeral
sites in forested and VF catchments (e.g., shredder
density; Fig. 7D–F). All measures were higher at
intermittent reaches in forested catchments than at
perennial reaches in VF catchments. Litter bags from
forested ephemeral reaches had higher total richness

and aquatic richness (not shown) than litter bags from
VF perennial reaches (Fig. 8A–C). No invertebrate
measures differed at intermittent and perennial
reaches in forested catchments. In contrast, aquatic
density (not shown), total richness, and aquatic
richness were higher in litter bags at perennial than
at intermittent reaches in VF catchments.

All invertebrate measures, except EPT richness,
varied with time and most measures (particularly
density) tended to increase over the study period
(Table 3, Figs 7A–F, 8A–F). A significant interaction
between catchment and time indicated that litter bag
densities of aquatic invertebrates varied over time in
forested catchments, but not in VF catchments.

Invertebrate assemblages were weakly clustered by
catchment and permanence classes in a 2-dimensional
plot of the NMS ordination (stress = 19.4; Fig. 9).
These patterns were supported by ANOSIM results,
where the invertebrate assemblage structure within
litter bags varied significantly but not strongly by
catchment and permanence class (based on moder-

FIG. 5. Mean (+1 SE) breakdown rates of oak leaves per
degree day (A) and per day (B) over 166 days (October–
April) at ephemeral, intermittent, and perennial study sites.
Bars with the same letter were not significantly different (p
. 0.05). VF = valley fill.

FIG. 4. Mean (+1 SE) standing crop of coarse benthic
organic matter (CBOM) in active channels at ephemeral,
intermittent, and perennial study sites for the 4 sampling
dates. Bars with the same letters are not significantly
different (p . 0.05). AFDM = ash-free dry mass, VF =

valley fill.
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ately low R values; Table 4). The NMS 1st axis scores
were most strongly correlated with PC1 (representing
hydrology and channel slope; r = 20.52), whereas
catchment area (r = 20.40) and PC2 (representing
degree days and RBP scores; r = 20.36) were the
environmental variables most strongly correlated
with NMS 2nd axis scores. The assemblages with the
highest overlap were from intermittent and perennial
reaches in forested catchments. Intermittent and
ephemeral reaches were not clearly separated in the
VF catchments.

Ninety percent of the overall dissimilarity between
assemblages from forested and VF catchments
was accounted for by 46 different taxa, and no
individual taxon contributed .10%. Chironomid
(Tanytarsini, Orthocladiini, Corynoneurini) tribes,
oligochaete (Naididae and Enchytraeidae) families,
isotomid collembolans, and Eurylophella funeralis
(Ephemeroptera: Ephemerellidae) were the top con-
tributing taxa to the dissimilarity between forested
and VF assemblages. Of the 46 taxa, only Ostracoda,
Culicoides spp., Diplopoda, Aphididae, Formicidae, and

Thripidae were more abundant in VF than in forested
catchments. No Ephemeroptera were collected from
any VF site, whereas Ephemeroptera were present in
94, 85, and 0% of the litter bags retrieved from
perennial, intermittent, and ephemeral forested
reaches, respectively.

Breakdown rates per degree day were not corre-
lated with RBP scores (Fig. 10A), PC1 scores, or
CBOM standing crop. The correlation between PC2
and litter breakdown rates was not assessed because
degree day was strongly correlated with PC2 and was
incorporated in our calculations of breakdown rates.
Breakdown rates were correlated with shredder
richness (rS = 0.58, p = 0.009, n = 19; Fig. 10B) but
not biomass (rS = 0.38, p = 0.10, n = 19; Fig. 10C) in
the leaf packs, although shredder metrics were
correlated with one another (rS = 0.86, p , 0.0001, n
= 19). Specific conductance was strongly negatively
correlated with breakdown rates at perennial and
intermittent sites (rS = 0.90, p = 0.0003, n = 10;
Fig. 10D), as were Fe, Cl2, SO4

22, and Mn.

Discussion

Oak leaves broke down faster at perennial and
intermittent reaches in forested catchments than at
reaches in VF catchments, regardless of whether rates
were measured per day or per degree day. This result
suggests that alteration of thermal regime was not the
primary driver of the difference in leaf breakdown
between VF and forested catchments. We did not
detect consistent differences in ergosterol concentra-
tion between catchment treatments. Therefore, the
differences in breakdown rate might have been driven
by the large differences in invertebrate assemblages
colonizing litter bags or differences in microbial
activity not reflected in ergosterol concentrations. The
influence of invertebrate assemblages was further
supported by the correlations between leaf breakdown
rates and shredder richness. However, because of the
extreme alteration of ecosystems by MTR/VF, it is
likely that multiple mechanisms with varying degrees
of influence contributed to the differences in litter
breakdown between catchment classes. Acer rubrum
leaves broke down more slowly and had fewer
invertebrates in a stream draining a VF in Maryland,
USA, than leaves in a nearby reference stream
(Simmons et al. 2008). However, unlike in our study,
the Maryland VF stream was intermittent, and the
reference stream was perennial. Based on the flashy
hydrology and tattered appearance of the litter upon
collection (particularly at intermittent VF reaches) in
our study, we suspect that breakdown in the con-
structed channels was driven primarily by physical

FIG. 6. Mean (61 SE) ergosterol concentration for oak
leaves at ephemeral (A), intermittent (B), and perennial (C)
study sites in forested and valley fill (VF) catchments. Leaf
material remained at 1 of the perennial forested sites in
August (306 d) and had undetectable ergosterol. AFDM =

ash-free dry mass.
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processes (i.e., abrasion, flow-related fragmentation).
The relatively high invertebrate densities in litter bags
at intermittent and perennial forested sites compared
to those at VF sites also suggest that stream inverte-
brates were largely responsible for differences in
breakdown rates between catchment classes.

Gessner and Chauvet (2002) developed a frame-
work for classifying stream functional integrity based
on litter breakdown rates. They recognized that
different stressors can have different effects on
breakdown rates, i.e., some might increase or decrease
breakdown relative to breakdown in reference sites.
The ratio of breakdown rate (per degree day) at each
VF site and the average breakdown rate across
forested sites and the ranges provided by Gessner
and Chauvet (2002) can be used to classify ecosystem
function of the VF reaches as: 1) no clear evidence of
impact, 2) mildly affected, or 3) severely compro-
mised. Based on the breakdown ratios for oak leaves,
all perennial and 2 intermittent VF sites (VF1-I and
VF3-I) were severely compromised (ratios , 0.5),
whereas the ephemeral and the other 2 intermittent
VF sites were mildly affected (0.5–0.75 or 1.33–2.0).

Iron precipitates and flocs are common in streams
draining coal mines because of the frequent geologic
association of iron ores and coal (Kelly 1988). These
precipitates also might have contributed to differ-

ences among perennial sites. Surface-water pH was
circumneutral, but iron hydroxide precipitates (i.e.,
ochre) blanketed the stream bed and cemented
together underlying stones at all perennial VF sites.
Ochre was not present at perennial forested sites. At
the perennial VF sites, flocs of Fe-depositing bacteria
(Ghiorse 1984) were present at the start of the study,
were apparently washed out during winter, and
returned during the summer. The combination of
high Fe content, the neutralizing effect of the over-
burden, and riparian shading probably lead to
precipitation of Fe in the perennial reaches below
VFs. Iron precipitates and flocs can have direct and
indirect effects on stream invertebrates through
toxicity, by inhibiting movement, respiration, and
feeding, and by altering the benthic environment
(Vuori 1995). The Fe probably contributed to lower
breakdown rates and abundance and diversity of
invertebrates in litter bags at the VF perennial sites
compared to in litter bags at forested perennial sites.
Authors of several studies of the impact of mine
drainage on streams have reported slower breakdown
rates and microbial activity with increasing levels of
metal concentrations or precipitates (Gray and Ward
1983, Bermingham et al. 1996, Niyogi et al. 2001, 2002,
Siefert and Mutz 2001, Schlief 2004, but see Barnden
and Harding 2005). Remediation of mine drainage

FIG. 7. Mean (61 SE) total invertebrate density in leaf litter bags at ephemeral (A), intermittent (B), and perennial (C) study
reaches and shredder density in litter bags in ephemeral (D), intermittent (E), and perennial (F) study reaches in forested and
valley fill (VF) catchments. AFDM = ash-free dry mass.
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FIG. 8. Mean (61 SE) total taxon richness in leaf litter bags at ephemeral (A), intermittent (B), and perennial (C) study reaches
and Ephemeroptera, Plecoptera, and Trichoptera (EPT) taxon richness in litter bags in ephemeral (D), intermittent (E), and
perennial (F) study reaches in forested and valley fill (VF) catchments.

FIG. 9. Ordination from nonparametric multidimensional scaling (NMS) of invertebrate assemblages in litter bags (4th-root
transformed abundance). Each symbol represents the average of litter bags collected at a study site on a date. Numbers in
parentheses after axis titles are % total variance explained by the axis. Stress for 2-dimensional solution = 19.4. VF = valley fill.
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should redress the effects of both dissolved metals
and metal deposition.

Specific conductance and contributing ions (e.g.,
SO4

22, Fe) also are typically elevated in streams with
mine drainage (Gray and Ward 1983, Bermingham et
al. 1996, Siefert and Mutz 2001). However, conductiv-
ity and contributing ions associated with other types
of mining are rarely as high as is seen in streams
draining MTR/VF coal mining. Young et al. (2008)
predicted increasing breakdown rates with increasing
specific conductance level. Their prediction was based
on results of a study that compared pairs of soft-

(mean specific conductance: 36 and 38 mS/cm) and
hard-water streams (273 and 320 mS/cm), in which
higher shredder densities and microbial activity
contributed to faster litter breakdown in hard-water
streams than in soft-water streams (Rosset et al. 1982).
Our result indicates that the relationship between
specific conductance and litter breakdown might not
always be a simple positive relationship, in which
high levels of particular contributing ions or processes
(e.g., Fe precipitate, travertine formation; Casas and
Gessner 1999) slow litter breakdown. Central Appa-
lachian streams draining MTR/VF with elevated

TABLE 4. Results of 2-way analysis of similarities (ANOSIM) tests for invertebrate assemblages in litter bags across catchment
and permanence classes. n = 71. VF = valley fill.

Test Factor Pairwise comparison R p

Catchment 3 permanence Catchment Global (forested vs VF) 0.56 0.001
Permanence Global 0.52 0.001

Perennial vs intermittent 0.49 0.001
Perennial vs ephemeral 0.72 0.001
Intermittent vs ephemeral 0.35 0.001

FIG. 10. Mean breakdown rates (per degree day) of oak leaves (over 166 days from October–April) vs Rapid Bioassessment
Protocol habitat assessment (RBP) scores (n = 19) (A), shredder richness (in litter bags collected at day 166) (n = 19) (B), mean
shredder biomass (in litter bags collected at day 166) (n = 19) (C), and mean annual conductivity at perennial and intermittent
reaches based on §2 measurements of conductivity (n = 10) (D). AFDM = ash-free dry mass, VF = valley fill, ns = not
significant, rs = Spearman correlation coefficient.
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specific conductance .500 mS/cm have impaired
macroinvertebrate assemblages (Hartman et al. 2005,
Pond et al. 2008). Therefore, specific conductance
might be indirectly related to leaf breakdown rates
by affecting invertebrate assemblages. MTR/VF
mining is an extreme example, but elevated dis-
solved solids and specific conductance are associated
with most landscape disturbances (e.g., Tuch and
Gasith 1989, Dow and Zampella 2000, Paul and
Meyer 2001). Further research is needed to character-
ize better the relationships between total dissolved
solids (or specific conductance), chemical constituent
composition, aquatic communities, and ecosystem
functions.

Recommendations

RBP habitat assessment scores were not correlated
with leaf litter breakdown rates, a result that indicates
that the RBP does not reflect litter breakdown function
in headwater streams. Shredder biomass/richness and
specific conductance were strongly correlated with leaf
litter breakdown rates. Shredders are more directly
linked to leaf breakdown than the stream features
included in the RBP, and at least among our perennial
sites, specific conductance might be an important
factor controlling shredder biomass and diversity.
Further understanding of relationships between
stream functions and structure is needed to inform
appropriate assessment methods fully. The current
dependence upon the RBP score to quantify stream
function in forested headwater streams is inadequate.

Groin drains are required under SMCRA to prevent
destabilization of VFs. However, our findings suggest
that these channels should not be considered as on-
site mitigation for the natural channels buried under
VFs. The habitat features and aquatic assemblages
differed greatly between constructed and natural
channels. Some USACE districts currently weight
mitigation requirements for stream impacts author-
ized under CWA Section 404 by hydrologic perma-
nence. Litter breakdown and invertebrate assem-
blages did not vary between forested intermittent
and perennial sites in our study. Natural ephemeral
channels did contain aquatic life, but they differed to
a greater extent in structure and function from
downstream perennial reaches than the difference
between intermittent and perennial reaches. We
recommend that more consideration should be ap-
plied to determining the value of intermittent reaches
(pre- and post-construction). Specifically, more pre-
cise quantification of flow duration (directly or
indirectly; e.g., Fritz et al. 2006) should be used to
determine mitigation value because flow duration

varies greatly among intermittent streams and is an
important determinant of structure and function in
temporary streams (e.g., Chadwick and Huryn 2007,
Larned et al. 2007). Breakdown rates in constructed
and natural ephemeral channels did not differ, but
substantial evidence (CBOM, invertebrate assem-
blage) indicated that constructed channels did not
adequately replace natural ephemeral channels.

Specific conductance and concentrations of indivi-
dual ions like SO4

22 and Mn are higher in streams
draining MTR/VF than in forested reference streams
(Jack et al. 2005, Pond et al. 2008), increase after MTR/
VF mining (Jack et al. 2005), and do not decline with
VF age (at least for 20 y; Merricks et al. 2007). The
expected duration of leaching of dissolved solids that
contribute to elevated specific conductance of water
originating from VFs is unknown. Impaired osmo-
regulation, metal toxicity, reduced reproductive suc-
cess, and altered behavior have been hypothesized as
causal mechanisms for altered invertebrate commu-
nities (Pond et al. 2008). Experimental studies are
needed to identify: 1) the mechanism(s) by which the
invertebrate assemblages and their functions are
altered, 2) protective criteria for Central Appalachian
stream communities, and 3) feasible remediation
methods for MTR/VF impacted streams.

Geomorphic alteration and forest fragmentation by
MTR/VF mining have altered the landscape of the
Central Appalachians (Hooke 1999, Wickham et al.
2007), and the cumulative consequences on down-
stream waters and the regional climate are unknown.
Our study supports previous work that reports altera-
tion of the local aquatic community by MTR/VF. Other
studies have reported the impacts of MTR/VF to
terrestrial flora and fauna (Holl 2002, Chamblin et al.
2004, Skousen et al. 2006, Wood et al. 2006). Under-
standing the limitations of altered soil and geologic
conditions (compaction, drainage, fertility) and appro-
priate expectations over time are important steps for
the recovery of forests and associated terrestrial
communities (Holl 2002, Skousen et al. 2006, Craw et
al. 2007). Given the severe alteration to the underlying
geology in VFs, it is unclear if aquatic communities
adapted to water with low dissolved ion concentrations
and the functions they contribute can fully recover
from MTR/VF mining, even after recovery of the
upland forests. Because of the conservative nature of
the dominant ions contributing to elevated conductiv-
ity and the absence of appropriate and viable treatment
technologies, the only option for protecting mainstem
rivers that drain tributaries with MTR/VF mines is
dilution from undisturbed forested tributaries. Thus,
regulatory agencies and the mining industry must
appropriately weigh the long-term cumulative impacts
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against the short-term economic gain of coal extraction
when planning operations and reviewing permit
applications.
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