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Abstract As human populations continue to grow,
expanding energy needs enhance freshwater resource
conservation challenges. Mining for coal has signifi-
cantly altered the landscape in the United States’
Appalachian region, with significant negative effects
on downstream water quality and ecosystem function.
With recent policy changes concerning the impacts of
coal mining on aquatic ecosystems, many coal com-
panies choose to restore sections of stream located on
older coal mining areas as mandated compensatory
mitigation for mining-related stream disturbances. We
assessed such mitigation using measures of both
structure and function in restored and unrestored
streams affected by surface mining operations. Macr-
oinvertebrate assemblages in streams affected by older
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mining and recent restoration practices were rated as
“stressed” and “severely stressed,” with streams
varying from fair to optimal in terms of habitat. All
streams were net heterotrophic with varying levels of
ammonium uptake. No site differences were found for
any measured physicochemical or functional variables,
while invertebrate community metric scores were
higher in unrestored streams. There were also no
significant relationships found between structural and
functional measurements in these streams. Principal
components analysis implicated the importance of
measuring physicochemical, structural, and functional
variables in further analyses of restoration success.
This study was unable to document pre-disturbance
conditions, and as a result, we were unable to find
evidence that restoration is currently having a signif-
icant effect on ecosystem processes within these
systems. Further research is needed to understand the
changes in ecosystem structure and function that come
with time.

Keywords Coal mine streams - Ecosystem
function - Ecosystem metabolism - Nutrient cycling -
Stream restoration

Introduction

As human populations grow (United Nations, 2009),

anthropogenic impacts to the environment are
expanding throughout the world. Coincident with
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this increasing human population is the intense need
for energy (White, 2007) and freshwater resources
(Vorosmarty et al., 2000). One of the major providers
of energy for the United States and the world is coal,
which is used by homes, industry, and commercial
ventures (USDOE, 2011). Coal extraction has taken
multiple forms, including underground and surface
methods. In recent years, continued development of
mining technologies has enabled the expansion of the
scale of mining operations, including mountaintop
removal and valley fill. Although mountaintop
removal coal mining began decades ago, the call to
better understand the ecological impairments caused
by such practices has been more recent (Peng, 2000).

Streams left unmanaged in a mined landscape can
suffer severe changes to hydrology, succession of
riparian vegetation, colonization of macroinverte-
brates, and ultimately ecological function (Mutz &
Schlief, 2005). The highly disturbed nature of a mined
landscape will change runoff, infiltration, and stream
recharge patterns (Mutz, 1998; Bonta, 2005). More
well-known are the chemical impacts of mining on
receiving water bodies, especially increases in heavy
metals and acidic mine drainage that occur when pyritic
minerals are disturbed (Hartman et al., 2005; Merovich
et al.,, 2007; Fritz et al., 2010) unless appropriate
reclamation procedures are employed. Mining opera-
tions that occur on a large scale, such as those that
produce valley fills in Appalachia, also allow leaching
of mineral salts from the disturbed rock materials,
causing increases in total dissolved solids (TDS) and
conductivity of streams draining such areas. Mining-
related conductivity has been associated with decreased
numbers of sensitive aquatic taxa (Pond et al., 2008;
Pond, 2010). Recent work also suggests decreased
success of bacterial and fungal communities, which are
essential to ecosystem function in streams, in highly
acidic streams on mine lands (Schlief & Mutz, 2005).

At a whole-watershed scale, tributaries draining
mined areas will affect downstream water quality
(Locke et al., 2006). Impacts on aquatic communities
exist even decades after mine abandonment (Lefcort
et al., 2010), mainly due to the continual impacts of
heavy metal accumulation (Clements et al., 2010;
Petty et al,, 2010) when appropriate mitigation
procedures are not employed. The underlying geol-
ogy and chemical output of mining practices play an
important role in structuring communities (Petty
et al., 2010). For example, acid mine drainage, when
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mixed with net alkaline waters present in the
watershed have led to a precipitation of heavy metals
onto the benthic zones of streams, affecting macro-
invertebrate colonization (McClurg et al., 2007;
Merovich & Petty, 2010; Petty et al., 2010).

Ecosystem function in highly disturbed watersheds
has also been assessed recently. Microbial coloniza-
tion and processing of leaves can be negatively
affected by extremes of pH (Simon et al., 2009), thus
negatively affecting the palatability for shredding
invertebrates (Graca, 2001). In mined watersheds,
organic matter decomposition has been severely
impacted by the accumulation of iron precipitates,
which have been shown to hinder microbial coloni-
zation and the initiation of the breakdown process
(Schlief & Mutz, 2005). Additionally, toxic metals
found in mine drainage can significantly alter the
reproduction and function of aquatic hyphomycetes,
which are major fungal initiators of organic matter
breakdown in streams (Lecerf & Chauvet, 2008).

Given that only a 10% watershed disturbance can
reduce the biodiversity of freshwater species by 6%
(Weijters et al., 2009), the desire to restore ecosystems
has become more predominant. Restoration may take
many forms, but typically it involves an alteration to
the structure of the channel with additional riparian
reconstruction and re-vegetation (KST, 2007). As
such, a common measure of the success of restoration
has been how the new habitat structure may lead to the
successful colonization of new biotic communities
(Muotka et al,, 2002). Water quality issues in
disturbed streams are not simply reflected in biota,
but also in water chemistry (e.g., Merovich et al,,
2007; Clements et al., 2010), each requiring different
forms of restoration (Hobbs & Harris, 2001).

Simply assessing structural responses (physical
and/or biological) to restoration provide an incom-
plete view of success. Hobbs & Harris (2001) point to
the importance of also including functional measures
of restoration outcomes, and there is a need to
monitor these concurrently with structural attributes
(Higgs, 1997; Lake et al., 2007). Palmer et al. (2005)
suggest standards for successful ecological restora-
tion, including the understanding that aquatic eco-
systems are highly dynamic, thus restoration should
not only improve their structure and function, but also
their resilience to further disturbance.

Under the United States’ Clean Water Act of 1972,
Section 404, miners are required to reconstruct
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affected streams or apply “restoration” to other
degraded streams in the watershed as compensatory
mitigation for the environmental effects of mining.
Thus, coal mining companies often find it convenient
to restore streams located on older, previously mined
landscapes as a means of satisfying these require-
ments. Regulatory protocols for evaluation of such
efforts commonly rely on assessment of stream
structural elements such as channel stability, habitat
features, water quality, and benthic macroinvertebrate
assemblages. Critics of this process claim that
structural replacement provides no assurance that
the ecological functions and services provided by
headwater streams lost during mining are being
restored (Palmer et al., 2010). With the exception
of a study by Fritz et al. (2010), few studies
incorporating both structural and functional analyses
of coal mining-impacted stream restoration have
appeared in the literature.

Macroinvertebrate-based water quality indices are
highly responsive to the synergistic effects of chem-
ical constituents of the streams in mined landscapes
(Freund & Petty, 2007), and are thus used as metrics
of success for stream restorations. On the other hand,
metrics of ecosystem function (e.g., gross primary
production (GPP), respiration, leaf breakdown;
Young et al., 2008; Young & Collier, 2009) may
provide a useful compliment to structural ones in
order to determine how resilient a restored ecosystem
will be to change (Choi et al., 2008; Palmer et al.,
2005). Leaf breakdown has been shown to be an
effective indicator of the functionality of disturbed
stream ecosystems in Virginia (Simon et al., 2009).
As headwater streams are important sources of N and
P to downstream water bodies (Alexander et al.,
2007), measures of ecosystem metabolism and nutri-
ent uptake should help gauge the effectiveness of
restored systems at removal and processing of these
nutrients (Young & Collier, 2009). In fact, Bukavec-
kas (2007) demonstrated increased nutrient uptake in
response to the reduction in water velocities accom-
panying stream restoration.

The Appalachian coalfield, including southwest
Virginia, is a primary coal-producing region in the
US, and is projected by the US Department of Energy
to remain as such over the coming decades (USDOE,
2011). Coal production to date has disturbed
>600,000 ha and impacted >1,900 km of headwater
and low-order streams in Appalachia (USEPA, 2005).

It is clear that surface coal mining in Appalachia
affects the region’s dense headwater stream network.
The objective of our study was to compare ecosystem
structural and functional measures among restored
and unrestored stream reaches in coal-mined land-
scapes. Our primary measure of structure was a multi-
metric index of benthic macroinvertebrate assemblage
structure, the Virginia Stream Condition Index (VSCI;
VDEQ, 2006, 2007), which is commonly used in
water quality assessments under the Clean Water Act
within the Commonwealth of Virginia. Functional
measures, such as ecosystem metabolism (GPP—
ecosystem respiration (ER)) and nutrient uptake,
address a streams’ ability to both support life and
process nutrient loads for delivery to downstream
reaches (Allan & Castillo, 2007). Metabolism and
uptake are also relatively inexpensive, simple mea-
surements that are sensitive to both temporal and
anthropogenic changes to the system (Young et al.,
2008). A secondary objective was to investigate the
potential relationships among the chosen stream
structural and functional measures, and identify any
variables that may be strong indicators of restoration
success. A lack of relationship between the structural
and functional measures would indicate that structural
metrics alone may not be adequate assessments of
stream restoration in mined landscapes.

Materials and methods
Site selection

We sampled six restored and three unrestored streams
in the coal mining region of southwest Virginia
(Fig. 1; Table 1). The restored streams were recon-
structed on previously coal-mined areas. Restored
streams here generally refer to those that have
undergone channel reconstruction using Natural
Stream Channel Design (NSCD) methods (KST,
2007), with the exception of Critical Fork. NCSD
reconstructions supplement in-stream structures (e.g.,
cross-vanes, j-hooks, etc.) with riparian re-vegetation
in order to restore both habitat and stream function
(KST, 2007). In contrast, Critical Fork, the oldest
restored stream, was constructed by the coal mining
operation as a purposeful effort to create natural
stream channel conditions; it travels some 671 m
downstream from a sediment retention pond. Portions
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Fig. 1 A map of the nine
study streams,
encompassing three
counties (Co.) within the
Appalachian coalfield
region of southwest
Virginia, USA. The shaded
area of the map indicates
the extent of coal geology in
the region. Darkened
stream lines represent our
study streams, and numbers
correspond to those reaches
outlined in Table 1
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Table 1 Habitat features and metrics of macroinvertebrate community structure for the nine study streams used in this study

Site Year restored Habitat score # Taxa # EPT VSCI score ALU tier
Restored
1. Chaney Creek 2006 160 12 5 58.2 Stress
2. Critical Fork 1988-1989 145 7 3 45.4 Stress
3. Laurel Branch 2005 171 10 7 56.7 Stress
4. Left Fork 2007-2008 133 9 4 54 Stress
5. Lick Branch 2003 136 3 1 38.8 Severe stress
6. Stonecoal Creek 2008 162 13 6 59.2 Stress
Mean + SE 1512 £ 6.3 90+ 15 4.3 £ 0.9*% 52.1 + 3.3*%
Unrestored
7. N. Chaney Creek n/a 154 14 7 58.8 Stress
8. N. Laurel Branch n/a 170 16 7 62.9 Good
9. Powell River n/a 170 10 6 66.2 Good
Mean + SE 1647 £ 5.3 133+ 1.8 6.7 + 0.3* 62.6 + 2.1*

Number of taxa (# taxa), Ephemeroptera—Plecoptera-Tricoptera (# EPT) taxa richness, Virginia Stream Condition Index Scores
(VSCI, range: 0-100), and aquatic life use (ALU) tiers (VDEQ, 2006, 2008). Habitat assessment scores (range: 0-200) were based on
habitat metrics outlined by Barbour et al. (1999) and adapted for VDEQ (2008). Comparisons of stream types (restored vs.
unrestored) were made for all variables here, with significant differences (P < 0.05) indicated by asterisks (*)

@ Springer



Hydrobiologia (2011) 671:51-63

55

of Chaney Creek, Stonecoal Creek, and Laurel
Branch were created from drained sediment retention
ponds constructed in coal mining spoils, but these
streams also receive inputs from larger watershed
areas; Left Fork was created as a new channel
(Clinton Steele, D.R. Allen and Associates, P.C.,
Abingdon, VA, personal communication). Lick
Branch is the only site that is currently fed by an
active deep mine effluent discharge. Riparian zones
were rebuilt and planted with vegetation inconsistent
from site to site, leading to unique drainage and
infiltration patterns across the six restored streams.
Most of the stream restorations were completed
within the past 5 years. Based on EPA (Barbour
et al., 1999) and VDEQ (2006) ratings, half of the
restored streams were optimal in terms of habitat
while the other three were suboptimal (Table 1).
Unrestored streams had coal mining within their
catchments, but had undergone no in-stream or
riparian restoration. Although all unrestored streams
would be considered optimal in terms of habitat score
(Barbour et al., 1999; VDEQ, 2006), it is important to
note that these streams were not un-mined references,
but instead streams with similar watershed distur-
bance histories due to coal mining. Essentially, the
unrestored streams serve as a baseline to which any
changes due to restoration may be measured against,
with the hope that measures of structure and function
in restored streams would be improved compared to
those in unrestored streams. Two of the three unre-
stored streams (N. Laurel and N. Chaney) were
upstream segments of streams with downstream
restored sections. Riparian areas of unrestored streams
contained mature forest vegetation. A 100-m reach
was delineated for habitat, biological, and functional
measurements for the nine study streams.

Habitat assessment

In June 2009, stream habitat and riparian structure
were assessed using protocols outlined in Barbour
et al. (1999) and the Virginia Department of Envi-
ronmental Quality (VDEQ, 2008). For each 100-m
study reach of stream (along with an additional
100-m section upstream), substrate cover, embedd-
edness, velocity regime, sediment deposition, channel
flow status, channel alteration, and riffle/bend fre-
quency were visually scored with up to 20 points
each. Riparian features for each bank, including bank

stability, vegetative protection, and riparian zone
width were also scored. Streams were classified as
Poor, Marginal, Suboptimal, or Optimal, which
represent <25, 25-50, 50-75, or 75-100%, respec-
tively, of the total score of 200 points possible.

Abiotic parameters

Abiotic parameters were measured for each stream, in
association with habitat assessment and stream func-
tional parameters. Discharge was estimated using
dilution gauging of a NaCl slug (Gordon et al., 2004).
Spot measurements of dissolved oxygen (DO) and pH
were taken using a portable sonde (Hydrolab Quanta,
Hach Instruments, Loveland, CO), and specific con-
ductance (SC) and temperature were taken with a
hand-held conductivity meter (Model 30, YSI, Inc.,
Yellow Springs, OH). TDS was measured in the field
via filtration of known volumes (0.45 u cellulose ester
filter) followed by drying at 180°C (APHA, 1998).
Samples were transported and stored at 4°C prior to
filtration and dried at 180°C in the laboratory.
Additional 60-ml water samples were collected and
filtered in the field for background concentrations of
chloride and nutrients. Chloride, nitrate, and phos-
phate concentrations in stream water were analyzed
using ion chromatography (DX 500 IC, Dionex Corp.,
Sunnyvale, CA). Ammonium concentration was mea-
sured by flow injection analysis (Lachat QuickChem
8500, Lachat Instruments, Loveland, CO).

Macroinvertebrate sampling

In June 2009, 6-0.3 m? kicks (2 m> composite total)
were taken with a 500-pum d-frame net for 30 s at each
site (Barbour et al., 1999; VDEQ, 2008). All material
collected was placed in containers of 95% ethanol for
transport back to the lab for identification. Organisms
were separated from debris using a randomized
subsorting procedure to obtain 110 (£10%) organisms
for identification (VDEQ, 2008). Taxonomic keys
(Merritt et al., 2008) were used to identify organisms
to the family/lowest practicable level. These data were
then used to calculate VSCI scores, which were
calculated using eight metrics: 1. EPT, 2. total taxa, 3.
% Ephemeroptera, 4. % Ephemeroptera 4+ Trichop-
tera — Hydropsychidae, 5. % Chironomidae, 6. %
Top 2 dominant taxa, 7. family level index, and 8. %
scrapers (Burton & Gerritsen, 2003). Data for VSCI,
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taxa richness, and EPT richness are presented here,
but with the caveat that they are not truly independent
measures of macroinvertebrate assemblage structure.
Aquatic Life Use (ALU) tiers were determined based
on each site’s VSCI score (VDEQ, 2006, 2008) on the
following scale: excellent (>73), good (60-72), stress
(43-59), and severely stressed (<42).

Nutrient uptake

We measured ammonium uptake lengths (Webster &
Valett, 2006) during the growing season (Summer 2009)
in each stream. A co-injection of ammonium (as NH4Cl)
and a conservative tracer (NaCl) were added to the
streams at a constant rate using a metering pump. After
the conservative tracer had reached plateau (measured
using a conductivity meter), samples were collected at
seven transects within the study reach. Triplicates of
stream water were collected and filtered through a
0.7 pm glass fiber filter at each transect. Water samples
were then placed on ice until laboratory analysis for
chloride and ammonium as previously described.
Uptake length (S,) was calculated as the negative
inverse of the regression slope of flow corrected
ammonium concentration versus distance. We also
calculated uptake velocity (v¢) and areal uptake (U):

uz

Vi = —
Sw

where u is stream velocity and z is depth, and
U = VfC

where C is ambient ammonium concentration
(Webster & Valett, 2006).

Ecosystem metabolism

During June 2009 we also measured stream metab-
olism (GPP and ER) at each stream using whole-
stream/open channel methods with conservative gas
(SFe) injections for estimating site-specific reaeration
coefficients (Bott, 2006). DO, water temperature, and
conductivity were measured at 2-min intervals over a
36-h period at each site using Hydrolab mini-sondes
(Hach Environmental, Loveland, CO). Metabolism
was calculated using the single-station method (Bott,
2006, Grace & Imberger, 2006). Net ecosystem
metabolism (NEP) was calculated as GPP-ER for
each site (Allan & Castillo, 2007).

@ Springer

Statistics

We considered “structure” to not only be the physical
and abiotic parameters of the streams, but also the
macroinvertebrate community structure as estimated
through EPT and VSCI data. Our “functional” data
were measures of GPP, ER, NEP, and ammonium
uptake. Basic descriptive statistics, including means,
medians, and standard error were generated for all
response variables. Differences due to site type
(restored vs. unrestored) were assessed using an
unequal variance ¢ test (o« = 0.05) for all functional
and structural variables.

Spearman-rank correlations were performed to
examine the relationships among a subset of major
structural and functional variables. Structural vari-
ables assessed here included EPT, VSCI, habitat, and
SC. SC was included as the only physicochemical
variable due to its significant impact on invertebrates
in coal mine impacted streams (Pond et al., 2008).
Ammonium uptake and NEP were included as our
only functional variables here, as GPP and ER were
used in the calculation of NEP.

We then conducted a Principal Components
Analysis (PCA) on all structural and functional data
to determine which of our variables had a greater
impact on the overall variation among streams, and
potentially select variables that may indicate restora-
tion success. Principal components with Eigen values
above 1 were kept for further analysis (Rencher,
2002). Additional unequal variance ¢ tests were
performed on the most important principal compo-
nents to test if these new combinations of variables
would show significant difference between restored
and unrestored streams. All statistics were performed
using JMP v.8 (SAS Institute, Inc., Cary, NC).

Results

Habitat and macroinvertebrate community
structure

Habitat scores of restored and unrestored streams
were not significantly different (P = 0.15), although
unrestored streams had higher scores, on average
(Table 1). Macroinvertebrate taxa richness varied
from 7 to 16 among streams, but there were no
significant differences between stream types
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(Table 1). Both EPT richness and VSCI scores were
significantly higher in the unrestored streams; inver-
tebrate community data reflected stress in restored
streams (Table 1). The number of EPT taxa was also
not different between stream types (Table 1). Seven
of the nine study streams showed some degree of
stress, as determined by VSCI scores < 60, Lick
Branch was the most severely stressed (Table 1).
Two of the three unrestored streams, North Laurel
and Powell River, had the highest habitat scores and a
fully forested canopy, which was reflected by the
“Good” macroinvertebrate score (Table 1).

Abiotic and functional parameters

No significant differences were found between stream
types for any physicochemical measures, although
restored streams had nominally higher TDS, SC, and
nitrate (Table 2). All streams were slightly alkaline,
with pH values around 7.9 (Table 2). Background
levels of NH,™ were below detection (5 ug 1_1), but
these well oxygenated streams had detectable con-
centrations of NO3~ (Table 2). Discharge was quite
variable across streams (Table 2), with highest dis-
charges at restored streams occurring at Lick Branch

and Critical Fork (78 and 80 1 s, respectively) and
at Powell River (100 1 s™") for unrestored streams.
GPP was significantly greater in restored streams
(P = 0.02), while ER was not (Table 2). All streams
were net heterotrophic as determined by negative
values of NEP (Table 2). Ammonium uptake was also
similar between stream types, although with one high
value at Lick Branch (124.0 pg NH," m™> min™") a
restored stream; in the unrestored streams, the rela-
tively low uptake of North Laurel (3.1 pg
NH," m™2 min~") had the most impact (Table 2).

Relationships between structure and function

Spearman-rank correlations indicated no relation-
ships between structural and functional measures
(Fig. 2). On the other hand, several structural mea-
sures were correlated with one another, and habitat
was most strongly correlated to metrics of inverte-
brate community structure (p = 0.68-0.76; Fig. 2).
Additionally, both VSCI and EPT showed a negative,
but non-significant, trend with SC, suggesting a
greater stress on invertebrate communities at higher
levels of SC (Fig. 2). More optimal habitats tended to
have lower levels of SC (Fig.2). None of the

Table 2 Physicochemical and functional metrics for restored and unrestored streams

Restored (n = 6)

Unrestored (n = 3)

Range Mean + SE Median Range Mean + SE Median

Physicochemical

DO (mg 17" 7.5-9.3 83+03 8.3 7.2-9.2 82+ 0.6 8.3

pH 7.9-8.1 79 £ 0.1 7.9 7.7-7.9 7.8 £0.1 7.9

TDS (mg 17" 324.2-706.8 673.8 + 169.9 729.2 119.2-1223.6 529.8 £ 1114 558.4

SC (uS em™) 265.6-1220.1 750.9 £+ 151.7 753.5 525.6-790.0 628.9 £ 81.6 571

NH, " (ug 171 BD BD

NO;~ (mg 1Y) 0.2-1.1 1.0 £ 04 0.8 0.1-1.3 0.7 £ 0.4 0.7

Qds™ 3-80 41.3 £ 149 39.5 7-100 41.3 £29.5 17

Temperature (°C) 13.8-19.3 16.1 £ 0.8 16 15.5-23.2 183 £ 24 16.3
Functional

GPP (g O, m ? day ") 0.4-2.6 1.6 £ 0.8* 1.5 0.2-0.6 0.4 £ 0.2* 0.5

R (2 0, m % day™") 1.0-10.6 43415 32 1.2-3.9 28+ 14 33

NEP (g O, m—2 day™ ") —8.9-1.3 —27+14 -2.0 —33t0 —1 —2.4 £+ 0.7 —-2.8

U (ug NH;" m™2 min™") 6.5-124.0 329 £ 18.6 15.1 3.1-47.9 25.6 £ 12.9 25.9

Asterisks (*) indicate significance at P < 0.05. BD below detection, DO dissolved oxygen, TDS total dissolved solids, SC specific
conductance, Q discharge, GPP gross primary production, R ecosystem respiration, NEP net ecosystem production, U ammonium

uptake
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Fig. 2 Correlation matrix showing the relationships between
selected structural and functional variables. All significant
(P < 0.05) Spearman-rank correlation coefficients (p) and

functional variables were correlated with one another,
with trends being driven by one restored site, Lick
Branch (Fig. 2). Restored and unrestored streams
showed no distinct clustering on the bi-plots, further
demonstrating the lack of difference between site
types demonstrated in most of the earlier analyses
(Fig. 2; Table 2).

Using structure and function to compare streams

The first three principal components explained 87%
of the variation in our data set (Table 3). While PC 1
explained the most variation, the similar loadings
onto that component (no loadings >0.4, Freund &
Petty, 2007) made it difficult to determine the
importance of any single variable (Table 3). In
contrast, habitat, along with DO and Q to a lesser
extent, were the most important factors loading onto
PC 2, while nutrient-related factors, such as
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associated P values are shown within individual scatterplots.
Squares = restored streams, circles = unrestored streams

ammonium uptake and nitrate concentrations were
the most important for PC 3 (Table 3). There were no
significant differences between restored and unre-
stored streams for any of the three principal compo-
nents (¢ test, P > 0.05).

Discussion

The mining influence was evident in all 9 of our
streams as indicated by elevated SC. At regional
reference sites not impacted by mining, SC concen-
trations are often <200 uS cm™! (Timpano et al.,
2010), and all of our measured values were well
above this level. SC has been a focus of recent work,
implicating it as a major limiting factor in the
successful colonization of sensitive invertebrate taxa
(Hartman et al., 2005; Timpano et al., 2010),
including mayflies (Pond et al., 2008; Pond, 2010).
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Table 3 Principle Components Analysis (PCA) and loadings
for variables assessed in this study

PCA PC 1 PC2 PC3
Eigen value 6.79 1.98 1.61
% of variation 56.6 16.5 134
Cumulative % 56.6 73.1 86.5
Variable loadings
VSCI —0.31 0.34 0.07
EPT —0.33 0.3 0.04
Habitat -0.22 0.52 —0.16
TDS 0.34 0.05 0.36
SC 0.32 —0.14 —0.35
DO 0.31 0.4 0.13
pH 0.28 —0.05 —0.34
NO;™ 0.29 0.19 0.4
Q 0.29 0.41 —0.06
Temp —0.18 —0.36 0.13
NEP -0.3 —0.05 0.36
U 0.27 —0.05 —0.52

In this study, there was a non-significant trend
suggestive of the negative influence of SC on
invertebrate community structure (Fig. 2), a rela-
tionship more strongly demonstrated by others
(Pond et al., 2008; Pond, 2010). Although we did
not directly measure mining-associated ions (e.g.,
sulfate, bicarbonate, calcium, and magnesium), it is
likely that they were the major component driving
elevated conductivity present in all streams (Tim-
pano et al., 2010; Orndorff et al., 2010; Table 2).
While unrestored sites generally demonstrated much
higher habitat quality compared to the poor ratings
associated with restored streams, the synergistic
effect of high SC and poor habitat may have
produced an unsuitable environment for indicator
taxa in streams where macroinvertebrate community
structure implicated poor water quality (Tables 1, 2;
Fig. 2).

Even though many of our invertebrate communi-
ties in restored streams were ‘stressed’ based on
VSCI scores (Table 1), our results fall within the
range of streams in southwest Virginia (Burton &
Gerritsen, 2003). Larger rivers, such as the South
Fork of the Pound River had lower scores (27), while
others of similar size, such as the South Fork of the
Holston River, were higher (74.8; Burton & Gerrit-
sen, 2003). Even within the same stream, VSCI may

vary seasonally, as in Stock Creek (21.7-72.6; Burton
& Gerritsen, 2003). This implicates not only the
effect of landscape, but season in affecting how
results are obtained and interpreted. Therefore, more
long-term data from the area must be collected in
order to make firmer conclusions on invertebrate
community structure.

Clearly, the variability in our stream reaches had a
major influence on our ability to differentiate
between restored and unrestored streams, and also
our ability to find relationships between the structural
and functional variables of interest. Bonta (2005)
stressed that, in order to have comparable streams
(reference), they must be undisturbed and on the
same geology (and thus background geochemistry).
Timpano et al. (2010) found reference sites within
this region, but the size and discharge were much
greater, and thus incomparable to, our six restored
streams. All nine of our streams were thus indicative
of the low-order, mining influenced condition of
streams within the region.

Many of the results of this study were found to be
either non-significant or opposite to the trends that
were predicted. For example, the lack of differences
between restored and unrestored streams would likely
be due to two reasons. First, the similar watershed
disturbance histories (all mined historically) would,
by default, place all streams within the similar ranges
of physicochemical variables seen here (Table 2).
Secondly, all restoration sites were fairly young
(Table 1), with 5 of 6 being fewer than 5 years old
and the oldest being over 10 years old. The PCA
results help clarify these points, as the most signif-
icant component (PC 1) had relatively similar load-
ings for all variables, implicating no one factor in the
differentiation of site types here (Table 1). Multiple
studies have concluded that restoration is a time-
dependent process, in which changes between site
types may not be noticeable for decades (e.g.,
Charbonneau & Resh, 1992; Kondolf, 1995). Studies
of ecosystem structural and functional restoration
should focus on longer-term, repeated measures of
both structure and function to track ecosystem
resilience and recovery (Bonta, 2005; Palmer et al.,
2005).

We consider it likely that greater differences in
structural metrics of restored streams will occur with
time (Kondolf, 1995). Woody vegetation has been
planted and is growing within riparian areas of most
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of the restored reaches; eventual maturation of this
vegetation should improve habitat (Orzetti et al.,
2010). Additionally, a growing riparian zone would
be better able to retain and process N and P from
within the watershed to reduce in-stream export of
nutrients (Naiman & Decamps, 1997; Diebel et al.,
2009), which would otherwise contribute to
decreased water quality downstream (Alexander
et al., 2007; Robertson et al., 2008; Paerl, 2009).
TDS and SC is also likely to decline with further
weathering of mining-disturbed materials within the
streams’ watersheds (Orndorff et al., 2010), although
the length of time necessary (possibly centuries) to
produce a significant decline remains unknown.

Low rates of nitrogen uptake in all streams would
most likely be a result of disturbance to fluvial
geomorphology and alterations in organic matter
retention, either through past mining or restoration. In
streams draining Fort Benning, GA, Roberts et al.
(2007) noted extremely low levels of NH, " uptake in
streams with major upstream disturbances including
major losses of riparian vegetation and sediment. The
relatively low nutrient uptake was mainly a result of
the lack of organic matter, which when added to the
stream, significantly increased uptake rates (Roberts
et al., 2007). In addition to biotic controls, discharge
plays a major role in the ability of streams to pro-
cess nutrients (Webster et al., 2001). Variations in
discharge were driven, to a great extent, by rainfall
patterns in this region. Low rates of autochthonous
primary production, along with inconsistent patterns
of discharge in our streams, may further explain the
low levels of nutrient uptake.

Streams were net heterotrophic (negative NEP;
Table 2), indicating high rates of respiration. This
was expected in heavily shaded unrestored streams
(Vannote et al., 1980), while it was more surprising in
open-canopied restored streams. There seemed to be
sufficient nitrate (Table 2), while phosphate was
below detection (5 ug 17') in all streams (Northing-
ton, unpublished data), possibly indicating a P-lim-
itation (Webster et al., 1991). Tordoff et al. (2000)
has suggested that some mined streams may lose
significant amounts of P due to the landscape
disturbances of coal extraction. Alkaline waters, as
seen in this study (Table 2), may then immobilize
phosphate, making it unavailable as a nutrient for
aquatic autotrophs (Bostrom et al., 1988). Alter-
nately, enhanced microbial respiration has been
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associated with organic matter in mined streams
(Schlief & Mutz, 2006), which may explain the
altered metabolism. More long-term seasonal data on
metabolism, organic matter processing, and land-
scape fluxes of nutrients are needed to better establish
mechanisms for these findings.

Even with no significant relationships found
between structural and functional variables (Fig. 2),
we believe that these measures should continue to be
an active area of research. Our PCA analysis
indicated the importance of both structural and
functional measures (Table 3). Although PC1 showed
no loading of any particular variable, structural and
functional measures heavily loaded onto PC2 and
PC3, respectively (Table 3). Although some studies
have addressed this relationship in mined, restored
streams (Fritz et al., 2010), the continued monitoring
of structure (physicochemical, habitat, and inverte-
brate metrics) and additional forms of function
(including leaf breakdown) should be included to
give a more dynamic representation of ecosystem
recovery (Palmer et al., 2005; Young et al., 2008;
Young & Collier, 2009).

Lick Branch was a consistent outlier in all analyses
in this study (Table 1; Fig. 2). This stream had fairly
rapid discharge (~801s™") due to consistent deep
mine water drainage. Additionally, substrata at the
site mainly consisted of large, sediment-covered
boulders. This poor habitat was reflected in the
highly skewed (and severely stressed, Table 1) ben-
thic community, with 96% tolerant Ephemeroptera
dominating 99% of the total abundance of macroin-
vertebrates found in the site (Northington, unpub-
lished data). Sediment is well-known to be an
impediment to macroinvertebrate colonization (Lar-
sen & Ormerod, 2010), and paired with the generally
degraded nature of the reach, was a major influence
on the poor status of the site. The high areal uptake
(Fig. 2) would normally be indicative of a stream
efficient at cycling and utilizing nutrients due to high
biotic demand (Webster et al., 2001). Here, it is more
likely that ammonium was being adsorbed to the
surfaces of rocks and deposited material (i.e., Richey
et al., 1985; Triska et al., 1994) as opposed to being
taken up by primary producers, especially since the
low NEP (—8.9 ¢ O, m~2 day™'; Fig. 2) indicated a
highly heterotrophic system. Even with other phys-
icochemical measures (e.g., SC, DO, pH) at Lick
Brach within the range of those seen at the other
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streams, the role of deep mine discharges into the
channel must not be discounted.

Conclusions

The major theme of this study was to gather
information on the functional and structural attributes
of restored stream ecosystems in the coal mine
regions of southwest Virginia in order to enhance our
understanding of these systems. Although this is a
small study with no pre-disturbance data for studied
streams, we were able to collect valuable baseline
information that will contribute to the knowledge of
restoration practices and their effects on stream
function in this region, including streams that have
been reconstructed on coal mines.

We were unable to find evidence that restoration is
currently having a significant positive or negative
effect on ecosystem processes within these systems
given the short time spans between restoration and
this study and the lack of pre-restoration baseline
data. Measured structural and functional metrics were
highly variable; and most did not differ between
streams on older coal mine streams, which had been
reconstructed and restored, and unrestored streams in
mining-impacted watersheds. Measured structural
metrics did not exhibit direct relationships to func-
tional indicators of stream process. Our findings
demonstrate the importance of habitat on biotic
condition in these mining-affected streams. It is
likely that the indicators of restoration success will
further change with time, if development of riparian
vegetation improves channel habitat and if watershed
processes cause an eventual conductivity decline, as
would be expected. How much time will be required
for such changes to occur, and how they would be
likely to affect stream functional indicators are
unknown. Further research is needed to capture
effects of restoration that may come with time.
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