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Marcellus and mercury: Assessing potential impacts of
unconventional natural gas extraction on aquatic ecosystems
in northwestern Pennsylvania

CHRISTOPHER J. GRANT1, ALEXANDER B. WEIMER2, NICOLE K. MARKS1, ELLIOTT S. PEROW1,
JACOBM. OSTER1, KRISTENM. BRUBAKER3, RYAN V. TREXLER4, CAROLINEM. SOLOMON5 and
REGINA LAMENDELLA1

1Biology Department, Juniata College, Huntingdon, Pennsylvania, USA
2Institute of Ecology and Evolution, University of Oregon, Eugene, Oregon, USA
3Environmental Studies, Hobart and William Smith Colleges, Geneva, New York, USA
4Civil, Environmental and Geodetic Engineering, Ohio State University, Columbus, Ohio, USA
5College of Veterinary Medicine, Cornell University, Ithaca, New York, USA

Mercury (Hg) is a persistent element in the environment that has the ability to bioaccumulate and biomagnify up the food chain with
potentially harmful effects on ecosystems and human health. Twenty-four streams remotely located in forested watersheds in
northwestern PA containing naturally reproducing Salvelinus fontinalis (brook trout), were targeted to gain a better understanding of
how Marcellus shale natural gas exploration may be impacting water quality, aquatic biodiversity, and Hg bioaccumulation in
aquatic ecosystems. During the summer of 2012, stream water, stream bed sediments, aquatic mosses, macroinvertebrates, crayfish,
brook trout, and microbial samples were collected. All streams either had experienced hydraulic fracturing (fracked, n D 14) or not
yet experienced hydraulic fracturing (non-fracked, n D 10) within their watersheds at the time of sampling. Analysis of watershed
characteristics (GIS) for fracked vs non-fracked sites showed no significant differences (P > 0.05), justifying comparisons between
groups. Results showed significantly higher dissolved total mercury (FTHg) in stream water (P D 0.007), lower pH (P D 0.033), and
higher dissolved organic matter (P D 0.001) at fracked sites. Total mercury (THg) concentrations in crayfish (P D 0.01),
macroinvertebrates (P D 0.089), and predatory macroinvertebrates (P D 0.039) were observed to be higher for fracked sites. A
number of positive correlations between amount of well pads within a watershed and THg in crayfish (r D 0.76, P < 0.001), THg in
predatory macroinvertebrates (r D 0.71, P < 0.001), and THg in brook trout (r D 0.52, P < 0.01) were observed. Stream-water
microbial communities within the Deltaproteobacteria also shared a positive correlation with FTHg and to the number of well pads,
while stream pH (r D ¡0.71, P < 0.001), fish biodiversity (r D ¡0.60, P D 0.02), and macroinvertebrate taxa richness (r D ¡0.60,
P D 0.01) were negatively correlated with the number of well pads within a watershed. Further investigation is needed to better
elucidate relationships and pathways of observed differences in stream water chemistry, biodiversity, and Hg bioaccumulation,
however, initial findings suggest Marcellus shale natural gas exploration is having an effect on aquatic ecosystems.

Keywords: Bioaccumulation, biodiversity, brook trout, crayfish, hydraulic fracturing, mercury, Marcellus shale, macroinvertebrates,
microbial community, water quality.

Introduction

Mercury (Hg) accumulation in ecosystems is of great con-
cern because of the element’s ability to persist, transform
(to methylmercury, MeHg), biomagnify, and have neuro-
toxic effects on organisms.[1–3] Mercury occurs in ecosys-
tems as a result of both natural and anthropogenic
processes[4–9] and is considered a global contaminant due

to its capacity for long-range transport in the atmosphere
and ubiquitous deposition across landscapes.[10-11] Mer-
cury has the ability to contaminate land, air, water, and
biota in aquatic and terrestrial environments, as well as
threaten the long term health of organisms and ecosys-
tems. Aquatic ecosystems are believed to be at increased
susceptibility for accumulation of Hg, and human expo-
sure to Hg occurs mostly through fish consumption. Cur-
rently all 50 states in the US have issued at least one fish
eating advisory due to mercury, while 26 states have issued
statewide mercury advisories, and coastal advisories have
been posted for 15 states.[12-13] In Pennsylvania, fish eating
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advisories due to mercury have been posted for over 1411
stream kilometers and 28 lakes (11,533 hectares).[13–14]

Any perturbation to aquatic ecosystems (direct or indi-
rect) not only has the ability to affect stream water quality
and macro and micro biodiversity, but also the bioaccu-
mulation of mercury. One such perturbation is the recent
increase in extraction of Marcellus shale natural gas,
which is changing land cover across the northeast, but spe-
cifically in Pennsylvania.[15] Although there is a long his-
tory of natural gas and energy extraction in Pennsylvania,
the emergence of horizontal drilling and hydraulic fractur-
ing has only occurred within the past eight years.[16] The
most prominent formation, the Marcellus, underlies
approximately 70% of Pennsylvania and much of West
Virginia, as well as parts of Ohio, Maryland, and New
York.[16] Because hydrologic fracturing is in its relatively
early stages in Pennsylvania, many of the cumulative and
potentially long term impacts caused by the process are
still unknown.[17]

Stream water quality, aquatic biodiversity, and mercury
levels all have the potential to be directly impacted by
frackwater and flowback fluid produced during Marcellus
shale extraction. Fracking and flowback fluids have been
shown to contain toxic organic and inorganic chemicals
such as hydrochloric acid, phenols, polycyclic aromatic
hydrocarbons, BTEX, and even Hg.[18–20] Recent research
is beginning to define the microbial community structure
of injected and flowback waters associated with hydraulic
fracturing.[21–22] In Pennsylvania alone, it has been esti-
mated that over six billion liters of wastewater have
already been generated,[23] and the mismanagement of
produced flowback waters is the significant threat to our
water resources.[24]

Frackwater has the potential to reach the stream
through leaking equipment (waste-water hoses) and
impoundments (evaporation pits and holding ponds/
tanks), lateral blowouts and seepage, as well as back-
flow into the wellhead.[25–33] Any flowback water reach-
ing the stream would not only directly impact water
quality and lead to changes in biodiversity,[23,30] but
may also cause changes in bioaccumulation of mercury.
Furthermore, one study by the NY City department of
Environmental Protection showed that flowback sam-
ples at two different sites contained Hg concentrations
approaching 600 PPB.[34] In addition to the potential
for direct input of Hg, changes in water quality, such
as lowering stream water pH, makes Hg more soluble
thus increasing bioaccumulation in macroinvertebrates
and fish.[35,36]

Although potential contamination from frackwater and
flowback fluid poses a significant threat to streams, infra-
structure associated with Marcellus shale natural gas
exploration may be currently having a larger impact on
aquatic ecosystems. Large well pads are needed to execute
horizontal drilling and horizontal fracturing. The average
Marcellus well pad in Pennsylvania is from 1.2–2.0

hectares, but overall forest disturbance is much larger due
to associated infrastructure including water and waste
impoundments.[37] If the collective impact of roads and
pipelines are included, this area increases to about 3.5 ha
of area cleared per well pad. The number of wells per pad
range from one to around twelve or more, with an average
of 2.15 wells per pad in 2010,[38] making number of well
pads a better indicator of landscape disturbance than num-
ber of wells.
If these disturbances occur in predominately small for-

ested watersheds, impacts resulting from well pad con-
struction and supporting infrastructure (i.e. roads,
pipelines, waste-water pits) have the potential to increase
transport of material from the terrestrial environments to
stream ecosystems. Research has shown that forest distur-
bances (i.e. land clearing) can result in increased overland
flow and transport of organic carbon, pollutants (i.e., Hg),
and sediment to streams.[39-41] Resulting changes in water
quality also have the ability to alter species composition
and biodiversity of macroinvertebrates and fish, change
trophic food web structure, and impact Hg bioaccumula-
tion and biomagnification properties within aquatic eco-
systems.[42-44]

Current estimates as to the number of Marcellus wells in
Pennsylvania are just over 6000 active wells [45] with over
10,000 permitted.[46] However, this number is expected to
increase, up to a total of 60,000 wells by 2030.[37]

Researchers have suggested that the recent rapid expan-
sion of Marcellus shale development poses a significant
threat to aquatic ecosystems in Pennsylvania.[47,48] Here,
we examined whether Marcellus shale natural gas explora-
tion in northwestern PA is affecting stream water quality,
aquatic biodiversity, and Hg concentration across media.
We hypothesized that streams where fracking had
occurred (within their watershed) would show differences
in stream water chemistry (e.g., pH) and biodiversity, and
increased Hg accumulation across compartments (stream
water, macros, fish) when compared to similar non-
fracked watersheds and streams.
More specifically, our objectives were (1) to determine

whether differences in these three categories existed
between fracked and non-fracked streams, (2) to assess
whether the degree of forest disturbance (i.e. number of
well pads) was associated with any variables from these
three categories, and (3) to assess other ecosystem factors
that may be controlling Hg accumulation in aquatic
ecosystems.

Materials and methods

Study site selection

Stream selection targeted remotely located, forested water-
sheds within the Marcellus shale basin in northwestern
Pennsylvania that contained naturally reproducing wild
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brook trout populations. Streams were first identified by
utilizing GIS to overlay a PA Fish and Boat Commission
designated wild trout stream layer with a constructed
unconventional shale gas permit layer (PADEP database).
Data regarding drilling and hydraulic fracturing dates
were compiled from the PADEP SPUD wells report and
from fracfocus.org for each unique well permit within the
watershed of every potential study site.[49–51] To determine
the number of unique well pads constructed in each water-
shed, we plotted well permit GPS coordinates. Clusters (or
single) of permits separated by more than 100 meters were
categorized as a unique well pad. Well pad development
status was initially assessed using SPUD dates to confirm
construction of well pad. To further validate correct status
and number of wells and well pads developed, we hiked to
all permitted well and well pad coordinates to corrobo-
rated previous assessment.
A total of 24 streams were identified for use in this study,

with 14 having experienced fracking at all well pads within
their watershed prior to our sampling efforts (fracked
group), and 10 streams that had not yet experienced frack-
ing (or SPUD) within their watershed (non-fracked group)
(Fig. 1). None of the streams in the non-fracked group
had begun drilling, however, two of the ten streams (Dixon
Run and Deer Creek) in the non-fracked group had roads
constructed, land cleared, and well pad construction begun
prior to our sampling.
Specific 100-meter study sites were established on each

stream study site downstream, and as close as possible to
the well pad/permitted well pad site(s). Although some
streams were in similar larger drainages, the study sites
were located in separate sub-basins (not downstream/
upstream of each other), separated by at least 1200 meters
of stream-line distance, and not confounded. All water-
sheds were otherwise minimally disturbed with no evi-
dence of mining legacy, and with few conventional oil
wells and dirt roads being the only other observed within
watershed anthropogenic disturbances. All sites were sam-
pled under base flow conditions in June and July 2012.

Field methods

Water quality measurements including pH, conductivity,
total dissolved solids (TDS), salinity and temperature were
performed onsite using a PCSTestr 35 Multi-parameter
test probe that was calibrated on a weekly basis. Stream
water samples for Hg analysis were collected at each site
using 2-L Polyethylene terephthalate copolyester, glycol-
modified (PETG) containers following clean hands-dirty
hands techniques[52–53] and trace metal clean techni-
ques.[54] PETG containers were double bagged and stored
on ice in darkened coolers until returning to the lab for fil-
tration. Water samples collected for microbial analysis
were collected according to Hazen et al.[55] Additional
water samples were collected in pre-cleaned amber glass

bottles and pre-cleaned 500 mL polyethylene (HDPE) bot-
tles which were stored on ice for later analysis of organic
matter content (DOC) and basic water chemistry. All
water samples were collected at the centroid of flow in rif-
fles under base flow conditions.
Fish assemblages were assessed and Hg samples were

collected on 100 meter unblocked segments using the
wadeable electrofishing protocol[56] and a Smith and Root
LR 24 backpack electrofisher with pulsed direct currents
ranging from 250–700 volts, depending on stream conduc-
tivity.[57] Equal effort (i.e., electrofishing time, number
participating) was employed for sampling fish at each
stream site to allow for accurate cross-site comparison. At
the completion of a pass all fishes were identified and rela-
tive abundances were recorded. Field measurements of
brook trout included weight (in grams) using an OHAUS
scale, and total length (in millimeters) using a fish board.
Three to five brook trout were kept per stream, from three
size ranges at approximately 140 mm, 170 mm, and
200 mm size for later Hg analysis of tissues and internal
organs. Kept fish were stored on ice in darkened coolers
until returning to the lab.
Upon completion of electrofishing, macroinvertebrate

sampling was conducted using a 500-mm mesh D-frame
dip net at three representative riffles within the 100-meter
stretch to collect a composite macroinvertebrate sample
for biodiversity estimates.[58] On-site sorting was con-
ducted to separate macroinvertebrates from detritus. All
collected macroinvertebrates were placed into Nalgene
bottles with a small volume of water (approximately
50 mL) and stored on ice until returning to the lab. Cray-
fish were targeted separately and collected through a com-
bination of electrofishing and hand capture. The five
largest crayfish caught per stream were kept on ice until
later in lab processing.
One composite aquatic moss sample, consisting of

two common water mosses, Fontinalis sphagnifolia and
Fontinalis antipyretica, was collected from each stream
following trace-metal clean sampling techniques.[59]

Each composite moss sample was collected from moss
growing in five different locations within the 100 meter
reach of the channel. Submerged aquatic mosses were
targeted during sampling, and all mosses collected were
within the active stream channel (i.e., frequently sub-
merged by stream water). Mosses were typically col-
lected from large rocks in the streambed where mosses
were growing in large mats that in some cases were
observed to contain a significant amount of sediment
and biofilms. If mosses were mature, apical segments
(3–4 cm) were separated from the shoots and rinsed in
stream water for 30 secs to remove sediment. The sam-
ples were placed in pre-cleaned amber glass bottles and
then stored on ice in darkened coolers.[60–62]

Composite bed sediment samples were collected from
five different areas within a 100m reach at each stream.
The top 2 cm of deposited fines in streambeds were
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collected using Teflon scoops following USGS proce-
dures[63–64] and trace-metal clean sampling techniques.[59]

For each composite sample, approximately five scoops
were used within the 100-m stream reach. Sediment sam-
ples were stored in pre-cleaned I-Chem brown borosilicate
40mL glass vials and put on ice in darkened coolers until
returning to the lab. Sediment samples were not sieved to
prevent volatilization of sulfides.[65]

Lab methods

Macroinvertebrate identification. Macroinvertebrates
were identified using morphological traits, geographic
location, and habitat composition according to Merritt,
Cummins, and Berg.[66] Macroinvertebrates were identi-
fied to the lowest possible taxon (family or genus), relative
abundances were recorded, and individuals were sorted
according to feeding strategy (group). After all macroin-
vertebrates of a stream were identified and separated by
feeding group, the samples were homogenized and frozen
for later Hg analysis.
Crayfish were identified to species level following the

dichotomous key constructed by Nutall, “Key to the Cray-
fishes of Pennsylvania,”[67] weighed, and sexed. Using a
digital caliper, measurements of body length (tip of ros-
trum to tip of tail), tail length, carapace length, carapace
width, as well as left and right chela length and width were
all taken to the nearest millimeter. The tail muscle was
extracted by cutting through the underside of the exoskele-
ton directly below the gonopods towards the tip of the tail.
Once the muscle tissue was extracted it was homogenized
and refrozen until later mercury analysis.

Microbial analyses. Water samples from three fracked
streams (Little Wolf Run, Iron Run, and Trout Run) and
three non-fracked streams (Deer Creek, Ben’s Creek, and
Dead Man’s Lick) were collected for microbial community
analysis. Water collection, filtration, and DNA extractions
for microbial analysis followed standard protocol.[55] Illu-
mina barcoded 16S rRNA amplicons were prepared,[68]

and 1 sequenced on the Illumina Miseq platform (250 bp
paired end chemistry) at The Cincinnati Children’s Hospi-
tal Medical Center. All sequenced reads were quality fil-
tered with Usearch7[69] and analyzed with the Qiime 1.7.0
platform.[68, 70] Relative abundances of Operational Taxo-
nomic Units (OTU’s) were computed at the genus-level.

THg analysis. For THg analysis, subsamples of homoge-
nized crayfish tail muscle, brook trout filets, and homoge-
nized macroinvertebrates (by feeding group) were used.
Also brook trout organs, including, kidney, liver and
spleen were removed and homogenized, with subsamples
being analyzed for THg. Stream bed sediment and aquatic
mosses were oven dried at 45�C for 24-48 h[61-62, 71] and
then homogenized using Teflon stir rods. All samples were
analyzed for Hg content by combustion atomic absorption
spectrophotometry (CAAS) (Milestone DMA 80 direct
mercury analyzer, Milestone, Monroe, CT) according to
US EPA method 7473,[72] which is known to produce sta-
tistically equivalent results to cold vapor atomic absorp-
tion.[73] All fish tissue, crayfish tissue, and
macroinvertebrate results were reported as wet weight val-
ues, while dry weight results were reported for stream sedi-
ments and aquatic mosses. All fish and crayfish samples
were analyzed within 30 days of date of capture ensuring
biopsy stability.[74] THg analyses were conducted at Penn

Fig. 1. Map showing general sampling locations across Pennsylvania with county names and status, with their delineated upstream
watersheds shown in inset maps A, B, and C. Numbers correspond to watershed characteristics found in Table 1.
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State University Institute for Energy and the Environment
Lab (PSIEE).

Stream water samples. Water samples were prepped at
Juniata College and analyzed for particulate (P) and dis-
solved (F) THg andMeHg by the USGSWRML lab, Mid-
dleton, Wisconsin. Samples were filtered at Juniata (on the
same day as their collection) using quartz fiber filters (47-
mm diameter, 0.7-mm pore size) with clean hands-dirty
hands techniques[52-53] and trace metal clean techniques[54]

to separate out particulate and dissolved constituents.
Water samples and filters were shipped overnight to the
USGS lab where cold vapor atomic fluorescence spectros-
copy (CVAFS) was used according to US EPA Method
1631 (Revision E) and the WRML modifications in order
to determine particulate and dissolved THg and MeHg
concentrations in the stream water samples.[75,76] Basic
water chemistry was conducted at Juniata College, with dis-
solved organic carbon (DOC) analyzed at Penn State Uni-
versity by using a persulfate wet oxidationmethod.[77]

Mercury detection limits and quality assurance. An instru-
ment detection limit (IDL) of 0.002 mg /g mercury wet
weight and 0.02 mg/g dry weight was determined for the
DMA-80 by replicated analysis (and correction for water
content) of dry weight values of standard reference materi-
als (SRM 2976) to assess precision.[77] For each run on the
DMA-80 (30 samples), three randomly selected replicates
were run and all showed <5% variability. Additionally, an
intermediate liquid standard was prepared and three liquid
standards (2 ppm, 4 ppm, and 8 ppm) were utilized along
with blanks for every run to further ensure precision.
During filtration of stream water samples, distilled de-

ionized water (DI) and samples of known concentrations
(quality control samples, QC) were also filtered using the
same techniques and reported results well below detection
limits. Method detection limits of <0.004 for MeHg and
<0.05 for THg were achieved by the USGS Wisconsin
Water Lab.

Watershed analysis

Watersheds were delineated to show the area upstream of
each sampling point. We used the watershed tool in Arc-
GIS 10.0 to calculate watersheds, using a 1/3 arcsecond
(approximately 10 m) resolution National Elevation Data-
set (NED),[78] digital elevation model (DEM), and GPS
coordinates for each sampling point as pour points. All
elevation and slope metrics were calculated using the 1/3
arcsecond NED DEM, which is based on LiDAR-derived
elevation data for the area studied in Pennsylvania. Once
watersheds were delineated for each sampling point, land
cover metrics (i.e., percent forest) were determined using
the PAMAP Land Cover for Pennsylvania.[79]

The geology of each watershed was determined using the
Bedrock Geology of Pennsylvania, with each geologic unit
being classified to its dominant lithology. Hydric soils data
per watershed was calculated using the SSURGO
(NRCS),[80] with soil types either categorized as all hydric
or partially hydric. Drainage density was calculated using
the area of each watershed (km2) and the stream length
(km) within each delineated watershed as measured using
the networked streams of Pennsylvania shapefile.[81]

Data analysis

Fish diversity measures were calculated utilizing the Simp-
son’s Diversity Index,[82] and macroinvertebrate diversity
measures were calculated using Shannon’s diversity index
in which the proportion for each taxa is determined by
dividing the number of individuals in each taxa by the total
number of individuals per stream.[82]

We used analysis of variance (ANOVA) to help us
meet our first objective to assess differences in water-
shed characteristics, measures of water chemistry, biodi-
versity, and mercury concentration between fracked
(nD14) and non-fracked (n D 10) streams. ANOVA
was also used to compare Hg concentration among
compartments (e.g., brook trout, crayfish, stream sedi-
ments) and among macroinvertebrate feeding groups
(e.g., predators, collectors, shredders). Transformations
of some data (log10 and square root) were used to bet-
ter meet the assumptions of ANOVA. Where data
could not be normalized, a Kruskal–Wallis non-
parametric test was performed, and a Chi-squared test
was used to assess differences in wetlands between
fracked and non-fracked streams as most sites had no
measurable wetlands. Mercury concentrations in brook
trout were length normalized to account for any varia-
tion in size of captured fish between sites.
Towards meeting our second objective to further

assess the degree of impacts of Marcellus develop-
ment, Pearson’s correlations were used to compare
measures of water chemistry, macro and micro biodi-
versity, and mercury concentration to number of well
pads within a watershed. These correlations were run
including all streams (n D 24) and also for fracked
streams sites only (n D 14). This was conducted to
assure correlations were significant both ways, and
the more conservative (lower correlation values) were
displayed with scatterplots for discussion. Pearson’s
correlations were used to compare Hg concentration
among brook trout tissues (e.g. muscle, liver, spleen,
kidney), and other variables between and among
water chemistry, macro and micro biodiversity, and
mercury concentration to help us assess ecosystem
factors controlling Hg accumulation.
Pearson correlations were also calculated to describe the

relationship between the relative abundance of bacterial
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taxa (i.e., number of sequences belonging to an OTU) and
the number of well pads and dissolved total mercury con-
centrations. The significance of these correlations was
reported using FDR-corrected p-values. At a Fisher’s
alpha of 0.05 no significant correlations were observed,
thus the Fisher’s alpha was loosened to 0.1 to include
more potentially significant correlations. All other statisti-
cal analyses were conducted utilizing Minitab (v.16) soft-
ware, and were considered significant at P � 0.05.

Results and discussion

Watershed characteristics

A number of environmental characteristics of watersheds
were compared between stream sites where fracking had
occurred in the watershed (n D 14) and sites that had not
yet experienced any fracking within their watersheds (n D
10) at the time of sampling (Table 1). No significant differ-
ences existed between groups (at a D 0.05) for any vari-
able, except number of well pads. Fracked and non-
fracked groups had land use similarities, with the majority
of their watersheds being forested (overall mean>90%),
with approximately 76% in deciduous forest type, 17%
mixed forest type, and 7% coniferous with no significant
differences between groups.
Sandstone was the predominant geology at all sites,

accounting for greater than 99% of the geology in most
watersheds. Percent of watershed area with wetlands was
low (overall mean D 0.06%, fracked median 0.39% and
non-fracked median D 0.00%), with 19 of 24 watersheds
experiencing less than 1% wetlands and all remaining
watersheds at or below 3% wetlands. Further, no signifi-
cant differences in wetland area were observed between
fracked and non-fracked sites (P > 0.05). The number of
conventional oil wells was also compared between fracked
and non-fracked sites and no significant differences were
observed (P > 0.05).
Further, the number of conventional oil wells in a water-

shed were weakly negatively correlated with the number of
Marcellus well pads (r D ¡0.48, P D 0.082), suggesting
greater Marcellus development in areas with fewer conven-
tional natural gas wells. Non-fracked sites were observed
to have somewhat steeper slopes, while fracked sites had
slightly larger watershed sizes (although neither significant
at a D 0.05). Research has not generally shown these two
variables to be important predictors of mercury bioaccu-
mulation. Overall, similarities in watersheds between
groups allowed for robust comparative analysis.

Well pads

Significant similarities in watershed characteristics
existed between streams in both the fracked and non-
fracked groups. However, across fracked sites (n D 14)

it was observed that the number of well pads varied
greatly among watersheds (1-11). Well pad density
within a watershed was not correlated with watershed
size (r D 0.19, P D 0.93), and the highest number of well
pads were often found in smaller watersheds. For these
reasons, we hypothesized that the number of well pads
within a watershed could be used as a proxy for the
degree of impact/disturbance to a watershed and the
receiving water body. Even distribution of streams
across all number of well pads did not exist. The major-
ity of streams (12) contained between one and five well
pads within their watershed; with the remaining two
streams, Alex Branch and Little Laurel Run, having 9
and 11 well pads respectively. Ideally, we would have
had more stream sites with a greater number of well
pads within their watershed. However, no additional
sites fitting these criteria existed, and we are representing
the population (not a sample) of streams in NW PA with
high numbers of well pads that met our rigorous selec-
tion criteria (i.e. forested, minimally anthropogenic
impacts except for Marcellus, brook trout stream).
Alex Branch and Little Laurel Run are also streams that

have had documented frackwater contamination within
their watersheds. The PA Department of Environmental
Protection (PADEP) and the PA Fish and Boat Commis-
sion (PAFBC) determined that 7,980 gallons of fracking
fluids leaked from a tank into Alex Branch and flowback
water from a faulty wastewater hose and a leaking pit was
reaching Little Laurel Run in 2009.[47] Ideally, we would
have additionally used sites with high numbers of well
pads with no contamination, but they did not exist.

Water quality indicators

Observed differences in water quality and chemistry
between fracked and non-fracked streams are likely the
result of within watershed disturbances (Table 2).
Increased concentrations of DOC in stream water at
fracked sites is indicative of land clearing practices for
road, pipeline, and well pad construction (P D 0.001,
Table 2). A number of studies have shown that forest dis-
turbances, even on a relatively small scale, can significantly
increase DOC in streams.[39,83–84] Increases in stream water
DOC have also been linked to increases in wetlands;[85–86]

however, no significant correlations existed between per-
cent wetland area and DOC or pH (P > 010). Measured
increases in dissolved THg (FTHg) in stream water in the
fracked group (P D 0.007, Table 2) are likely reflective of
complex formation with DOC (rD 0.88, P< 0.001), allow-
ing for increased transport of Hg to streams, which is a con-
clusion supported by a large body of literature.[85–89]

Others have also observed variation in Hg concentra-
tions in streams without the presence of wetlands in their
watersheds.[1,90] Further, if increased DOC and Hg was
the result of differences in wetlands, we would have
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expected to see increases in stream water MeHg as well,
as significant methylation is believed to occur in wet-
lands.[88,91,92] While we anticipated DOC would be posi-
tively correlated with number of well pads within a
watershed (further supporting the idea of disturbance
regime), it was not.
However, differences in hydrologic conditions (e.g. flow

paths) and catchment characteristics including the number
of roads, number of roads crossing streams, number of
pipelines, or distance of any of these disturbances to the
stream, were not accounted for and likely vary signifi-
cantly among watersheds. Several studies have suggested
that pipelines may even be a more significant watershed
disturbance than well pad construction.[15,37] Although the
ultimate source of the FTHg is uncertain, other research
suggests it is likely either from atmospherically deposited
Hg in the watershed or from flowback fluid.[5-7,10,34]

Regardless of the source, the coupled increase in DOC at
fracked streams suggests that increased overland flow and

transport to streams (from well pad, pipeline, and road
construction) contributed to the increased stream water
FTHg.
Differences in stream water pH between fracked and

non-fracked groups are believed to be either the result
of unmeasured and unobserved differences in watershed
characteristics, differences in acid rain, or the result of
fracking activities (P D 0.03, Table 2). Watershed char-
acteristics such as wetlands and conifer stands have the
ability to significantly decrease stream water pH;[93]

however, no differences were observed for wetlands,
hydric soils, or percent conifer between groups. Small
wetlands (not captured by GIS analysis) or acid-rich
peat soils adjacent to the streams could account for a
decrease in stream water pH in the fracked group, how-
ever, no small wetlands were observed at sites during
the field work, and no significant differences in hydric
soils were observed between fracked and non-fracked
streams (Table 1).

Table 1.Watershed (WS) characteristics of streams sampled where N stands for sites with no fracking within their watershed (n D 10)
and F stands for sites where fracking has occurred within their watershed (n D 14) (df D 21). Conventional wells are oil wells pre-dat-
ing Marcellus shale natural gas exploration.

Stream
Name

Map
ID Status

WS
Size
(ha)

Percent
Forested

Percent
Conif-
erous

Percent
Hydric
Soils

Sample
Elev
(m)

Stream
Slope
(deg)

Drain
Dens

(km/km2)

Marc.
Well-
pads

Conv.
Gas
Wells

Deer Creek 1 N 688 95.0 4.2 33.4 548 4.69 1.038 2 8
Coldstream Run 2 F 1069 89.6 10.7 20.0 500 7.18 1.023 5 3
Stone Run 3 F 497 87.5 4.7 41.3 572 5.05 0.611 5 0
Laurel Run 4 F 1249 88.8 6.5 38.9 469 7.98 1.250 1 2
Vineyard Run 5 N 365 90.6 1.0 50.6 522 6.79 1.516 0 0
Long Run 6 F 532 95.6 7.2 60.8 504 7.54 1.061 2 15
Lick Run 7 F 2124 83.3 3.6 50.7 476 6.73 0.905 3 2
Dixon Run 8 N 278 85.5 2.2 23.1 591 4.36 0.727 2 0
Indian Run 9 F 1059 99.3 2.1 37.2 492 8.82 1.170 2 1
Straight Creek 10 F 1495 97.9 3.2 57.3 523 6.11 1.155 3 31
Dead Man’s Lick 11 N 613 95.8 2.9 54.5 462 8.79 0.825 0 12
Little Wolf Run 12 F 687 98.1 16.4 61.8 499 5.34 0.942 2 2
UNT C. River 13 N 365 99.7 12.5 54.4 488 8.23 1.415 0 0
Bear Creek 14 F 322 87.5 17.0 80.7 645 3.80 1.314 1 0
Bens Creek 15 N 1319 96.3 9.3 47.9 396 7.24 1.152 0 0
Findley Run 16 N 1545 85.2 10.1 35.1 447 8.30 1.071 0 16
SBNFRC 17 F 2794 80.8 14.2 66.7 479 4.16 1.047 1 47
Trout Run 18 F 3360 88.5 5.6 40.4 392 5.09 1.017 2 3
Crooked Run 19 N 908 93.5 12.2 18.5 432 6.72 0.856 0 1
Iron Run 20 F 391 95.0 8.5 62.3 386 6.46 0.916 1 22
Camp Run 21 N 271 98.5 10.8 48.9 550 7.53 0.967 0 18
Alex Branch 22 F 882 87.3 3.8 45.6 415 3.27 0.768 9 1
NBIR 23 N 939 92.6 6.1 51.0 356 9.40 0.662 0 5
Little Laurel Run 24 F 886 79.1 3.1 57.7 235 2.83 1.327 11 1
F Mean — — 1239 89.9 7.6 51.5 471 5.74 1.036 2* 2*
NMean — — 729 93.3 7.1 41.7 479 7.21 1.023 0* 3*
Test Statistic — — 1.77 -1.45 0.25 1.67 -0.25 -2.05 0.12 12.23 0.39
P-Value — — 0.0911 0.1621 0.8041 0.1101 0.8081 0.0541 0.9031 <0.0012 0.5342

1P-value for ANOVA.
2 P-value for Kruskal-Wallis Test.
*Median was reported instead of mean for non-parametric test.
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Another potential etiology for pH variation may be due
to differences in atmospheric deposition of acid rain.
Research has shown that both chronic and episodic acidifi-
cation from atmospheric deposition have the potential to
significantly alter stream water pH,[94–96] even in geo-
graphically close sites. However, if the cause of lower pH
stream water at fracked sites was due to increased acid
rain, we would have anticipated seeing similar trends in
stream water nitrogen levels, as others have shown.[97] We
saw no significant differences in stream water total nitro-
gen levels between fracked and non-fracked streams (P D
0.60).
Fracking activities may be having a direct impact on

stream water pH, as research has shown that fracking uses
a number of acidic agents and solutions during the extrac-
tion of natural gasses.[18,20] Well pad construction, drilling,
and fracturing processes unearth and cross a number of
geologic formations, potentially exposing pyritic sand-
stone. Other research in Pennsylvania has shown that
exposing pyritic sandstone can significantly affect stream
and groundwater pH.[98] Stream water pH was found to be
negatively correlated with the number of well pads, poten-
tially indicating a link between stream pH and fracking
activities occurring at the well site (Fig. 2). If acidic agents
are being introduced to the watershed via fracking activi-
ties, these agents are likely being flushed to the fracked
streams as a result of increased overland flow and

transport (supported by increased DOC and THg levels at
fracked streams).
Differences in stream water conductivity and salinity

were not observed between fracked and non-fracked
groups under baseflow conditions (P > 0.05, Table 2).
Others have also shown no significant increases in ion con-
centrations in stream water where fracking had occurred
within the watershed.[47] If frackwater or flowback water
reached the stream, it is anticipated that observed differen-
ces would have been noticed as research has suggested
flowback waters have high salinities (>200,000 mg/L
TDS) and conductivities due to increased ion concentra-
tions.[18,99] However, unless measured directly following
acute contamination or under stormflow conditions, differ-
ences in salinity and conductivity may not be observable
due to the first flush effect and residence time differences
when compared to other stream water constituents (DOC,
FTHg).

Biodiversity in aquatic ecosystems

Fish biodiversity differences observed between groups
were believed to be largely driven by stream water pH.
Although no significant differences were observed for fish
richness or biodiversity between fracked and non-fracked
groups (Table 2), a one-way ANOVA showed significantly

Table 2. Comparison of water quality and chemistry, mercury concentrations, and biodiversity measures between fracked and non-
fracked study sites. TDS represents total dissolved solids, DOC represents dissolved organic carbon, PTHg represents particulate
total mercury, PMeHg represents particulate methylmercury, FTHg represents dissolved total mercury and FMeHg represents dis-
solved methylmercury.

Media Fracked Mean (n) Non-Fracked Mean (n) P-value

Temperature (�C) 17.25 (14) 16.39 (10) 0.4781

Conductivity (mS) 40.8 (14) 47.6 (10) 0.5541

Salinity (ppm) 24.6 (14) 27.6 (10) 0.5761

TDS (ppm) 28.9 (14) 33.8 (10) 0.5511

DOC (mg C/L) 1.93 (13) 0.83 (9) 0.0011

pH 6.52 (14) 7.21 (10) 0.0332

PTHg (ng/L) 0.56 (13) 0.90 (9) 0.2432

PMeHg (ng/L) 0.061 (13) 0.060 (9) 0.6102

FTHg (ng/L) 1.205 (13) 0.491 (9) 0.0072

FMeHg (ng/L) 0.181 (13) 0.069 (9) 0.1772

Trout Hg (ng/g) 102.8 (13) 91.2 (10) 0.8131

Crayfish Hg (ng/g) 54.9 (14) 42.6 (10) 0.0011

Macros Hg (ng/g) 37.5 (14) 31.3 (10) 0.0891

Moss Hg (ng/g) 79.5 (14) 67.0 (10) 0.1781

Sediment Hg (ng/g) 38.0 (14) 29.3 (10) 0.6981

Fish Richness 4.46 (14) 3.10 (10) 0.9762

Fish Diversity 0.360 (14) 0.404 (10) 0.5482

Macro Richness 4.50 (14) 4.11 (9) 0.6392

Macro Diversity 1.96 (14) 1.93 (9) 0.8871

Brook Trout Pop Est. 23 (13) 30 (10) 0.2781

1Values were normalized and compared using ANOVA.
2Values were compared using a Kruskal-Wallis test due to non-normal data.

Marcellus and mercury 489

D
ow

nl
oa

de
d 

by
 [

69
.2

39
.2

49
.1

74
] 

at
 1

6:
04

 0
3 

M
ar

ch
 2

01
5 



higher biodiversity in watersheds with zero to two well
pads compared to watersheds with more than three well
pads (P < 0.01). Further, fish biodiversity was significantly
correlated with number of well pads, but more strongly
with stream water pH (Fig. 3), implicating pH as the driv-
ing factor.Although brook trout were found at all stream
sites (excluding Little Laurel Run-recently extirpated),
they are known to have a higher tolerance to acidic waters
than other fish species.[100–102]

Blacknosed dace and long-nosed dace (Rhinichthys atra-
tulus and Rhinichthys cataractae) were found in abundance
at streams with zero to two well pads within their water-
sheds, but were not found at any stream sites with more
than three well pads in the watershed where pH levels were
below six. Others have suggested that dace, unlike brook
trout, are not tolerant of acidic waters; likely due to their
inability to regulate ion concentrations at low pH.[102–104]

Overall, we observed decreased fish biodiversity and pH-
sensitive fish at more acidic streams that were experiencing
increased Marcellus activities.
Unlike fish biodiversity, macroinvertebrate biodiversity

was not observed to vary with stream water pH. While no
measures of macroinvertebrate biodiversity were observed
to be different between fracked and non-fracked groups
(Table 2), macroinvertebrate taxa richness was found to
be negatively correlated with number of well pads (r D
¡0.60, P D 0.02). Based on the literature, it was expected
that pH would be the factor driving macroinvertebrate
biodiversity,[105] however stream water pH was not signifi-
cantly correlated with macroinvertebrate richness or diver-
sity (P > 0.10). Landscape disturbances that increase
instream sedimentation have also been reported to nega-
tively impact macroinvertebrate biodiversity.[41,106]

Although we did not measure substrate embededness, we
hypothesize that increased development in the watershed
(e.g., well pad, road, and pipeline construction) may have
been increasing instream sedimentation and impact mac-
roinvertebrate richness.
In addition to macro-scale biodiversity (fishes and mac-

roinvertebrates), recent research has also noted that
aquatic microbial communities differ in diversity and com-
position between fracked and non-fracked streams.[70]

Analyzing a subset of our streams (6/24) for microbial
communities in stream water revealed that specific micro-
bial taxa within the Deltaproteobacteria shared a positive
correlation to dissolved total mercury (FTHg) and to the
number of well pads within a watershed (Table 3). Geo-
bacter, which are known to methylate mercury in diverse
environments, were positively correlated to dissolved
THg.[107–111]

Furthermore, taxa of the Verrucomicrobia, Delta-Pro-
teobacteria, and Elusimicrobia were positively correlated
to the number of well pads in a given watershed (Table 3).
Verrucomicrobia have also been observed in hydrocarbon-
contaminated soil[112] and found to be positively associ-
ated with THg and MeHg in mercury contaminated

streams in Tennessee.[112] Similarly we observed Elusimi-
crobia,[113] which are found in a number of environments,
but have been shown to inhabit contaminated systems.[114]

Increased abundance of bacterial taxa with potential bio-
degrading capabilities in watersheds with more well pads
could suggest that these autochthonous populations are
responding to the increased land disturbances or potential
releases of fracking fluids into the environment. However,
future studies will need to incorporate a greater number of
samples for microbial community analysis and more
robust genomics studies (i.e., metagenomics, metatrancrip-
tomics) that assay the functional potential of these micro-
bial communities.

Mercury as an indicator of change

Brook trout. Mercury concentration in aquatic compart-
ments increased between trophic levels, with brook trout
experiencing the highest THg concentration (Fig. 4). This
was expected as biomagnification of MeHg through the
food web is the primary pathway of Hg to fish tissue, and
existing data suggests that the majority (>95%) of mercury
found in fish is in the methylated form.[115,116] Overall,
mercury concentrations in brook trout were lower than the
majority of geographically larger studies that included
streams, lakes, and reservoirs,[65,117–120] but more similar
to studies focused on smaller streams in the northeastern
United States.[121,122] Across all brook trout (n D 73), 35%
(26 fish) were above the U.S. Fish and Wildlife Service
piscivorous bird and wildlife advisory (0.1 PPM;[63]), with
40% (17) of fish from fracked sites and 30% (9) from non-
fracked sites above the advisory (Fig. 5). One fish from
Long Run (fracked site) was above EPA Hg Fish eating
advisory for human consumption (0.3 PPM;[12]). It should
be noted that filets were used for Hg analysis, while con-
sumption criteria are set for whole fish Hg levels.

121086420

8

7

6

5

4

number of wellpads

pH

Fig. 2. Significant negative correlation between number of well
pads within a watershed and stream water pH (Pearsons r D
-0.74, P D 0.0001). Blackened circles represent fracked sites and
open circles represent non-fracked sites.
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Increased dissolved THg in stream water and low pH
conditions are believed to be affecting mercury uptake in
brook trout at fracked stream sites. Although we saw no
significant differences in Hg concentration in brook trout
between fracked and non-fracked groups (Table 2), a
weak positive trend existed between Hg concentration in
brook trout and number of well pads within the watershed
(r D 0.52, P D 0.01). Increased land-clearing disturbances
are likely the cause of increased THg-DOC complex trans-
port to streams where fracking has occurred. Low pH
stream water and higher DOC, like those observed at
fracked sites, increases solubility and uptake of Hg not
only in lower trophic level biota,[35–36,123] but also in
higher order fish as a result of reductions in growth effi-
ciency.[42,124–126] Comparing mercury concentration across
muscle and the internal organs of brook trout (spleen, kid-
ney, liver) suggest that fish are being impacted by increased
FTHg. Our analysis showed strong positive correlations
between Hg in spleen, liver, kidney and muscle mercury
concentration for the fracked group, but not for the non-

fracked group (Table 4). The consistent accumulation of
Hg in organs and muscle tissue at fracked sites is sugges-
tive of inorganic mercury uptake (THg) from the aqueous
environment, across the gills, gut, or skin.[127-128] Contrast-
ingly, the dissimilarity in mercury accumulation between
organs and muscle tissue at non-fracked sites is suggestive
of dietary uptake of MeHg and subsequent thiol binding
for accumulation in muscle tissue.[127,129] These Hg results
are suggestive of a relatively recent increase in THg in
stream water that has not had time to methylate in stream
sediments and pass through the food chain (which is sup-
ported by increased FTHg in stream water at fracked
sites).

Crayfish. Crayfish mercury concentrations were found to
be lower than brook trout mercury levels, but significantly
higher than stream mean macroinvertebrate and stream
sediment Hg concentrations (Fig. 4). Others have also
found crayfish to group between fish and other macroinver-
tebrates with regard to THg concentration.[130] This is
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Fig. 3. Above scatterplot A shows decreasing fish diversity (Simpson’s Diversity Index) with increasing number of well pads for
fracked sites (n D 14, r D -0.60, P D 0.02). Scatterplot B shows significant positive correlation between pH and fish species diversity
(r D 0.70, P D 0.0001) with blackened circles representing fracked sites and open circles representing non-fracked sites. Similar
strength correlation observed for scatterplot A when non-fracked sites included.

Table 3. Pearsons correlations of bacterial taxonomic relative abundances to the number of Well pads and FTHg (dissolved total
mercury)

P-value FDR- P-value Pearson r Consensus Lineage (Phylum; Class; Order; Family; Genus) Correlating Factor

0.0006 0.088 0.9801 Elusimicrobia; Elusimicrobia; FAC88 Well pads
0.0009 0.088 0.9756 Nitrospirae; Nitrospira; Nitrospirales; Nitrospiraceae; JG37-AG-70 Well pads
0.0006 0.088 0.9792 Verrucomicrobia; Pedosphaerae; Pedosphaerales Well pads
0.0007 0.089 0.9785 Elusimicrobia; Elusimicrobia; Elusimicrobiales Well pads
0.0009 0.090 0.9756 Proteobacteria; Deltaproteobacteria; NKB15 Well pads
0.0006 0.091 0.9804 Bacteroidetes; Saprospirae; Saprospirales; Chitinophagaceae;

Sediminibacterium
Well pads

0.0005 0.091 0.981 Verrucomicrobia; Verrucomicrobiae; Verrucomicrobiales;
Verrucomicrobiaceae; Prosthecobacter

Well pads

0.0009 0.092 0.9758 Proteobacteria; Betaproteobacteria Well pads
0.0005 0.094 0.981 Proteobacteria; Alphaproteobacteria; Rhodospirillales; Rhodospirillaceae Well pads
0.0009 0.094 0.9758 Proteobacteria Well pads
0.0008 0.098 0.9773 Verrucomicrobia; Pedosphaerae; Pedosphaerales Well pads
0.0017 0.099 0.9665 Proteobacteria; Deltaproteobacteria; Desulfuromonadales; Geobacteraceae;

Geobacter
FTHg

Marcellus and mercury 491

D
ow

nl
oa

de
d 

by
 [

69
.2

39
.2

49
.1

74
] 

at
 1

6:
04

 0
3 

M
ar

ch
 2

01
5 



presumably a result of trophic position, food chain length,
and other biomagnification properties. We also observed
that stream means for Hg concentration in crayfish and
brook trout were positively correlated (r D 0.62, P D 0.02),

suggesting crayfish are significant food source for brook
trout, and another vector of Hg accumulation. Overall,
observed THg concentrations in crayfish for our study were
low when compared to other research.[130–132] However,
making accurate comparisons proved difficult as we used
wet weight values when calculating our Hg concentrations,
while other reported values were dry weights or unspecified.
Relationships between Hg concentration, status

(fracked vs. non-fracked), and degree of impact within a
watershed (number of well pads) were noticeably stronger
for crayfish than brook trout (Figs. 4 and 6). Crayfish in
the fracked group had significantly higher THg than cray-
fish captured from the non-fracked group (P D 0.001,
Table 2) and a strong positive correlation between number
of well pads and stream mean crayfish THg concentration
was observed (r D 0.79, P < 0.001, Fig. 6). This relation-
ship further strengthened when only including fracked sites
(r D 0.83, P < 0.001). Observed low pH stream water and
increased THg in stream water conditions at fracked sites
are likely the driving forces controlling bioaccumulation
of Hg in crayfish (Fig. 7). Others have suggested that
streams with low pH (even in the absence of wetlands) sig-
nificantly increase accumulation of Hg in aquatic inverte-
brates.[133] Researchers have also shown that species of
lower trophic levels typically exhibit higher THg concen-
trations than species of higher trophic status.[134] Presum-
ably this is the result of a strong and irreversible
interaction between Hg and chitin,[135,136] allowing for
absorption of THg across the exoskeleton.[137] Further,
crayfish and other macroinvertebrates have been shown to
uptake significant amounts of Hg across their gills.[138,139]

These results further support our findings from the brook

stream sedimentmacroscrayfishaquatic mossbrook trout
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Fig. 4. Above boxplot represents stream mean (trout, crayfish,
macroinvertebrates) or composite (sediment and moss) THg val-
ues for each compartment. Grey boxplots indicate fracked sites (n
D 14), while white boxplots indicate non-fracked sites (nD 10). P
values on figure indicate significant differences (P < 0.05) among
compartments were observed with trout>moss>crayfish>
macroinvertebrates/sediment. No significant differences were
observed across all sites between mean macroinvertebrate Hg
concentration (across feeding groups) and Hg concentration in
stream bed sediments (P> 0.10). One fish Hg concentration value
does not appear on the above boxplot (249.10 ng/g). Boxplots
show first quartile (25%), median line, and third (75%) quartiles
represented by boxes. Upper and lower whiskers extend to data
within 1.5 box height, and outliers are represented by asterisks.
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Fig. 5. Individual value plot showing Hg concentration in fish filets for all fish (nD 73) across all sites (nD 24) with Map ID numbers.
Blackened circles represent fish from fracked sites and opened circles represent non-fracked sites. The dotted line represents the
USFWS fish eating bird and wildlife Hg regulatory criteria (100 PPB) and the solid line represents the USEPA’s regulatory criteria
for Hg for human consumption of fish (300 PPB).
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trout organ Hg data, and our theory of a relatively recent
increase in stream water FTHg, which would show differ-
ences in Hg concentrations in crayfish first.
Crayfish proved to be a useful bioindicator of mercury

accumulation in aquatic environments. THg concentra-
tions in crayfish were well above detection limits allowing
for easy sample preparation and analysis. Also, we
observed no differences in sex or size between fracked and
non-fracked sites, and no correlations existed between
THg concentration and crayfish size across all sites (P >

0.05, Table 5). Further, similar species were found across
all sites, with mature C. carinirostris found in abundance
at 23 of 24 streams (Table 5). Crayfish are also not able to
migrate as far or as quickly as fish, making them poten-
tially more reflective of local conditions than fish. Other
research has suggested similar ideas about the utility of
crayfish as ideal bioindicators due to their Hg accumula-
tion in muscle tissue, association with sediment, lack of
migration, resistance to toxicity, and relative ease of
capture.[131,140,141]

Macroinvertebrates. Differences in Hg concentration
between feeding groups and among streams were observed
for aquatic macroinvertebrates (Figs. 4 and 8). Mercury
concentrations in streammean THg for macroinvertebrates
were significantly lower than concentrations in crayfish and
similar to THg concentrations in stream sediments (Fig. 4).
Comparisons across all feeding groups and streams showed
significantly higher THg in predators and collectors than
shredders (Fig. 8), which is similar to what others have
shown.[142] Stream mean THg concentrations in macroin-
vertebrates (across feeding groups) showed somewhat
higher THg concentrations at fracked sites (at a D 0.10,
Table 2). The predatory feeding group was observed to
have increased THg concentrations at fracked sites (P <

0.05, Fig. 8), and to be strongly correlated with number of
well pads within a watershed (rD 0.71,PD 0.001, Fig. 6).
This correlation further strengthened when only includ-

ing fracked sites (r D 0.77). No significant differences in
Hg concentration existed between fracked and non-
fracked stream sites for shredders, collectors, and scrapers.
However, we believe this is due small and unbalanced sam-
ple sizes resulting from insufficient mass of feeding groups
being acquired (for Hg analysis) at many streams (e.g., suf-
ficient collector mass found at 16/24 streams, scrapers
mass at 8/24 sites).
Low stream water pH and increased THg-DOC in

stream water are believed to be affecting Hg accumulation
in macroinvertebrates, particularly predatory macroinver-
tebrates. Research has shown evidence of macroinverte-
brates directly consuming DOC suspended in the water
column[143] suggesting the possibility for uptake of DOC
bound THg. Moreover, it is believed that macroinverte-
brates retain the majority of mercury in their gut and exo-
skeletons with the larger, predatory species showing
increased mercury level.[140] Our observed negative trend
between stream water pH and THg in predatory macroin-
vertebrates (Fig. 7) aligns with what others have found,
that macroinvertebrate THg levels can be predicted by
stream water pH. [40] We also observed a weak trend
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Fig. 6. Scatterplot A shows a significant positive correlation between number of well pads within a watershed and mean crayfish Hg
concentration for given stream (r D 0.79, P < 0.001, n D 24). Scatterplot B shows a positive correlation between number of well pads
and THg concentration in predatory macroinvertebrates (r D 0.71, P D 0.001, n D 22). Blackened circles represent fracked sites and
open circles represent non-fracked sites. Relationships strengthened when stream sites with no Marcellus well pads were removed (A-
r D 0.83, B-r D 0.76).

Table 4. Correlation analysis matrix showing relationships aHg
concentration in brook trout muscle tissue and organs when
divided into fracked (F) and non-fracked (N) streams. Data was
normalized using log10 transformation.

Muscle [Hg] Spleen [Hg] Liver[Hg]

(N) (F) (N) (F) (N) (F)

Spleen [Hg] 0.287 0.566 — — — —
0.208 0.004 — — — —

Liver [Hg] 0.498 0.833 0.226 0.704 — —

0.025 0.000 0.339 0.000 — —
Kidney [Hg] 0.307 0.531 0.362 0.587 ¡0.083 0.826

0.230 0.019 0.247 0.058 0.797 0.000

Data was normalized using log10 transformation.
Top number in each category is Pearson R-value; bottom number is P-
value (bold). Note the dissimilarity in P-value significance between
fracked and non-fracked groupings.
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between predatory THg levels and dissolved THg in
stream water (r D 0.44, P D 0.068), further supporting the
direct uptake of DOC bound elemental Hg from stream
water.[143] The correlation between number of well pads

and increasing THg accumulation in predatory macroin-
vertebrates is suggestive of a link between well pad con-
struction, decreased pH, and increased THg in stream
water.
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Fig. 7. Scatterplot A shows a significant negative correlation between stream pH and mean crayfish Hg concentration for given
stream (r D 0.63, P D 0.001, n D 24). Scatterplot B shows a weak negative correlation between stream pH and THg concentration in
predatory macroinvertebrates (r D 0.50, P D 0.03, n D 22). Blackened circles represent fracked sites and open circles represent non-
fracked sites.

Table 5. Crayfish data including species, sizes, and Hg concentration by stream and status of watershed. N stands for sites with no
fracking within their watershed and F stands for sites where fracking has occurred within their watershed.

Stream Status Species
Sample
Size (F)

Mean Body
Length (mm)

Mean Carapace
Length (mm)

Mean Carapace
Size Class

Mean Hg
(ng/g)

Alex Branch F C. carinirostris 5 (3F) 60.68 11.00 2 76.72
Bear Creek F C. carinirostris,O. sanbornii 4(2F) 58.70 10.43 2 48.87
Bens Creek N C. carinirostris 4(2F) 51.68 8.85 1 38.52
Camp Run N C. carinirostris 4(2F) 48.25 7.80 1 35.01
Coldstream Run F C. carinirostris 6(3F) 54.67 9.12 1 55.01
Crooked Run N C. carinirostris 5(4F) 51.20 8.78 1 40.84
Dead Man’s Lick N C. carinirostris 7(4F) 59.60 11.24 2 41.51
Deer Creek N C. carinirostris 3(1F) 56.00 9.93 2 62.67
Dixon Run N C. carinirostris 4(1F) 48.32 8.45 1 56.65
Findley Run N C. carinirostris 5(3F) 64.20 10.68 2 56.65
Indian Run F C. robustus, O. sanbornii 5(4F) 71.60 12.06 2 48.12
Iron Run F C. carinirostris, O. obscurus 3(2F) 61.33 9.83 1 53.61
Laurel Run F C. carinirostris 5(2F) 61.48 10.74 2 49.29
Lick Run F C. carinirostris 4(1F) 47.75 7.75 1 44.12
Little Laurel Run F C. carinirostris 5(1F) 59.76 10.61 2 94.92
Little Wolf Run F C. carinirostris 4(2F) 53.75 9.15 1 42.16
Long Run F C. carinirostris 4(3F) 55.50 10.33 2 42.50
NBIR N C. carinirostris 5(4F) 55.20 9.54 1 33.56
SBNFRC F C. carinirostris 5(2F) 64.12 10.86 1 60.96
Stone Run F C. carinirostris 5(2F) 53.20 9.10 1 47.76
Straight Creek F C. carinirostris 5(3F) 57.80 10.36 2 40.36
Trout Run F C. carinirostris,C. robustus 5(4F) 59.60 10.26 2 55.02
UNT to Clarion River N C. carinirostris 5(2F) 55.80 9.56 1 39.89
Vineyard Run N C. carinirostris 5(3F) 60.08 10.66 2 29.63
MEAN (F) — — 5* 58.57 10.11 2* 54.90
MEAN (N) — — 5* 55.03 9.55 1* 42.60
Test Statistic (df) — — — 1.57 (20) 1.26 (19) 0.66 2.57 (21)
P-value — — 0.92 0.13 0.22 0.48 0.001

*MEDIAN (non-parametric)
C. carinirostris represents Cambarus bartonii carinirostri, O. sanbornii represents Orconectes sanbornii, C. robustus represents Cambarus robustus and
O. obscurus represents Orconectes obscurus.
Values in bold are summarized statistics for fracked and non-fracked comparisons.
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Aquatic mosses and stream bed sediments. Aquatic mosses
were believed to be a good potential indicator of Hg accu-
mulation because of their relatively high THg concentra-
tions (Fig. 4), their predisposition to cell surface
adsorption of inorganic heavy metals such as mer-
cury,[62,144,145] and their proven use as biomonitors of
atmospheric deposition of Hg.[144,146,147] Knowing this, we
expected to see differences that aligned with our Hg results
for brook trout, crayfish, and macroinvertebrates. How-
ever, no significant differences in THg in aquatic mosses
were observed between fracked and non-fracked sites
(Table 2), and no relationships existed between any other
aquatic (i.e., pH, FTHg) or terrestrial variables (i.e., num-
ber of well pads). We believe unobserved relationships
between THg in mosses and other environmental corre-
lates are likely the result of differences in species composi-
tion, age and size, and observed biofilms growing within
the mosses that were noted during sample collection. We
believe accounting for aforementioned confounding varia-
bles in future sampling may increase their utility for moni-
toring Hg accumulation in aquatic ecosystems as others
have demonstrated.[71,148]

Many researchers have shown the role of stream sedi-
ments as a sink and a source for Hg.[62,149-152] No signifi-
cant differences in THg in stream bed sediment were
observed between fracked and non-fracked sites (Table 2),
and no significant correlations existed with any other envi-
ronmental variables. Others have suggested that stream
bed sediments are an excellent long-term indicator of
watershed conditions;[65] however, our previous Hg results

suggest that more recent changes in stream water THg
have occurred and may not yet be well reflected in stream
bed sediments Hg. Percent organic matter in stream sedi-
ments has also been shown to be important in determining
amount of THg in stream sediments.[116,153] During sedi-
ment sample collection, significant variation in the amount
of organic material across sites was observed, and we did
not analyze samples for percent organic matter, which
may explain more of the variation of THg in stream sedi-
ments than stream status.

Conclusion

Differences in stream water quality, aquatic biodiversity,
and Hg concentration were observed between fracked and
non-fracked streams in northwestern Pennsylvania. All
streams were located in forested basins, with the only major
within watershed disturbance and differences being related
to Marcellus shale development for natural gas extraction.
Streams where fracking had occurred were exhibiting lower
stream water pH, higher FTHg, and higher DOC. The
increased stream water acidity and land disturbance at
fracked stream sites were observed to decrease biodiversity
(fish, macros) and increase THg concentrations across sev-
eral trophic levels (crayfish, predatory macros), but not at
the top of the food chain-brook trout. The number of well
pads within a watershed proved to be a good proxy for the
degree of impact, as it was highly correlated with stream
water pH and measures of biota Hg (crayfish, predatory
macroinvertebrates, and fish).
Our findings from this novel research suggest the

observed differences between streams to be related to
Marcellus shale development; however, uncertainties
remain about the absolute source of acidic agents and
Hg to the fracked streams. Land disturbance (well
pads, pipelines, roads) and fracking activities (fracking,
fluid transport and storage, spills) are both believed to
play a role, but more work is needed to further detail
pathways and sources. It should be noted that our
study did not directly account for the potential effects
of variation in atmospheric deposition of Hg, episodic
acidification, the capacity of microbial transformation
of mercury, and food chain/web structure.
Future work including a temporal component is needed

to allow for a better understanding of the source of acidic
agents and mercury driving the changes we observed
between fracked and non-fracked stream sites. Sampling
the same streams pre/post fracking would greatly build
upon our initial data set, while measuring MeHg (in addi-
tion to THg in biota), would allow for more definitive
determination of recent changes in THg in streams. Con-
structing food chains and webs for each stream (using iso-
topic fractionation) and using a more comprehensive
microbial community structure approach (including ana-
lyzing all streams and a functional gene analyses) would
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Fig. 8. Above boxplot represents distribution of Log10 of THg
concentration in feeding groups of macroinvertebrates. Grey
boxplots indicate samples from fracked sites, while white box-
plots indicate non-fracked sites. Predator and collector concen-
trations were found to be significantly higher than shredders
(P < 0.05), with predators also showing significant differences
between fracked and non-fracked sites (P < 0.05). Hg concentra-
tion in shredders and scrapers were not found to be significantly
different between fracked and non-fracked streams (P > 0.10).
Boxplots show first quartile (25%), median line, and third (75%)
quartiles represented by boxes. Upper and lower whiskers extend
to data within 1.5 box height, and outliers are represented by
asterisks.
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help to further elucidate potential pathways of Hg biomag-
nification and contamination of aquatic ecosystems.
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