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REGULAR ARTICLE

COMPARISON OF SURFACE- AND PORE-WATER
QUALITY BETWEEN TWO MARYLAND STREAMS WITH
THE ENDANGERED DWARF WEDGEMUSSEL
(ALASMIDONTA HETERODON)

Alfred E. Pinkney'*, Kathleen M. Kline?, and Raymond P. Morgan II

! United States Fish and Wildlife Service, Chesapeake Bay Field Office, 177 Admiral Cochrane
Drive, Annapolis, MD 21401 USA

2 University of Maryland Center for Environmental Science Appalachian Laboratory, 301 Braddock
Road, Frostburg, MD 21532 USA

ABSTRACT

Degraded water quality, particularly elevated concentrations of ammonia, chloride, and toxic
metals, can be harmful to freshwater mussels. We investigated whether the contraction in Dwarf
Wedgemussel (Alasmidonta heterodon) distribution that occurred between 2002 and 2012 within
Browns Branch (BB), a stream within a predominantly agricultural watershed on the Coastal Plain of
Maryland, was associated with these and other water-quality factors. We measured surface- and pore-
water concentrations of different forms of nitrogen, orthophosphate, anions, and dissolved metals at
two sites in BB for 7 mo in 2014. The upstream site (BBUP) represented the lower extent of the current
Dwarf Wedgemussel population, and the downstream site (BBDO) represented the lower extent of the
species’ distribution observed in a 2002 survey. As a comparison, we also sampled one site in Nanjemoy
Creek (NANJ), a largely forested Coastal Plain watershed where Dwarf Wedgemussel distribution
exhibited no change over the same 10-yr period. We tested the hypothesis that concentrations of
potentially toxic analytes were significantly higher at BBDO than at BBUP and NANJ. Total ammonia
nitrogen (TAN) was the only analyte consistent with this hypothesis in both surface and pore water.
Concentrations of pore-water un-ionized ammonia (UIA-N) at BBDO were below the U.S.
Environmental Protection Agency’s Ambient Water Quality Criterion, but they frequently exceeded
0.2 png/L, a concentration previously associated with a lack of mussel recruitment. We recommend
conducting a new mussel survey of BB to assess current condition. If range contraction is still evident,
more frequent and extended sampling should be performed, including capturing high-flow events to
determine if pulses of ammonia and other pollutants occur.

KEY WORDS: Alasmidonta heterodon, water quality, ammonia, pore water

INTRODUCTION

Water quality degradation is commonly suspected of
adversely affecting freshwater mussel populations (e.g., Brim
Box and Mossa 1999; Strayer et al. 2004; Gascho Landis et al.
2012; Haag 2012; Gillis et al. 2017). Determining the precise
physicochemical factors that negatively affect mussel popula-
tions is difficult because their complex life history makes them
vulnerable to environmental stressors at multiple stages over

*Corresponding Author: fred_pinkney@fws.gov

long periods. Identifying stressors to mussels is a critical
information need for effective conservation (Haag and
Williams 2014).

Mussels are highly sensitive to ammonia; ions such as
chloride, potassium, and sulfate; and metals such as copper,
nickel, and zinc (Newton et al. 2003; Gillis 2011; Johnson et
al. 2014; Wang et al. 2017). The un-ionized form of ammonia
(UIA-N) is acutely toxic to early life stages of mussels
(Newton et al. 2003; Wang et al. 2008), and elevated
concentrations of UIA-N in pore water have been associated
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with mussel recruitment failure (Strayer and Malcom 2012).
Consequently, the U.S. Environmental Protection Agency
recently lowered its freshwater ambient water quality criteria
for ammonia to be more protective of mussels (USEPA 2013).
Nitrogenous pollution in streams primarily results from
atmospheric deposition, point source effluent discharges, and
agricultural practices that deliver pollution via surface-water
runoff or groundwater infiltration (Boynton et al. 1995; Kemp
et al. 2005).

The Dwarf Wedgemussel (Alasmidonta heterodon) once
ranged from New Brunswick, Canada, to North Carolina,
USA, but it now inhabits less than half of its formerly
occupied streams, and most surviving populations are small
(Strayer et al. 1996). In Maryland, it is found in a handful of
Coastal Plain streams, including Nanjemoy Creek (NANJ) and
Browns Branch (BB) (Bogan and Ashton 2016). Surveys in
BB detected a contraction in the distribution of Dwarf
Wedgemussel between 2002 and 2012 (Ashton et al. 2013).
Dwarf Wedgemussel disappeared from the lower section of
BB (hereafter BBDO) during this time, but its abundance
nearly doubled in the upper section (hereafter BBUP). Mussel
species richness and the distribution of most other species also
declined in BBDO between 2002 and 2012. NANIJ continues
to support a population of Dwarf Wedgemussel, and no
changes in its range or mussel species richness were observed
in this stream over the last 25 years (J. M. McCann, Maryland
Department of Natural Resources (MDNR), unpublished data).

We characterized surface-water and pore-water chemistry
in BBUP, BBDO, and NANIJ in 2014 to evaluate potential
causes of the Dwarf Wedgemussel decline in BBDO. We
hypothesized that concentrations of pollutants would be
greater at BBDO, where Dwarf Wedgemussel abundance
declined, than at BBUP and in NANJ, where Dwarf
Wedgemussel has not declined. For later discussion, we
abbreviate this hypothesis as BBDO > BBUP = NANIJ.

METHODS

Study Area

BB and NANJ are on the Atlantic Coastal Plain in
Maryland and flow into Chesapeake Bay (Fig. 1). The surface
geology of the two watersheds is similar and relatively
homogenous. Stream valleys are underlain by Tertiary sands,
clays, and silts, and uplands are underlain by Quaternary
sands, gravels, and clays (Cleaves et al. 1968). We extracted
major land use categories within the upstream catchment of
each study site from the 2001 and 2011 National Land Cover
Dataset (Homer et al. 2007, 2015), following Ashton (2012).
At all three sites, land use changed little between 2001 and
2011. In both time periods, the BBDO (2,409 ha) and BBUP
(694 ha) catchments were primarily agricultural (about 70% of
land cover, mainly in row crops, but also including pasture and
poultry operations), with 19-26% forest and 1-8% urban. The
Nanjemoy Creek catchment (4,106 ha) was predominantly

forested (about 80%), with 7-14% agriculture and 2-6%
urban.

In BB, we sampled water chemistry at one site in BBUP, at
the lowermost extent of habitat occupied by the Dwarf
Wedgemussel in 2012, and at one site in BBDO, 3.6 river km
downstream, representing the downstream extent of habitat
occupied by Dwarf Wedgemussel in 2002, prior to range
contraction (Ashton et al. 2013; J. M. McCann, MDNR,
unpublished data). At BBUP, the stream is approximately 2—-5
m wide, and substrate consists of silt, fine sand, and fine
gravel. At BBDO, the stream is 5-8 m wide, and substrate
consists of sand, silt, and gravel. The study site in NANJ was
located at the approximate center of the Dwarf Wedgemussel
population in that stream, where the stream is 4-10 m wide
and substrate is coarse sand and gravel.

Water Sampling and Analysis

We sampled each site about every 30 d from late April to
early December 2014 (Table 1), to encompass critical periods
of Dwarf Wedgemussel life history, including host-fish
infection, juvenile metamorphosis and recruitment, and
spawning (Michaelson and Neves 1995). We measured water
temperature (°C), dissolved oxygen (DO, mg/L), pH, and
conductivity (uSiemens/cm) with a YSI Model 55 multimeter
(YSI Inc., Yellow Springs, OH, USA) at midchannel and
middepth. We then collected two surface-water samples in
trace-metal-clean-certified polyethylene 1-L bottles, one for
anions and nutrients and the other for metals. Sample
collection and handling procedures followed those of the
Maryland Biological Stream Survey (MBSS 2007), such that
neither filtration nor acidification was performed in the field.
We placed samples on ice, maintained them in a refrigerator,
and shipped them via express carrier in iced coolers to the
University of Maryland Center for Environmental Science
Appalachian Laboratory (UMCES, Frostburg, Maryland) for
processing within 48 h of collection.

The sample for anions and nutrients was vacuum filtered
using a 0.45-pm membrane filter and divided between two
125-ml polyethylene bottles. The anions sample was stored at
4°C, and the nutrients sample was stored at —20°C until
analysis within recommended holding times. The anion
sample was analyzed for chloride (Cl), nitrate-N (NO3-N),
and sulfate (SO4) using ion chromatography (USEPA 1987)
with a Dionex DX-120 instrument. The nutrient sample was
analyzed for nitrite-N (NO,-N), total ammonia-N (TAN), and
orthophosphate (PO,) using flow-injection colorimetry with a
Lachat QuikChem 8000 (APHA 1998) (see Table 2 for
detection limits). For dissolved-metals analysis, samples were
withdrawn from the collection bottle in the lab using a sterile,
60-cc polyethylene syringe and filtered for dissolved metals
with single-use 0.45-um membrane syringe filters into trace-
metal-clean polyethylene bottles. Filtered samples were
acidified to a pH < 2 with Optima-grade concentrated nitric
acid. The following dissolved metals were measured by
inductively coupled plasma mass spectrometry, using an
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Figure 1. Atlantic Coastal Plain of Maryland, USA, showing Nanjemoy Creek (dark green) and Browns Branch (light green).

Agilent 7900 instrument equipped with an octopole reaction
system to remove polyatomic interferences (USEPA 1998):
aluminum (Al), antimony (Sb), arsenic (As), barium (Ba),
beryllium (Be), cadmium (Cd), chromium (Cr), cobalt (Co),
copper (Cu), iron (Fe), lead (Pb), manganese (Mn), nickel
(Ni), selenium (Se), silver (Ag), strontium (Sr), thallium (TI),
vanadium (V), and zinc (Zn) (see Table 3 for detection limits).
UMCES employs a rigorous quality assurance/quality control
program; results for a 10-sample proficiency test conducted
during our project time period and analysis of an independent
control sample for metals are presented in Appendix Tables
Al and A2.

We sampled pore water using sediment peepers (Teasdale
et al. 1995; Strayer and Malcom 2012). The peepers (Fig. 2)
were constructed from 225-ml polyethylene centrifuge tubes
by drilling a 5-mm hole in the cap, beneath which we inserted
a 1.2-pm polycarbonate filter. The filter was supported by
vinyl mesh on the interior and protected from external damage
by fiberglass mesh affixed to the cap with cyanoacrylate
adhesive. Prior to deployment, the UMCES lab filled the

peepers with deoxygenated, deionized water and shipped them
to the U.S. Fish and Wildlife Service Chesapeake Bay Field
Office laboratory (Annapolis, Maryland) in iced coolers. We
maintained the peepers in a refrigerator for several days before
taking them to the sites in iced coolers. Over the deployment
period, pore water displaced the deoxygenated, deionized
water by passive diffusion.

We deployed peepers by strapping three 225-ml peepers to
a 100 X 10 cm high-density polyethylene slab with cable ties.
We also strapped one 500-ml peeper to the slab so that we
could insert the YSI probe into the peeper for water quality
measurement. During our initial April sampling, we buried the
slab about 10 cm deep in the substrate and anchored it in place
with 1.2-cm-diameter steel rebar.

We retrieved peepers every 30 d, coincident with water
sampling. On each sampling date, we exposed the slab and
removed the peepers. We opened the 500-ml peeper and
immediately measured pore-water temperature, pH, conduc-
tivity, and DO with the YSI probe. For the 225-ml peepers, we
replaced the filter caps with solid caps, placed the peepers on
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Table 1. Monthly surface- and pore-water temperature, dissolved oxygen, and ammonia data for Nanjemoy Creek (NANJ), lower Browns Branch (BBDO), and
upper Browns Branch (BBUP). Abbreviations and units: Temp = water temperature (°C), DO = dissolved oxygen (mg/L), TAN = total ammonia-N (mg/L), UIA-
N = un-ionized ammonia nitrogen (pg/L), AWQC = USEPA acute and chronic ambient water quality criteria for TAN (mg/L, USEPA 2013).

Surface Water

Pore Water®

Date Temp DO TAN UIA-N AWQC Temp DO TAN UIA-N® AWQC
NANJ
24-Apr 12.8 10.50 0.013 0.007 41,33 — — — — —
21-May 17.6 9.13 0.047 0.037 27,24 17.8 6.91 0.056 0.045 27,2.4
26-Jun 23.8 7.60 0.048 0.060 16, 1.6 234 0.83 0.039 0.048 18, 1.8
22-Jul 223 8.50 0.034 0.038 19, 1.9 222 0.43 0.267 0.302 19, 1.9
18-Sep 16.9 6.72 0.015 0.011 29, 2.6 17.0 243 0.225 0.172 29, 2.6
23-Oct 12.4 11.34 0.006 0.003 44, 3.6 12.6 0.93 0.047 0.026 41,33
4-Dec 6.9 12.67 0.008 0.003 51,49 6.9 — 0.007 0.002 51,49
BBDO
23-Apr 13.2 12.08 0.035 0.085 30, 3.0 — — — — —
20-May 16.2 10.38 0.124 0.379 23,24 16.0 6.82 0.134 0.403 23,24
25-Jun 20.3 9.52 0.092 0.381 17, 1.9 20.6 0.53 0.501 2.12 15, 1.8
22-Jul 222 9.45 0.072 0.341 14, 1.7 22.0 1.49 0.639 2.99 14, 1.7
28-Aug 20.0 7.86 0.068 0.275 17, 1.9 20.9 3.30 0.295 1.27 15, 1.8
1-Oct 16.8 10.40 0.094 0.301 21,23 16.9 2.87 0.020 0.065 21,23
5-Nov 10.8 10.52 0.089 0.181 35, 4.1 11.0 1.04 0.951 1.96 35, 4.1
BBUP
23-Apr 12.3 12.65 0.007 0.033 24, 2.7 — — — — —
20-May 14.4 10.85 0.087 0.484 20, 2.4 14.4 8.10 0.106 0.589 20, 2.4
25-Jun 20.7 9.69 0.033 0.292 11, 1.5 21.0 6.40 0.003 0.027 11, 1.5
22-Jul 22.9 8.90 0.027 0.280 95,13 21.7 1.12 0.091 0.865 10, 1.4
28-Aug 20.8 7.82 0.160 1.424 11, 1.5 — — 0.012 0.109 11, 1.5
1-Oct 17.2 10.33 0.014 0.096 16, 2.0 17.2 5.95 0.021 0.144 16, 2.0
5-Nov 11.0 10.24 0.022 0.094 26, 2.9 11.0 2.05 0.027 0.116 26,29

“Pore-water samples were not collected in April and from NANJ in August.

PUIA-N pore-water concentrations exceeding the Strayer and Malcom (2012) threshold of 0.2 pg/L are in bold; those >2.0 are in bold italics.

“Pore-water temperature not measured; surface-water temperature used to estimate pore-water UIA-N.

Table 2. Mean (* 95% CI) ion and nutrient concentrations in seven, monthly
surface-water samples from Nanjemoy Creek (NANJ), lower Browns Branch
(BBDO), and upper Browns Branch (BBUP). Sites with different letters in
parentheses have significantly different means (Tukey’s HSD, P < 0.05). All
units are mg/L except UIA-N (pg/L).

Analyte® NANJ BBDO BBUP

cr 10.52 + 2.89 (a) 20.16 * 0.46 (b) 20.05 = 3.43 (b)

TAN® ¢ 002 = 0.02 (a) 0.08 = 0.03 (b) 0.03 * 0.02 (a)

UIA-N 002 = 0.02 (a) 028 = 0.10 (@) 0.39 * 0.45 (a)

NO;-N! 004 = 0.03(a) 555 % 0.66 () 4.99 + 0.57 (b)

NO,-N¢ 0.003 = 0.001 (a) 0.020 = 0.010 (b) 0.020 = 0.010 (b)
PO, 0.005 + 0.002 (a) 0.010 = 0.010 (a) 0.040 = 0.010 (b)
s0,¢ 254 + 136 (a) 15.04 = 1.41 (b) 30.02 * 3.44 (c)

*Minimum detection limits (mg/L): Cl—0.020, TAN—0.002, NO;-N—0.0019,
NO,-N—0.0019 mg/L, POy; 0.0011, SO4,—0.020.

YUSEPA (2018) AWQC (mg/L): 860 (acute), 230 (chronic).

“See Table 1 for USEPA (2013) ammonia criteria.

9dSoutherland et al. (2005) categories (mg/L; L = low, M = Moderate, H = High)
TAN: L < 0.03, M 0.03-0.07, H > 0.07; NOs-N: L < 1.0, M 1.0-5.0, H > 5.0; NO»-N:
L < 0.0025, M 0.0025-0.01, H > 0.01; PO,. L < 0.008, M 0.008-0.03; H > 0.03.

ice, and shipped them to UMCES. For the samples collected in
May through July, UMCES analyzed anions in one peeper,
nutrients in a second, and metals in a third. From August
through the end of the study, UMCES followed the same
procedure for anions and metals, but they analyzed nutrients
from all three peepers (see Data Analysis). After retrieving the
peepers, we replaced them with fresh ones and reburied the
slab, attempting to minimize turbidity. We measured surface-
water-quality parameters and collected surface-water samples
before working with the peepers.

We monitored water temperature at each site throughout
the study with Hobo Pro V2 data loggers (Onset Computer
Corporation, Bourne, Massachusetts) programmed to record at
20-min intervals. We drove a piece of rebar into the substrate
and affixed with cable ties one data logger about 5 cm above
the substrate surface (for surface-water temperature) and one
data logger buried about 5 cm below the substrate surface (for
sediment temperature). We measured temperature because it
influences the toxicity of chemical stressors, particularly
ammonia (USEPA 2013), and because high temperatures can
be lethal to mussels. We retrieved the loggers on the last day
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Table 3. Mean (£ 95% CI) dissolved metals concentrations (pg/L) in seven, monthly surface-water samples from Nanjemoy Creek (NANJ), lower Browns
Branch (BBDO), and upper Browns Branch (BBUP). Sites with different letters in parentheses have significantly different means (Tukey’s HSD, P < 0.05).
Concentrations that exceed a USEPA AWQC? are in bold.

Analyte” NANJ BBDO BBUP

Al 77.1 * 44.4 (b) 23.1 * 12.0 (a) 182 + 9.7 (a)

Sb 0.02 + 0.02 (a) 0.03 =+ 0.03 (a) 0.02 + 0.01 (a)
As 0.51 * 0.16 (a) 0.36 = 0.06 (a) 0.38 = 0.07 (a)
Ba 31.8 = 3.2 (a) 98.8 + 9.7 (c) 79.1 = 3.9 (b)
Be 0.06 = 0.03 (b) 0.03 * 0.01 (a) 0.04 + 0.02 (a, b)
Cd 0.01 = 0.01 (a) 0.04 + 0.02 (a) 0.10 = 0.05 (b)
Cr 0.34 + 0.18 (a) 0.18 =+ 0.08 (a) 0.21 =+ 0.09 (a)
Co 0.63 * 0.40 (a) 0.36 * 0.21 (a) 0.38 + 0.28 (a)
Cu 1.78 % 0.87 (b) 0.79 =+ 0.38 (a) 0.80 = 0.42 (a)
Fe 1,103 = 398 (b) 201 *+ 130 (a) 196 *+ 131 (a)
Pb 0.35 = 0.11 (b) 0.07 * 0.04 (a) 0.05 = 0.04 (a)
Mn 118.0 = 65.0 (b) 54.0 + 22.9 (a) 38.1 = 21.1 (a)
Ni 1.29 =+ 0.60 (a) 1.56 =+ 0.55 (a) 277 + 0.68 (b)
Se 0.10 = 0.04 (a) 0.45 = 0.05 (b) 0.49 = 0.09 (b)
Ag 0.002 =+ 0.00 (a) 0.002 =+ 0.00 (a) 0.003 =+ 0.00 (a)
Sr 30.0 + 6.6 (a) 155.0 = 7.0 (b) 251.0 * 29.0 (¢)
Tl 0.005 = 0.00 (a) 0.02 = 0.00 (b) 0.04 = 0.01 (c)
\Y% 0.59 * 0.22 (a) 0.31 =+ 0.06 (a) 0.42 + 0.08 (a, b)
Zn 5.59 * 2.48 (a) 3.20 * 1.53 (a) 4.14 + 1.83 (a)

AUSEPA (2018) AWQC (ng/L) (acute, chronic): Al, Cu: could not be calculated due to lack of required water-quality parameters, As: 340, 150; Cr'™: 570,74; Cr"": 16,11; Fe: 1000
(chronic); Cd: 0.30, 0.16 (NANJ); 1.22, 0.48 (BBDO); 1.57, 0.59 (BBUP); Pb: 7.77, 0.30 (NANJ); 40.97, 1.60 (BBDO); 55.48, 2.16 (BBUP); Ni: 93.40, 10.41 (NANJ); 326.3, 36.31
(BBDO); 412.0, 45.84 (BBUP); Zn: 22.39, 22.97 (NANJ); 76.43, 79.19 (BBDO); 96.09, 99.74 (BBUP); Se: 3.1 (30-day); Ag: 3.2.

®Minimum detection limits (ug/L): Al, 0.200; Sb, 0.005; As, 0.006; Ba, 0.008; Be, 0.010; Cd, 0.003; Cr, 0.011; Co, 0.004; Cu, 0.281; Fe, 0.320; Pb, 0.019; Mn, 0.043; Ni, 0.011;

Se, 0.018; Ag, 0.002; Sr, 0.028; Tl, 0.005; V, 0.051, Zn, 0.109.

of monitoring at each site and trimmed the data to June 1,
2014, through October 31, 2014, to include only the full
months when all sites were monitored.

Data Analysis

At the beginning of the study, we composited all peeper
samples to ensure that we had adequate sample volume to
complete all of the analyses. After the July sampling, we
realized that we could complete the nutrient analyses with
smaller sample volumes than expected, which allowed us to
assess the variability between individual peepers. Thus, we
began analyzing the three peepers for separate nutrient
samples in August. We calculated the trimean (TM = 0.5
[Q2 4+ 0.5 (Q1 4+ Q3)] where Q = Quartile), instead of the
arithmetic mean, to generate a more representative single
estimate of pore-water nutrients for each sampling event.

We summarized monthly water-chemistry data as means
with 95% confidence intervals (CI) in package Rmisc (Hope
2013) in R (R Core Team 2014). Distributions of 11 of the 75
analyte estimates (25 analytes at each site) for surface-water
chemistry deviated from normality (Kolmogorov-Smirnov
test, D = 0.10-0.38; P = 0.003-0.99). Distributions of 18 of
the 75 analyte estimates for pore-water chemistry deviated
from normality (D = 0.11-0.49, P = 0.00005-0.99). Most
variables that exhibited non-normal distributions were dis-

solved metals with very low concentrations over a narrow
range of values. However, more than half of the analytes had
unequal variances among sites for both surface-water analytes
(Levene’s test, F =0.12-26.01, P = 0.000005-0.89) and pore-
water analytes (F' = 0.60-23.37; P = 0.0001-0.56). Hetero-
geneous variances were observed for anions, nutrients, and
metals.

Figure 2. Photograph of peeper assembly.
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Since our objective was to determine if water-chemistry
data fit a particular pattern and not if means were equal across
all sites, we avoided the omnibus ANOVA and substituted
multiple comparison tests to assess differences in chemical
parameters between sites. We calculated Tukey HSD tests
using the R package multcomp (Hothorn et al. 2008) from
mean-square results of one-way ANOV As with adjustment for
heteroscedastic data (Long and Ervin 2000) using the R
package car (Fox and Weisberg 2011). Due to the small
experimental sample size and multiple statistical comparisons,
we would expect to find significant differences in at least some
chemical concentrations among sites that fit our hypothesized
pattern of a stressor by chance under a null-hypothesis testing
framework with a rigid alpha (e.g., o = 0.05). Therefore, we
placed similar weight on confidence intervals of mean
concentrations in determining whether or not an analyte fits
the pattern of BBDO > BBUP = NANJ. That is, results from
HSD tests were not meant solely to firmly accept or reject, but
instead to provide support for focusing on specific analytes to
investigate in a more intensive study.

We compared mean analyte concentrations at each site
with Ambient Water Quality Criteria (AWQC) (USEPA
2018). For hardness-dependent criteria (e.g., Ag, Cd, Cu, Ni,
Pb, and Zn), we used hardness values measured previously by
MBSS at our sites (NANJ = 16 mg/L as CaCO;. BBDO = 66;
BBUP = 87; https://dnr.maryland.gov/streams/Pages/
dataRequest.aspx; accessed May 14, 2019). We compared
TAN concentrations with AWQC for each sample event. We
calculated these concentrations based on pH and temperature.
We used temperature measurements obtained when our
surface-water samples were collected. We did not use pH
values collected simultaneously with surface-water samples
because our values were not consistent with prior measure-
ments at the sites by MBSS, which suggested probe
malfunction. Instead, we calculated mean (= 95% CI) values
from the antilog of pH measured previously by MBSS. The pH
values we used for AWQC were 6.38 (= 0.22) for NANJ, 7.01
(£ 0.11) for BBDO, and 7.33 (* 0.20) for BBUP.

We estimated the fraction of un-ionized ammonia (UIA-N
pg/L) in surface and pore water following Thurston et al.
(1979). In addition to AWQC, we compared pore-water UIA-
N with the 0.2 pg/L UIA-N pore-water threshold for
recruitment failure in Elliptio complanata proposed by Strayer
and Malcom (2012). For nutrients, we compared surface-water
concentrations with low, moderate, and high categories for
Maryland streams (Southerland et al. 2005).

RESULTS

Temperature, Conductivity, and DO

Mean monthly (June through October) surface-water and
sediment temperatures were nearly identical at BBDO (surface
and sediment both = 18.9°C) and BBUP (surface = 18.9°C,
sediment = 18.8°C). Mean monthly temperatures were about
1.0-1.5°C higher at NANJ (surface = 20.4°C; sediment =

20.2°C). The maximum surface-water temperatures observed
at each stream were NANJ, 27.1°C; BBDO, 25.7°C; and
BBUP, 24.6°C. Maximum sediment temperatures were NANJ,
25.3°C; BBDO, 24.8°C; and BBUP, 24.2°C.

Conductivity (uS/cm) in surface and pore water ranged
from 39 to 149 at NANJ, 190 to 214 at BBDO, and 226 to 299
at BBUP. Surface-water DO exceeded Maryland’s water
quality criterion of 5 mg/L (MDE 2019) on all sample dates at
all sites. In contrast, pore-water DO rarely exceeded this
criterion, and all sites had values less than 3 mg/L (Table 1).

Ammonia

Surface-water and pore-water TAN concentrations did not
exceed the AWQC at any site on any date (Table 1). The two
highest-observed values were in pore water at BBDO (0.951
and 0.639 mg/L) and were 23% and 38% of the chronic
AWQC, respectively. The maximum pore-water concentration
at NANJ was 0.267 mg/L (14% of the chronic AWQC) and
0.106 mg/L (4% of the chronic AWQC) at BBUP. Compared
with the Southerland et al. (2005) categories for Maryland
MBSS surface-water data, TAN concentrations were low
(<0.03 mg/L) and moderate (0.03 to 0.07 mg/L) at NANJ,
moderate and high (>0.07 mg/L) at BBDO, and mostly low at
BBUP.

Differences in mean TAN concentrations among sites for
both surface water and pore water supported our hypothesis of
BBDO > BBUP = NANIJ (Tables 2 and 4). Differences in
mean pore-water UIA-N concentrations among sites were
consistent with our hypothesis, but differences in surface-
water UIA-N were not. Pore-water UIA-N concentrations
exceeded the 0.2 pg/L threshold of Strayer and Malcom
(2012) in five of six measurements at BBDO, including two
observations >2.0 pg/L (Table 1). Two of six measurements
at BBUP (0.59 and 0.86 pg/L) and one of six at NANJ (0.30
pg/L) exceeded the threshold. In general, UIA-N concentra-
tions were substantially lower in surface water than in pore
water, except for two events at BBUP and one at BBDO.

Nitrate-N, Nitrite-N, and Phosphate

There are no AWQC for NO;3-N, NO,-N, or PO,.
Differences in NOs-N, NO,-N, and PO, concentrations among
sites did not support our hypothesis of BBDO > BBUP =
NANJ. Mean surface-water NO3-N and NO,-N were both
significantly higher at both BB sites compared with NANJ,
and there were no significant differences between BBDO and
BBUP (Table 2). For NO3-N, both BB sites were categorized
as high following Southerland et al. (2005). Mean pore-water
NO;-N at BBUP was significantly higher compared with
results from BBDO and NANIJ, which did not differ from each
other (Table 4). Mean pore-water NO,-N did not differ among
sites. The mean surface-water PO, concentration at BBUP was
significantly higher than the concentrations at NANJ and
BBDO, which were similar to each other (Table 2). Pore-water
PO, concentration was intermediate at BBDO and was not
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Table 4. Mean (* 95% CI) ion and nutrient concentrations in six, monthly
pore-water samples from Nanjemoy Creek (NANJ), lower Browns Branch
(BBDO), and upper Browns Branch (BBUP). Sites with different letters in
parentheses have significantly different means (Tukey’s HSD, P < 0.05). All
units are mg/L except UIA-N (pg/L). See Table 2 for detection limits.

Table 5. Mean (= 95% CI) dissolved metals concentrations (ng/L) in six,
monthly pore-water samples from Nanjemoy Creek (NANJ), lower Browns
Branch (BBDO), and upper Browns Branch (BBUP). Sites with different
letters in parentheses have significantly different means (Tukey’s HSD, P <
0.05). See Table 3 for detection limits. Concentrations that exceed a USEPA
AWQC (see Table 3) are in bold.

Analyte NANJ BBDO BBUP

Cl 5.80 = 255 () 10.57 = 4.71 (a) 18.56 = 2.20 (b)
TAN 0.11 = 0.12 (a)  0.42 = 0.36 (b) 0.04 = 0.05 (a)
UIA-N*  0.10 £ 0.12 (a)  1.47 = 1.16 (b) 0.31 = 0.35 (a)
NOs;-N  0.01 £ 0.01 (a) 0.82 £ 1.35 (a) 4.03 = 1.28 (b)

NO,-N  0.002 = 0.001 (a)

0.06 = 0.11 (a)

0.05 = 0.05 (a)

PO, 0.004 = 0.002 (a)
SO, 0.96 = 1.11 (a)

0.03 = 0.02 (a, b)
5.15 = 3.65 (a)

0.05 = 0.02 (b)
25.02 = 4.18 (b)

*Mean ion and nutrient concentrations exceeding the Strayer and Malcom (2012)
threshold of 0.2 pg/L are in bold.

significantly different from those concentrations at NANJ or
BBUP (Table 4).

Chloride and Sulfate

Chloride concentrations did not exceed the acute or chronic
AWQC in any samples. The maximum concentration was 26.2
mg/L in a surface-water sample from BBUP, about 10% of the
chronic criterion of 260 mg/L (Table 2). Differences in mean
ClI concentrations among sites did not support our hypothesis
of BBDO > BBUP = NANIJ. Surface-water mean concentra-
tions were not significantly different between the two BB sites,
but both were significantly higher (about double) than that at
NANJ. Pore-water Cl mean concentrations were significantly
higher at BBUP compared with those at BBDO and NANJ
(Table 4).

There are no AWQC for SO,. Differences in SOy,
concentrations among sites did not support our hypothesis of
BBDO > BBUP = NANIJ. In surface water, SO, differed
significantly among all three sites with the highest value at
BBUP and a much lower value at NANJ (Table 2). SO, varied
similarly in pore water, but it was significantly higher at BBUP
than at BBDO and NANJ, both of which had low values and
did not differ from each other (Table 4).

Metals

Iron was the only metal detected that exceeded the AWQC.
For surface water, the mean Fe concentration (1,103 pg/L)
exceeded the chronic AWQC of 1,000 pg/L (there is no acute
criterion) at NANJ, but values at BBDO and BBUP were
much lower (Table 3). For pore water, the mean Fe
concentration exceeded the chronic AWQC at NANJ and
BBDO but not at BBUP (Table 5). Concentrations of no other
metals closely approached AWQC. There were significant
differences in mean concentrations of many metals among
sites (Tables 3 and 5), but none supported our hypothesis of
BBDO > BBUP = NANI.

Analyte NANJ BBDO BBUP

Al 79.6 + 154.0 (a) 18.8 + 304 (a)  23.8 * 22.4 (a)
Sb 0.65 = 0.70 (@)  0.18 = 0.14 (a)  0.11 = 0.11 (a)
As 224 + 1.69 (a) 238 =246 ()  0.80 = 1.01 (a)
Ba 451 +213@  615*21.1@a 668 * 8.1 (a)
Be 0.05 + 0.05 (@ 0.0l =001 @  0.03 * 0.01 (a)
cd 0.01 = 0.01 (@  0.03 = 0.04 (a, b) 0.06 + 0.03 (b)
Cr 0.18 023 (a)  0.11 =0.06 (@)  0.14 * 0.07 (a)
Co 337 =306 ()  1.89 = 1.49 (a, b) 0.20 = 0.17 (a)
Cu 0.56 = 0.45 (@) 027 = 0.06 (@)  0.59 * 0.30 (a)
Fe 1,220 = 1,192 (a) 1,753 = 2,958 (a) 79 = 71 (a)
Pb 037 + 050 (@  0.10 +0.12 @  0.09 * 0.07 (a)
Mn 1249 = 1,021 (b) 406 = 375 (a, b) 16 = 18 (a)
Ni 1.05 + 0.80 (a, b) 0.96 = 0.55 ()  1.99 = 0.59 (b)
Se 0.06 = 0.06 (@)  0.10 = 0.03 @  0.31 * 0.11 (b)
Ag 0.003 + 0.01 (a) 0.002 = 0.01 (a)  0.006 = 0.01 (a)
Sr 19 + 8 (a) 69 + 28 (b) 203 + 27 ()
Tl 0.005 = 0.01 (a)  0.01 = 0.01 (@  0.04 = 0.02 (b)
% 0.57 + 053 (a) 040 = 030 (a) 047 * 0.23 (a)
Zn 20.1 + 9.9 (a) 17.5 * 9.6 (a) 15.4 = 5.8 (a)
DISCUSSION

Nutrient concentrations in the agriculturally dominated
landscape of eastern Maryland are among the highest in the
nation (Denver et al. 2004). The region contains most of the
state’s extant Dwarf Wedgemussel populations, and most
historical (but extirpated) populations in Maryland occurred in
the region (Bogan and Ashton 2016). Concentrations of
ammonia in sediment often increase in agriculturally domi-
nated landscapes with high reactive nitrogen load (Strayer
2014), such as Browns Branch. We note, however, the similar
percentages of agriculture in catchments of BBUP and BBDO
in 2001 and 2011 and are thus unable to link land-use
differences or changes with the observed range contraction.

Although TAN concentrations at BBDO did not exceed
AWQC, conditions stressful to juvenile freshwater mussels
may have occurred, based on pore-water UIA-N concentra-
tions that exceeded the threshold of 0.2 pg/L (five of six
measurements) proposed for E. complanata (Strayer and
Malcom 2012). UIA-N concentrations also exceeded this
threshold at BBUP and NANJ, but the frequency and
magnitude of exceedance were much lower than at BBDO.
Thus, elevated UIA-N can be considered a potential cause of
Dwarf Wedgemussel range contraction in BB because it
supports our hypothesis about the spatial distribution and
concentrations of such a factor (BBDO > BBUP = NAN)J).
Furthermore, the concentrations reported in the peepers are
long-term averages and may underestimate transient peak
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concentrations to which juvenile mussels may be exposed
(Strayer and Malcom 2012).

Mussels at BBDO may have been exposed to the combined
stressors of high UIA-N and low DO in pore water. Low pore-
water DO favors the long-term presence of ammonia because
higher oxygen conditions are needed for oxidation of ammonia
to nitrate (Kinsman-Costello et al. 2015). Low oxygen in
sediments can result in death of juvenile mussels or increase
their susceptibility to predators (Sparks and Strayer 1998).
Although low DO was detected in pore water at all sites, TAN
concentrations were much higher at BBDO. In general, the
lower-DO pore water contained higher concentrations of
ammonia than the higher-DO surface water. The highest UIA-
N concentrations occurred in summer, but no sites experienced
temperatures approaching the 29°C thermal limit proposed for
Dwarf Wedgemussel (Campbell 2014).

Other factors not measured in this study could influence
Dwarf Wedgemussel distribution and merit further examina-
tion. The only documented host fish of Dwarf Wedgemussel
that co-occurs in Maryland is the Tessellated Darter (Ashton
2010). On average, their abundance was three times lower at
BBDO compared with BBUP (M. J. Ashton, MDNR,
unpublished data), which may limit Dwarf Wedgemussel
reproduction and dispersal (McClain and Ross 2005).
Additionally, many herbicides are commonly detected in
agricultural streams of eastern Maryland (Denver et al. 2004).
The effects of current-use pesticides on mussels are not as well
studied as nutrients or metals (but see Bringolf et al. 2007).
Elliptio complanata also has been found to integrate
transgenic material via bacteria uptake near cornfields, which
may weaken its immune system (Gagne et al. 2006; Douville
et al. 2009). Whether this could occur in Dwarf Wedgemussels
is unknown.

There are several sources of uncertainty in the study. First,
the strength of our conclusions is limited because measure-
ments were made only monthly within a single year.
Additional sampling is necessary to further characterize inter-
and intra-annual variation in pore-water and surface-water
quality. Furthermore, the Strayer and Malcom (2012)
threshold has not been replicated in other studies with E.
complanata or examined for other species. Thus, Dwarf
Wedgemussel may be more or less sensitive than E.
complanata to pore-water UTA-N.

We recommend conducting a survey of Browns Branch to
assess the current condition of the mussel fauna. If range
contraction is still evident, more frequent and extended water-
quality parameter and surface- and pore-water sampling
should be performed, including capturing high-flow events
to determine if pulses of ammonia and other pollutants occur.
Sampling tributaries and areas of groundwater input also could
identify sources of pollutants.
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Table Al. Summary of UMCES results from 2014 proficiency test. these practices are outlined in a report of the Chesapeake Bay
Analyte Rating Program Data Integrity .Workgroup (EPA Chesape?ake Bay

Program 2017). Analysis of method blank, matrix spike,
Total ammonia nitrogen Ideal laboratory duplicate, and independent control sample results
Nitrate-N Ideal indicates acceptable laboratory performance. The results for
Sulfate Ideal some of the measured constituents from a 10-sample PT study
Chloride Flagged low on 1 sample  conducted during the project time period (Table Al) and

analysis of the independent control sample for metals (Table

employs a rigorous Quality Assurance/Quality Control (QA/ A2) help document the quality of UMCES® performance.

QC) program, which includes ongoing monitoring and APPENDIX REFERENCE
evaluation of precision and accuracy (analysis of duplicates,

: . . Environmental Protection Agency (EPA) Chesapeake Bay Program. 2017.
matrix spikes, method blanks, and independent control

Methods and Quality Assurance for Chesapeake Bay Water Quality

samples with acceptance criteria that must be met to accept Monitoring Programs. CBP/TRS-319-17. EPA, Annapolis, Maryland.
analytical results), as well as participation in blind audits, Available at https://www.chesapeakebay.net/documents/
proficiency tests (PT), and split-sample programs. Most of CBPMethodsManualMay2017.pdf (accessed January 10, 2020).

Table A2. Summary of UMCES results from the analysis of the independent control sample for metals. RSD: Relative standard deviation.

Analyte Target (ng/L) Mean Count Standard Deviation Minimum Maximum % RSD
Be 10 104 17 0.34 9.9 10.9 3.27
Al 40 43.6 17 1.06 41.0 45.7 2.44
v 60 61.6 17 1.16 59.8 63.6 1.88
Cr 30 304 17 0.50 29.8 31.2 1.65
Mn 90 90.6 17 1.31 88.4 92.4 1.44
Fe 80 80.8 17 1.06 79.1 82.9 1.31
Co 60 61.9 17 0.98 60.1 63.1 1.59
Ni 80 82.6 17 0.56 81.7 83.6 0.68
Cu 40 41.8 17 0.37 41.1 423 0.88
Zn 50 51.3 17 0.73 50.2 52.6 141
As 20 20.7 17 0.35 20.3 214 1.68
Se 10 10.3 17 0.13 10.1 10.5 1.21
Sr 40 40.1 17 1.37 37.7 41.6 341
Ag 20 20.4 17 1.93 19.0 27.7 9.43
Cd 20 19.9 17 0.45 19.2 20.6 2.25
Sb 10 10.0 17 0.22 9.71 10.4 2.20
Ba 10 9.94 17 0.30 9.49 10.5 2.97
Tl 10 10.1 17 0.22 9.75 10.4 2.19
Pb 40 40.8 17 0.80 39.6 41.9 1.96
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