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Abstract

We investigated the influence of flooding and chronic arsenic contamination on ecosystem structure and
function in a headwater stream adjacent to an abandoned arsenic (As) mine using an upstream (reference) and
downstream (mine-influenced) comparative reach approach. In this study, floods were addressed as a pulse
disturbance, and the abandoned As mine was characterized as a press disturbance. We further addressed
chronically elevated As concentrations as a ramp disturbance, in which disturbance intensity was ramped by
increasing proximity to the As source. Stream ecosystem structure and biogeochemical functioning were
characterized monthly over a period ranging from July to December 2004. Influence of the press disturbance was
evident in the mine-influenced reach, where As concentrations (254 = 39 ug L21) were more than 30 times higher
than in the reference reach (8 = 1 ug L2!). However, in almost all cases the presence of the abandoned As mine
appeared to exert little influence on reach-scale measures of ecosystem structure and function (e.g., organic matter
[OM] standing crops, phosphorus [P] uptake). Conversely, floods significantly influenced OM standing stock in
both study reaches. Interactions between press and pulse disturbances influenced P uptake in the mine-influenced
reach. Within the mine-influenced reach, P uptake across a gradient of As concentrations correlated with
Michaelis-Menton models of enzyme kinetics in the presence of a competitive inhibitor. These results indicate
that As competitively inhibits P uptake by microbial assemblages.

Disturbances occur when potentially damaging forces,
such as forest fires, floods, and anthropogenic activities, are
imposed upon habitat space occupied by a population,
community, or ecosystem (Lake 2000). Disturbances differ
in their temporal pattern of intensity and duration and can
be separated into three primary categories: pulse, press, and
ramp disturbances (Lake 2000). Pulse disturbances exert
discrete, short-term influences on an ecosystem, while press
disturbances are characterized by long-term, sustained
influences. The concept of a ramp disturbance was first
introduced by Lake (2000) to describe a case in which
disturbance intensity increases steadily with time.

Specific disturbance frequency and intensity may dictate
ecosystem stability and successional recovery. However,
many ecosystems experience a mix of disturbance types
simultaneously; thus, understanding responses to distur-
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bance may require knowledge of disturbance interaction
and history (Ross et al. 2004). In some cases the magnitude
and duration of responses to major pulse disturbances can
depend on the presence or absence of an underlying press
disturbance (Collier and Quinn 2003), or the influence of
a press disturbance may only be evident after a pulse
disturbance (Parkyn and Collier 2004).

Stressors on aquatic ecosystems resulting from mining
can persist for extended periods of time (Courtney and
Clements 2002). Mining potentially imposes a template of
multiple disturbances on aquatic ecosystems; these dis-
turbances include increased acidity and heavy metal
concentrations, precipitation of metal oxides on sediments,
and sedimentation (Kelly 1988; Courtney and Clements
2002). These stressors often represent a press disturbance,
although they may also be pulsatile as a result of discrete
events such as storms or toxic spills.

The effects of disturbances may be manifested at all
levels of biological organization. Because preservation of
biological integrity includes protecting higher levels of
biological organization, some researchers (e.g., Gessner
and Chauvet 2002) have suggested that field responses of
ecosystem structure and function are more ecologically
relevant than are effects at lower levels. Functional metrics,
such as rates of metabolism and measures of nutrient
cycling, integrate a wide variety of ecosystem character-
istics, are sensitive to ecosystem perturbation, and show
both lower variability and higher sensitivity than commu-
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Fig. 1.

Site location map for Brinton Arsenic Mine (BAM) study. The reference reach

extends from 0 to 120 m downstream. The mine-influenced reach begins at the top of the tailing
piles (140 m) and extends 90 m (to 230 m) downstream to a flume with a continuous

stage recorder.

Wallace and Benke (1984) and Wallace et al. (2000),
respectively. Wood dams were defined as collections of
wood (i.e., several pieces) with a single piece measuring at
least 5 cm in diameter that extended the width of the
stream (Valett et al. 2002) and were enumerated once in
each reach.

Epilithic OM, chlorophyll a (Chl a), fine benthic organic
matter (FBOM, particles , 1 mm), and coarse particulate
organic matter (CPOM, wood and leaves -1 mm) were
quantified as the mean of five samples collected from
random locations along each reach during each sampling
event. Rock scrapings of a known area were used to
determine epilithic OM, as AFDM following combustion
at 550uC for 45 min, and Chl a using hot ethanol extraction
(Sartory and Grobbelaar 1984). CPOM was collected from
each location using a cylindrical sampling device (0.05 m2),
and standing crops were quantified as AFDM. FBOM was
sampled by sealing the same cylindrical sampling device to
the stream bottom, determining the average depth of
stream water in the sampling device, agitating sediments to
5-cm depth, determining AFDM concentration in a 250-
mL subsample, and calculating standing stock as the
product of concentration and depth.

Solute injections—A conservative tracer (NaCl) and
a biologically active solute (KH,PO,) were released
simultaneously under base-flow conditions at approximate-
ly monthly intervals (six in each reach) throughout the
study to determine reach scale P uptake and hydrogeo-
morphic characteristics (Stream Solute Workshop 1990).
Target enrichment concentrations for solutes were 3 mg
L2! CI2 and 50 pug L2! PO ;3. A single water sample for

anion analysis was collected at 10-m intervals within each
reach prior to each injection, and duplicate samples were
collected from the same locations during plateau, as
described previously. Specific conductance (SC) was
recorded during each injection at 2-min intervals using an
automated sonde.

Solute injections: Solute transport modeling—Dilution
gauging techniques (Stream Solute Workshop 1990) and
one-dimensional modeling of solute transport (Bencala and
Walters 1983), including inflow and transient storage, were
used to characterize the hydrologic variables in each study
reach. Wetted channel width was measured at 5-m intervals
along each reach prior to solute injections. Average
discharge was calculated using dilution at each transect
(Stream Solute Workshop 1990). Dilution gauging dis-
charge estimates were similar to continuous discharge
measurements from a flume located at the base of the
mine-influenced reach. Lateral inflow was calculated as the
change in discharge from the head to the base of the reach,
normalized to a 1-m distance. Lateral inflow in the system
is representative of groundwater discharge (Brown 2006),
although it could potentially encompass some hyporheic
return flow from upstream transient storage flow paths.

Cl2 and SC relationships were developed using standard
solutions across the range of CI2 concentrations anticipat-
ed, and background-corrected SC data (converted to Cl2
concentrations) were used to analyze solute transport
(Runkel 1998). Although we did not correct for potential
influences of uptake of PO;? on SC (Gooseff and
McGlynn 2005), the experiments were designed such that
the maximum contribution of PO ;3 to SC was less than
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2% (0.2-0.3 uS cm?21) of the target SC increase. Damkohler
coefficients (Wagner and Harvey 1997) calculated for
injection experiments ranged from 0.65 to 4.23, with a mean
of 1.82, and were within the range suggested by Harvey and
Wagner (2000) for adequate estimation of model param-
eters. Quantified surface parameters included cross-section
area, stream velocity, and dispersion. Depth was calculated
from average discharge, stream width, and velocity. Output
variables for the storage zone include cross-sectional size
and exchange coefficient, a measure of the percentage of
water entering the storage zone per unit time. Normalized
storage zone area was used to represent the storage zone
size relative to the channel cross-sectional area. The
proportion of median travel time due to storage was
calculated using an empirical formula provided by Runkel
(2002). Mean storage residence time was calculated after
the method of Gooseff and McGlynn (2005).

Solute injections: Calculation of P uptake—Dilution- and
background-corrected plateau P samples from each reach
were natural log-transformed and analyzed as a function of
distance downstream using linear regression. The regres-
sion coefficient was used to determine the P uptake velocity
(v2po,) using the method of the Stream Solute Workshop
(1990).

Ecosystem metabolism—Gross primary production
(GPP) and ecosystem respiration (R) were determined
using the diel dissolved oxygen (O,) mass balance technique
concurrent with solute injections (Bott 1996). Dissolved O,
concentrations and temperature were recorded at 10-min
intervals for 24 h with a single automated sonde located at
the base of each reach. Exchange of dissolved O, with the
atmosphere was calculated from the average O, saturation
deficit within the study reach, temperature, barometric
pressure, and reaeration rates determined from the di-
lution-corrected decline of sulfur hexafluoride during
steady-state conditions. GPP and R were calculated using
the single station technique (Bott 1996).

Sediment P sorption characteristics—To assess the
potential for abiotic control (i.e., sorption to sediments)
of P uptake, benthic sediment cores (1.5-cm diameter, 5-cm
depth) were collected for laboratory sorption assays along
both reaches from arecas consisting of fine sediments
(,4 mm). Within the reference reach, 10 cores were
collected randomly along the entire reach length. In the
mine-influenced reach, 10 cores were collected within areas
characteristic of low, medium, and high As concentrations.
Filtered stream water was obtained from each location and
used as the matrix for sorption assays. A second water
sample was also collected, filtered, and preserved with
nitric acid at each location for determination of dissolved
As.

P uptake/sorption was determined on five unamended
(live) and five mercuric chloride (HgCl,)-amended (killed)
sediment cores to assess biotic and abiotic influence on P
sorption capacity (Lottig and Stanley 2007) from each
sampling area. Filtered stream water from each sample
location (100 mL) was added to 20-30 g of wet sediments
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and enriched to 50 ug L2! P (similar to field enrichment
concentrations). Samples were shaken for 10 s every
15 min. After 1 h, a 15-mL aliquot was removed, filtered,
and analyzed for change in P.

Analysis of natural and anthropogenic disturbance re-
gimes—The BAM site is influenced by multiple distur-
bances that span several spatial and temporal scales
(Fig. 2). We did not address every possible disturbance
but rather chose to focus on several natural and anthro-
pogenic disturbances that may interact to organize
ecosystem structure and function. For the purposes of this
study, floods were characterized as natural pulse distur-
bances (Lake 2000). Although we recognize that contam-
inant transport and biological structure and function are
influenced during storms (Resh et al. 1988), the focus of
this research was to address long-term characteristics that
integrate the effects of storms. Base flow discharge in the
study stream is approximately 0.5 L s2! during summer
and fall (Chaffin et al. 2005). Increased flow was classified
as a ‘flood” when discharge exceeded the competent flow
required to move more than 50% of the benthic sediment.
Water velocity required to move a particle of this size was
determined after Gordon et al. (2004), and relationships
between discharge and velocity were established using
a power relationship between the two variables. In this
study, flows exceeding 8 L s2! (i.e., the flow required to
mobilize a particle of 5.6-mm diameter, or approximately
50% of the stream bed) were defined as floods. Scouring of
epilithic algae and sediment was visible after floods of this
magnitude and greater.

The presence of the abandoned As mine was character-
ized as a press disturbance and was analyzed by comparing
reach-scale measures of ecosystem structure and function.
Increasing As concentrations within the mine-influenced
reach were used to assess how a ramp disturbance
influences P uptake, assuming space-for-time substitution.
For this analysis, the mine-influenced reach was separated
into three 30-m subreaches (0-30, 30-60, and 60-90 m)
representing a gradient of increasing As concentration. All
subreaches contained sections of variably open canopy,
although the amount varied. Average As concentration and
measures of v pp, were determined from replicate samples
collected from four preestablished transects (10-m inter-
vals) within each subreach in a similar fashion to the
methods used for prior reach-scale analyses.

Nutrient uptake in streams has been shown to conform
to M-M kinetics (Earl et al. 2006), in which areal uptake
(U) increases asymptotically to a maximum with increasing
nutrient concentration. Because spiraling metrics are
mathematically related, applying the M-M model to U
also dictates how uptake velocity (v) will respond to
increasing nutrient concentration (Earl et al. 2006). v, is
thus described by a nonlinear, hyperbolic decline with
increasing nutrient concentration, thus:

- Umax

where Up.x 5 maximum uptake, K,, 5 half-saturation
constant, and C 5 nutrient concentration (Earl et al. 2006).
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Types and forms of disturbances that are potentially influencing the reference and

mine-influenced reaches at the Brinton Arsenic Mine.

In this study, P concentrations were always at or below
detection limits (bdl 5 5 pug L2!) and thus are represented
as a constant (5 pug L21). Consequently, for a given stream
condition, Upax and v, are constants.

Within the mine-influenced reach, the subreach analysis
of P uptake provided a potential range of v>po, across
a gradient of As concentrations. A M-M model for v/»po,
that takes into account the presence of a competitive
inhibitor (AsO %) was used to assess if AsO ;3 inhibits
microbial P uptake. In the presence of a competitive
inhibitor, K,,, increases by a factor of

1
I+ 5 2
where I 5 concentration of the inhibitor and K; 5 the
dissociation constant for the enzyme-inhibitor complex
(Campbell 1999). The M-M model for v, can then be
adjusted to account for the presence of a competitive
inhibitor:

Umax
K. 1+ Ll v

Vf=

To fit this model, we assumed that the half-saturation
constants for PO, and AsO ;3 were similar (i.e., K,, 5
K;) and that the P concentration was constant (5 ug L21).
Based on these assumptions, vy pp, should decline hyper-
bolically with increasing AsO,* concentration. Model
output (Upax, K,,,) estimates were derived from a nonlinear
fit of Eq. 3 using Sigma Plot 9.0 (Systat Software, 2004).

Statistical analysis—Hydrologic stability was assessed by
comparing the coefficients of variation (CV) for all
hydrologic parameters. The CV for each hydrologic
parameter was determined (n 5 6 for each parameter) in
each reach, and a paired z-test grouped by hydrologic
variable was completed in order to address directional
trends in temporal variability. Sediment sorption charac-
teristics in the reference and mine-influenced reaches were
compared using two-way analysis of variance (ANOVA)
using reach (reference and mine-influenced) and treatment
(live vs. killed) as main effects. The influence of As
concentrations on sediment P sorption capacity was
determined using one-way ANOVA. Physical and chemical
properties, biotic structure, and ecosystem function were
completed using paired ¢-tests. Relationships between
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Characterization of chemical, hydrologic, and organic matter standing stock features of the reference and mine-influenced
reaches at the Brinton Arsenic Mine. p values derived from paired z-tests are given in the final column. Dashes indicate no reach-

scale replication.

Steam reach characteristics Reference reach Mine-influenced reach t,df )4
Chemical characteristics{

Arsenic (As, ug L21) 08 =1 254 + 39 6.50,5 0.001*

PO4-P (ug L21) .5 ) — —

NO;-N (ug L21) 781 = 63 497 = 59 12.7,5 0.001*
Hydrologic characteristics{

Discharge (Q, L s21) 1.7 04 24 * 0.8 2.01,5 0.101

Lateral inflow (Q,,

L s2! m21) 0.004 = 0.001 0.009 = 0.002 2.53,5 0.052
Wetted width (w, m) 0.66 = 0.04 0.74 = 0.06 3.79,5 0.013*
Depth (z, m) 0.05 = 0.01 0.04 = 0.01 2.75,5 0.040*
Stream x.s. area (A4, m?2) 0.03 = 0.01 0.03 = 0.01 2.16,5 0.083
Velocity (1, m s21!) 0.06 = 0.01 0.09 = 0.01 4.65,5 0.006*
Storage zone x.s. area

(4,, m2) 0.05 = 0.01 0.03 = 0.01 2.10,5 0.090
Exchange coefficient (o, s21) 0.0005 = 0.0001 0.0008 = 0.0003 1.15,5 0.302
Normalized transient storage

zone area (A,/A, m2 m22){ 1.72 + 0.03 1.56 = 0.08 0.40,5 0.704
F19 (9%){ 40.6 £ 0.20 24.6 = 0.40 3.48,5 0.018*

Physical characteristics
Mean particle size Jul 2004

(mm) 4 4 — —
Mean particle size Dec 2004

(mm) 4 12 — —
Insolation (%){ 4.34 10.92 — —
Temperature (UC){ 114 =22 122 2.5 1.91,5 0.114

Organic matter standing stocks
Wood mass (kg m22) 0.85 0.82 — —
Wood dam frequency (No.

per 100 m) 8.33 3.33 — —
Chlorophyll ¢ (mg m=22)8§ 0.15 = 0.96 1.52 = 1.32 1.12,4 0.326
Epilithic OM (g m22)8§ 0.17 = 0.03 1.22 = 0.80 1.34.4 0.250
FBOM (g m22)8§ 68 = 13 37 £ 80 2.65,4 0.057
CPOM (g m22)8§ 116.6 = 35.50 54.0 = 13.8 2.344 0.079

{ Data are mean = SE for six reach averages from July-December 2004.

{ Mean and SE were calculated on square-root transformed data; tabular values were back-transformed.
§ Data are mean * SE for five reach average values from August-December 2004. OM, organic matter; FBOM, fine benthic organic matter; CPOM,

coarse particulate organic matter.
*p o, 0.05.

structure, function, and responses to disturbance were
assessed using linear regression models. Comparisons of
regression parameter estimates between reaches were
completed by assessing the interaction term between
variables. SAS (version 9.1, SAS Institute) was used for
all statistical analyses.

Results

Chemical, physical, and hydrogeomorphic characteris-
tics—Across all sampling dates, average As concentration
within the reference reach was 8 ug L2! (Table 1), with
little spatial variation along the reach (3-26 ug L21;
Fig. 3). Average As concentrations in the mine-influenced
reach were more than 30 times the reference values
(Table 1) and increased dramatically along the reach
(Fig. 3). Average NO3-N concentrations were generally
- 500 pg L2! in both reaches and were significantly higher

in the reference reach (r 5 12.7,df 5 5, p , 0.001; Table 1).
A preliminary nutrient injection indicated that there was no
significant NO3-N uptake in either reach, In contrast to the
relatively high NO3-N concentrations, P was at or below
detection limits (,5 ug L21) throughout the study (Ta-
ble 1).

Insolation was relatively constant in the reference reach,
averaging , 5% incident light. Insolation values at the head
and base of the mine-influenced reach were similar to
values in the reference reach ( 5%), where canopy cover
existed. However, adjacent to the sparsely vegetated
tailings, insolation increased to over 80% of incident light.

At the beginning of the study, no major differences in
stream sediment particle size distribution were observed
between reaches. Over the period of the study, median
particle size did not change significantly within the
reference reach, and proportions of particles within size
classes remained relatively constant. However, in the mine-
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Ecosystem respiration, phosphorus uptake, and sediment assays in the reference and mine-influenced reaches at Brinton

Arsenic Mine.

Mine-influenced

Stream reach characteristics Reference reach reach t,df p
Ecosystem metabolism{
Ecosystem respiration (R, g O, m22 d21) 44 + 04 33+0.5 1.90,5 0.116
Phosphorus uptake metrics{
Uptake velocity ( vz2pp,, mm s21) 0.027 = 0.004 0.027 = 0.003 0.27,5 0.796
Sediment sorption characteristics$
50 pug L2! enrichment (mg m22 h21) 9+0 11 = 00 2.71,29 0.011%*

{ Data are mean * SE for five reach averages from August-December 2004. p values derived from paired z-tests given in the final column.
{ Data are mean = SE for six reach averages from July-December 2004. p values derived from paired -tests given in the final column.
8 Data are mean = SE of both live and killed sediment assays from the reference and mine-influenced reaches. p values derived from ¢-tests given in the

final column.
*p 5 0.05.

averaged 11 mg m=22 h2! and were not significantly
different (F;7 S 0.40, p S 0.533) between treatments at
spiking concentrations similar to those created by P
additions to the stream. ‘Live’ and ‘killed’ sorption capacity
estimates were therefore combined to characterize each
reach. Sediment from the mine-influenced reach had
significantly greater potential to sorb P (r 5 2.71, df 5
29, p 5 0.011; Table 2), and by extrapolation, sediment
uptake in either reach could result in P uptake in the range
of 9-11 mg m=22 h21,

Within the mine-influenced reach, sediment sorption
characteristics varied across a range of As concentrations
(Fop0 5 3.61, p 5 0.046). No significant differences
(Tukey’s honestly significantly different [HSD] 7../icar S
2.09,df 5 20, p - 0.05) were observed between the sorption
capacity of sediments from near the head (263 ug L2! As)
and at the base (2,822 ug L2! As) of the mine-influenced
reach. Sediment from the middle region (823 ug L21) of the
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Fig. 5. Hyperbolic relationship between phosphorus uptake

efficiency (v/2po,, mm s2!) and mean arsenic (As, ug L2!) in the
mine-influenced reach at the Brinton Arsenic Mine (R2 5 0.86, p
» 0.001, n 5 15). Values of v>pp, and mean As concentrations
were calculated from 30-m subreaches representing low, medium,
and high As concentrations. Estimates of M-M parameters from
Eq. 3 were Upax 5 31 mg m22 h2! and K, 5 113 pg L21.

mine-influenced reach had significantly lower (Tukey’s
HSD ¢.iica1 5 2.09, df 5 20, p , 0.05) P sorption potential.

Ecosystem metabolism and P retention—No detectable
GPP was observed throughout the study in either reach. R
varied from 1.3 to 5.6 g O, m22 d2! and was not
significantly different (+ 5 1.90, df 5 5, p 5 0.116; Table 2)
between reaches or correlated to standing stocks of CPOM,
FBOM, or Chl a (p - 0.05).

Mean v/ po, for each reach was identical (0.027 mm s21;
Table 2). v pp, increased with decreasing relative storage
zone (AJA, r'5 20.70; p 5 0.011, n 5 12) and F)%(r 5
20.68; p 5 0.015, n 5 12) and did not significantly
correlate with the mean storage residence time. vi>po, Was
also positively related to CPOM standing crops in the
reference (R25 0.91, p 50.013, n 5 5) and mine-influenced
(R2 5078, p 5 0.046, n 5 5) reaches. Relationships
between CPOM and v»pp, for each reach did not differ
from each other (p - 0.05). Regression models, including
both CPOM and DPF, explained 99% of the variance in
Vvr2po, in the mine-influenced reach (R 5 0.989, p 5 0.023,
n 5 95), while DPF did not significantly add explanatory
power to the regression model in the reference reach. No
significant relationships were observed between v/>pp, and
other standing stock estimates.

P uptake also varied as a function of As concentration.
Average As concentrations within 30-m subreaches of the
mine-influenced reach ranged from 25 to 625 ug L21
(Fig. 3). However, across the sampling period (six dates),
As concentrations varied within the stream as a function of
groundwater discharge (Brown 2006), and, consequently,
subreach As concentrations varied such that overlap was
observed between the mid- and high—-As concentration
subreaches (Fig. 5). Values of v/ pp, calculated for the 30-
m subreaches ranged from 0.009 to 0.091 mm s2!. At high
As concentrations, v pp, wWas always low; similarly, at low
As concentrations, vmpo, was generally high. Overall,
a hyperbolic model best explained (i.e., greatest r2) the
relationship between vyand As in the mine-influenced reach
(R250.86, p , 0.001, n 5 15; Fig. 5). Model estimates of
M-M parameters from Eq. 3 were Uy.x 5 31 mg m22 h21
and K, 5 113 ug L21,






