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Abstract

Riparian spiders are being used increasingly to track spatial patterns of contaminants in and
fluxing from aquatic ecosystems. However, our understanding of the circumstances under which
spiders are effective sentinels of aquatic pollution is limited. The present study tests the hypothesis
that riparian spiders may be effectively used to track spatial patterns of sediment pollution by
polychlorinated biphenyls (PCBs) in aquatic ecosystems with high habitat heterogeneity. The
spatial pattern of ZPCB concentrations in 2 common families of riparian spiders sampled in 2011
to 2013 generally tracked spatial variation in sediment ZPCBs across all sites within the
Manistique River Great Lakes Area of Concern (AOC), a rivermouth ecosystem located on the
south shore of the Upper Peninsula, Manistique (MI, USA) that includes harbor, river, backwater,
and lake habitats. Sediment ZPCB concentrations normalized for total organic carbon explained
41% of the variation in lipid-normalized spider ZPCB concentrations across 11 sites. Furthermore,
2 common riparian spider taxa (Araneidae and Tetragnathidae) were highly correlated (r? > 0.78)
and had similar mean ZPCB concentrations when averaged across all years. The results indicate
that riparian spiders may be useful sentinels of relative PCB availability to aquatic and riparian
food webs in heterogeneous aquatic ecosystems like rivermouths where habitat and contaminant
variability may make the use of aquatic taxa less effective. Furthermore, the present approach
appears robust to heterogeneity in shoreline development and riparian vegetation that support
different families of large web-building spiders. Environ Toxicol Chem 2017;36:1278-1286.
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INTRODUCTION

Understanding patterns and drivers of contaminant uptake by biological organisms is an
important goal of biomonitoring and a requisite starting point for evaluating remedy
effectiveness in impacted aquatic environments 1, 2. So-called sentinel organisms (also
called biomonitors) that accumulate pollutants in their tissues without large toxic effects can
be used to track spatial patterns of contaminant bioavailability 3-5 if they meet certain
requirements. Potential sentinel organisms should be ubiquitous, abundant, and easily
sampled, and they should also predictably accumulate contaminants of interest 3, 5.
However, naturally occurring aquatic taxa that meet these requirements can be rare,
especially in ecosystems that encompass a diverse array of habitats like large rivermouths
and estuaries 6 where it can be difficult to find taxa that are abundant throughout. In such
cases, riparian consumers of aquatic prey may prove useful alternatives to aquatic sentinel
organisms because their distributions may be less likely to be constrained by variation in
aquatic habitat 7-9, while individuals may reasonably represent local aquatic conditions
(e.g., some spiders on webs 2). Furthermore, using riparian taxa to monitor aquatic pollution
can provide the additional benefit of indicating potential impacts of aquatic contaminants on
terrestrial ecosystems (e.g., spiders 2, 6, 10, 11, nestling birds 12, 13, and turtle eggs 14),
which can occur even at trace concentrations 15.

Rivermouth ecosystems, defined as the mixing zone that occurs at the confluence of riverine
and lentic ecosystems 6, encompass a mosaic of habitats including upstream river valleys,
depositional receiving basins, associated wetlands, and nearshore lake regions that are
important for regional biota, fish production, recreation, storm protection, sediment
regulation, and aesthetics 6. Despite, or perhaps because of, their ecological and economic
importance, these systems are also often hotspots of contaminant bioaccumulation 6. For
example, in the Great Lakes region of North America, cities and industrial development are
concentrated near rivermouths, which also receive polluted water and sediment from
upstream. As a result, most of the International Joint Commission—designated Areas of
Concern (AOCs) in the Great Lakes region are in rivermouths 16, 17. The AOCs are
locations that have experienced environmental degradation, primarily in the form of
contamination of water, sediments, and associated ecosystems by toxic chemicals such as
metals and polychlorinated biphenyls (PCBs) 17. Polychlorinated biphenyls are
bioaccumulative, persistent organic contaminants that can magnify up the food chain and
have cellular, reproductive, and population-level impacts on higher order predators 9, 13,
18-21. Thus, understanding contaminant uptake into biota in rivermouth ecosystems is
important for their effective management, but identifying relevant sentinels is challenging
because of high aquatic habitat heterogeneity and contaminant patchiness. Challenges
related to this heterogeneity can include 1) mismatches between the size of the contaminated
area and home ranges of other aquatic species, such as resident fishes; 2) difficulties in
finding aquatic species that occur across different habitat types; and 3) difficulties in
sampling aquatic organisms in deep water (e.g., >5 m deep).
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Sentinels have a long history of being used to monitor uptake of aquatic contaminants in
polluted ecosystems. Bivalves, especially mussels, are some of the most commonly used
aquatic taxa in biomonitoring (e.g., Mussel Watch programs 22) because of their global
distribution and their tendency to accumulate a suite of contaminants from the environment
23-25. Fish and some non-mollusk aquatic invertebrates are also commonly used as
sentinels 5, 26, 27. Despite the importance of these groups for monitoring contaminant
uptake in biota, each one has potential drawbacks when used to estimate spatial patterns of
contaminant concentrations across habitat types. For example, mussels can grow on hard and
soft substrates, but are not widely distributed in some habitats (e.g., tidal flats and soft
sediments experiencing high disturbance rates 25, 28). Macroinvertebrate distribution is also
often reflective of habitat type 29, 30, although some are widely distributed (e.g.,
chironomid midges 31, 32) and can track environmental concentrations of some
contaminants 33, 34. Fish, on the other hand, are less restricted by substrate and habitat type,
but their mobility can make pinpointing sources of contaminant uptake difficult (unless they
are caged, which presents other limitations 35).

Riparian consumers can provide useful and complementary information regarding aquatic
contaminant uptake and availability to biota in aquatic and nearby terrestrial ecosystems 14,
19, 36-38. Riparian orb-weaving spiders in particular have been increasingly used in this
capacity because they can consume mostly aquatic prey (45-100% of the diet for horizontal
web-builders in small streams and rivers 39-41), are relatively sedentary, are easily sampled,
may represent an exposure pathway for higher order predators, and are found in riparian
areas adjacent to multiple aquatic habitats on natural and man-made riparian structures 11,
38, 42. Specifically, concentrations of some metals, nonmetal elements, and organic
contaminants in riparian spiders that rely heavily on aquatic insect prey have been found to
reflect aquatic pollution levels in or contaminant flux from streams, rivers, and ponds 2, 10,
43, 44. Riparian sentinels may be particularly effective at tracking some mainly softer metals
(Hg, Se, Cd, As) and relatively hydrophobic organic contaminants (log octanol-water
coefficient [ Kow] of ~6-8) such as PCBs because these chemicals biomagnify in consumers
and are retained in the bodies of adult insect prey through metamorphosis 10, 43, 45-47.

The Manistique River and Harbor (M1, USA) AOC (hereafter referred to as the Manistique
River AOC) is a US Environmental Protection Agency (USEPA) listed rivermouth
ecosystem adjacent to Lake Michigan. The site, contaminated with high levels of PCBs from
industrial sources, includes approximately 2.8 km of the Manistique River and Harbor as
well as adjacent backwater habitats. In the present study we tested the hypothesis that
riparian spiders may be used to track spatial patterns of sediment pollution by PCBs
throughout the Manistique River AOC to determine whether spiders may be employed as
sentinels of aquatic contamination and contaminant flux to terrestrial food webs in aquatic
ecosystems with high habitat heterogeneity (i.e., rivermouth ecosystems). Specifically, we
compared PCB contamination of sediments from 11 sites within and adjacent to the AOC
across 4 habitat types (river channel, backwater, harbor, and lake shore) with tissue
concentrations in 2 families of riparian spider over 3 yr (2011-2013).
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METHODS

Study area background

The Manistique area has a long history of industrial pollution dating back to the mid-19th
century when sawmills deposited an estimated 4.5 x 10° t of sawdust and woodchips into
waters around Manistique 48. In 1959, Manistique Papers began de-inking wastepaper at the
site, leaching PCBs into the sediment and waters surrounding the mill 49. Despite a number
of remediation actions (e.g., dredging 49), areas of high sediment PCB concentrations are
still patchily distributed throughout the AOC. Concentrations of PCBs in fish tissues are also
higher than those at nearby reference sites 50. Because of ongoing PCB contamination, 2
beneficial use impairments remain in effect as of 2016: restriction on fish consumption and
restriction on dredging 17.

Study area background

To test the effectiveness of riparian spiders as sentinels of AOC-wide sediment pollution, we
sampled surface sediment and riparian spiders from 11 sites within and around the
Manistique River AOC during the early fall of 2011 and summer of 2012 and 2013 (20-23
September 2011, 12-18 July 2012, and 23-28 July 2013; Figure 1 and Supplemental Data,
Table S2). Sites were selected to characterize the wide range of physical habitat conditions,
water chemistry, and PCB contamination levels present in the AOC. Sites included river sites
(sites 2, 6, and 7) along the mainstem, backwater sites (sites 3, 4, and 5) known to have
ongoing high and patchy sediment PCB concentrations 50, and harbor sites (sites 8 and 9)
on the eastern and western edges of the harbor and on 1 of the jetties at the river mouth (site
11). One lake site (site 10) was located on the shore of Lake Michigan just west of the
harbor outside the AOC boundaries in an area that historically received sawdust from the
river, and a reference site (site 1) was located just outside of the AOC in the Manistique
River approximately 2.8 km upstream of the mouth above a dam. The backwater sites were
the most distinct biogeochemically (Supplemental Data, Table S3 and Figure S1). Riparian
habitats at the sites ranged from a mixture of vegetation and developed structures such as
docks (river sites) to mature trees and dense vegetation (backwater sites), large boulders
making up the constructed harbor walls (harbor sites), and sandy beach/dune grass (lake site;
Figure 1).

Sediment and spider sampling

To sample sediments and spiders at fairly narrow riverine sites (from ~20-80 m wide), we
established 1 transect running perpendicular to the river flow across the width of the channel
and including the shoreline at each site (Supplemental Data, Figure S2). Transects were
haphazardly placed within each habitat type, except for backwater sites, where transects
were located in the middle of the site and 1 jetty where the entire length was sampled. We
collected 4 sediment samples along each transect at 20%, 40%, 60%, and 80% of the
transect width to capture environmental PCB exposure of potential insect prey to near-shore
web-building spiders. We collected web-building spiders from 50-m shoreline zones
upstream and downstream of the point where each transect intersected the right and left
shorelines (n7= 4 zones per site). At harbor and lake sites, which are relatively vast compared
with riverine sites, the sampling design was similar except sediment transects ran for 200 m
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parallel to the shore. These transects were placed as close to the shoreline as possible to
safely sample via boat (i.e., ~10-100 m depending on site bathymetry), and this is the area
of aquatic habitat that we expected would supply the majority of aquatic insects reaching
shoreline spiders. Sediment samples from the reference site were collected only in 2011, and
spider samples only in 2011 and 2012, because of high water and unsafe conditions in 2012
and 2013.

We collected surface sediments using a core sampler (Watermark Core Sampler, Forestry
Suppliers) to at least 30-cm depth (core tube diameter = 6.8 cm). Only the top 15 cm of the
core sample was retained, and a subsample was collected in a 250-mL USEPA-certified
clean, amber glass jar with a Teflon-lined cap. Riparian spiders were sampled by hand at
night using headlamps. Sampling was generally limited to habitats overhanging the water
surface and up to 2 m inland from the shoreline; the exception was at the lake site (site 10)
where sampling included an approximately 30-m swath of dune grass extending inland from
the high water line because 1) this swath of habitat was relatively homogeneous and did not
provide an obvious transition from water to shoreline vegetation that is typically seen along
temperate rivers (e.g., forested riparian vegetation); 2) spider biomass was relatively low in
beach grass, so we had to expand our sampling zone to collect sufficient spider biomass for
chemical analysis; and 3) we observed aquatic insects (e.g., midges) throughout the beach
grass habitats, giving us confidence that the spiders living within this habitat could be
exposed to sediment contamination via consumption of adult aquatic insects, similar to those
at river sites. Two families of orb-weaving spiders, Tetragnathidae and Araneidae, were
collected within each zone at each site.

Tetragnathids found in riparian zones specialize in the consumption of aquatic insects that
they catch in weak, horizontal orb webs 51-53. Araneids are generally distributed from
riparian to upland habitats and build stronger, vertical orb webs in which they catch both
aquatic and terrestrial insects 51, 54. We collected 4 replicate spider samples (i.e., ~20
individual spiders from each of 4 zones) of each taxon at each site; variable spider
abundance reduced this number in some years/sites (Supplemental Data, Figure S3).
Sediment and spider samples were immediately placed on ice, transferred to a —20 °C
freezer at the end of each sampling day, and then shipped overnight for analysis.

Chemical analysis of sediments and tissues

Sediment and tissue (spider) samples were extracted and analyzed for PCB congeners,
which were summed to give a measure of total PCB (3 PCB). Briefly, analysis was by gas
chromatography/mass spectrometry, following USEPA methods 1668A 55 and SW846
8270D 56. Logistical constraints required moving to a new laboratory for chemical analysis
after 2011. High-resolution mass spectrometry (ALS Environmental) was used to analyze
2011 samples, while low-resolution mass spectrometry (Battelle Memorial Institute) was
used to analyze 2012 to 2013 samples, resulting in some differences in detection limits and
in numbers of congeners analyzed between 2011 versus 2012 to 2013 (Supplemental Data,
Table S4). Nonetheless, concentrations measured in 2011 and 2012 to 2013, respectively, are
generally comparable 57, 58. Lipids (as total extractable organics) in tissue samples were
measured using the gravimetric method and reported as percentage of lipids on a wet weight
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basis. Low mass of tetragnathid samples in 2011 prevented lipid content analysis of these
samples. Total organic carbon (TOC) content in sediment samples was analyzed according
to USEPA SW846 method 9060A 59 and reported as percentage of carbon on a dry weight
basis. Details of sample extraction, analysis, and quality control procedures are provided in
the Supplemental Data. All ZPCB concentrations are reported to 2 significant digits to
reflect the relative precision of this analysis (12% average relative percentage difference in
2PCB concentration between laboratory duplicate samples, /7= 15 pairs), but raw data were
used for statistical analyses.

Data analysis

RESULTS

The ZPCB concentration was calculated as the sum of the concentrations of all measured
congeners above the detection limit. This approach to censored data (i.e., substituting a
concentration of 0 for nondetects) is commonly used by studies summing concentrations
across a large number of analytes 60-62. We investigated several lines of evidence
confirming that this treatment of nondetects was appropriate for our dataset (Supplemental
Data). Although for a majority of samples, the influence of nondetect results was negligible,
low biomass (<1 g) of some spider samples resulted in relatively high detection limits and
fewer detections for these samples with the low-resolution mass spectrometry analysis used
in 2012 to 2013 (Supplemental Data, Table S5). However, after controlling for site means,
no evidence was uncovered to indicate that the ZPCB of 2012 to 2013 spider samples was
related to sample biomass (#1108 = 1.08, p= 0.30; see Supplemental Data), suggesting that
any influence of sample biomass on measured “PCB was weak relative to the importance of
variation among sites. Linear regression analysis was used to investigate relationships
among sediment and spider ZPCB concentrations across sites; ZPCB concentrations were
log-transformed prior to regression analysis to improve normality and homogeneity of
variance. All analyses were conducted using R statistical computing software 63. The
significance level was set at @ < 0.05. Normalizations (TOC-normalized and lipid-
normalized ZPCB concentrations for sediment and tissue samples, respectively) were
applied to reduce variation in PCB concentrations that are due to variation in TOC and lipid
content among samples rather than to environmental exposures themselves, and were always
calculated for individual samples prior to calculating site means. Nondetects for ZPCB in an
individual sample were included as 0s in calculation of site means; nondetects for TOC were
assigned a value of %2 the method detection limit (i.e., 0.01% organic carbon).

PCB contamination in sediments

Averaged across 3 yr of sampling, grand mean ZPCB concentrations measured in sediments
at each site during the present study spanned 4 orders of magnitude, ranging from 0.87 ng g
~1 dry weight at the reference site to 8200 ng g1 at site 5 (Table 1). Within each sample
year, annual site mean sediment ZPCB concentrations at backwater sites 3 and 5 were
consistently 1 to 3 orders of magnitude higher than at other sites (site 3: grand mean = 7300,
annual range = 4900-11 000 ng g~ dry wt; site 5: grand mean = 8200, annual range =
5800-9600 ng g1 dry wt), with the exceptions of harbor site 9 and backwater site 4, which
were within the same order of magnitude (Table 1 and Supplemental Data, Table S6 and
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Figure S3). The reference site had the lowest mean ZPCB sediment concentration (0.87 ng g
~1 dry wt), and low ZPCB concentrations (typically < 20 ng g~1 dry wt) were also found at
lake site 10 and river sites 2 and 6 (Table 1 and Supplemental Data, Table S6 and Figure S3).
Within sites, the concentrations of individual sediment samples often differed by as much as
1 to 3 orders of magnitude (sites 3-9; Supplemental Data, Table S5).

Mean percentage of TOC in sediment was consistently highest (>5%) at the 3 backwater
sites where plant detritus and sawdust/wood chips inputs dominate. Harbor site 9 was also
high (>2% organic carbon); elsewhere, TOC was almost always <1% (Table 1 and
Supplemental Data, Table S6). Spatial patterns in in TOC-normalized PCB concentrations
in sediment were generally similar to those for dry weight concentrations, with the highest
ZPCBoc levels in backwater and harbor sites, although normalization decreased the PCB
sediment concentrations of backwater site 5 (high TOC) and increased them for harbor sites
7 and 8 (low TOC) as well as 9 (moderate TOC) relative to the other sites (Table 1 and
Figure 1). The TOC-normalized ZPCB concentration at the reference site (200 ng g2
organic carbon in 2011) was almost 1 order of magnitude less than the next lowest site (1500
ng g1 organic carbon at site 10 in 2011).

PCB contamination in riparian spiders

Grand mean ZPCB concentrations measured in riparian spiders at each site ranged from 3.0
ng g1 in araneids at the reference site (site 1) to 270 ng g1 wet weight in tetragnathids at
backwater site 5 (Table 2 and Supplemental Data, Tables S7 and S8, and Figure S3). Within
sites, measured concentrations of individual samples were generally within 1 order of
magnitude, with the exceptions of site 4 (range = 4.2-200 ng g™1) and site 8 (range = 37—
550 ng g~1; Supplemental Data, Table S5; sites 1, 2, 4, and 6 all had at least 1 nondetected
value for spider samples). Within each sample year, the variation in annual mean ZPCB
concentrations among sites was lower for spider samples (mean coefficient of variation [CV]
= 0.82) than for sediment samples (mean CV/= 1.8), and patterns in relative concentration
among sites were less consistent from year to year (Supplemental Data, Tables S7 and S8,
and Figures S3 and S4); nonetheless, the spatial pattern of ZPCB concentrations in spiders
generally tracked spatial variation in sediment ZPCB levels (Figure 2). Across all years,
spider ZPCB concentrations were significantly and positively related to sediment ZPCB
concentrations. The TOC-normalized sediment PCB concentrations explained 41% of the
variation in lipid-normalized spider ZPCB concentrations (r2 = 0.41, p< 0.001, Figure 2;
for spider wet wt: 72 = 0.36, p< 0.001, log(Spid.ZPCBy,) = 0.34 x log(Sed.ZPCBToc) +
0.50; not shown). Mean ZPCB concentrations in both spider taxa tended to be relatively high
(>100 ng g~ wet wt) at backwater sites 5 and 3; averaged across the 3 yr of sampling, site 5
had the highest spider concentrations relative to all other sites (Table 2). However, spider
2PCB concentrations at harbor sites 8 and 9 were on average as high as those found at the
highly contaminated backwater sites (Supplemental Data, Figure S4). Concentrations at river
sites (sites 2, 6, and 7) were typically lower than those in backwater and harbor sites, and the
lowest concentrations were found at the reference site (site 1) and the lake site (site 10),
which were located outside of the AOC borders (Table 2).
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Annual site mean ZPCB concentrations in araneids and in tetragnathids were highly
correlated among sites within each year of sampling (/2= 0.96, 0.78, and 0.94 in 2011,
2012, and 2013, respectively; all correlations were significant at p < 0.01; Figure 3). With
data points from all years combined, the regression line (/2= 0.67; p<< 0.001) closely
approaches 1:1 (95% confidence interval for regression slope [0.63, 1.2]; Figure 3).

The mean lipid concentration of spider samples was fairly consistent, ranging from 1.4%
(araneids at site 1 in 2012) to 9.8% (tetragnathids at site 5 in 2012), with no strong patterns
in lipid concentration among sites or between families (Table 2; see also Supplemental Data,
Tables S7 and S8). Spatial patterns in lipid-normalized XPCB data were very similar to those
for wet-weight concentrations, although normalization increased the PCB concentrations at
site 3 in araneids (low percentage of lipid) relative to other sites.

DISCUSSION

Riparian spiders are increasingly being used to track spatial patterns of contaminant uptake
in aquatic and nearby terrestrial ecosystems (Supplemental Data, Table S1). However, our
understanding of situations in which spiders may be used as effective sentinels of aquatic
pollution is limited. In the present study we found that riparian spiders may be good
sentinels for reflecting spatial patterns of sediment PCB contamination in heterogeneous
aquatic ecosystems where it can be difficult to find representative aquatic taxa that are
abundant across all habitat types. Specifically, we found that the spatial pattern of XPCB
concentration in spiders generally tracked spatial variation in sediment ZPCBs among sites
at the Manistique River AOC, and that 2 common riparian spider taxa (Araneidae and
Tetragnathidae) had similar mean ZPCB concentrations when averaged across all years.
Harbor sites (8 and 9) showed the least congruence between mean spider and sediment PCB
concentrations: PCB concentrations in spiders were high relative to sediments compared
with other sites. Higher adult aquatic insect production from large lentic systems 64 could
result in higher PCB transfer from sediment to spiders at these sites.

In river systems draining to marine or lake environments, both human development and
sediment contamination are often concentrated near estuaries and rivermouths 6. These
dynamic ecological systems are typically characterized by a complex mosaic of habitat types
that vary in biogeochemistry, geomorphology, and shoreline habitats, often within a
relatively small spatial area. These features complicate the use of aquatic sentinels for
assessing risks from contamination. However, despite considerable heterogeneity in aquatic
and riparian habitats, we found that riparian spiders performed reasonably well in
identifying locations within the Manistique River AOC where exposures to fish and wildlife
are likely to be highest. The spatial patterns in spider concentrations consistently reflected
both highly contaminated hot spots and relatively uncontaminated sites in the sediment.
However, the explanatory power of sediment concentration levels relative to spider
concentrations was lower (41%) than has been demonstrated previously in other systems.
For example, in the Twelve Mile Creek arm of Lake Hartwell (SC, USA), sediment *PCB
concentrations explained 52% and 89% of the variation in lipid-normalized ZPCB
concentrations in araneids and tetragnathids, respectively. (One species of araneid analyzed
separately [Mecynogea lemniscata] had a lipid-normalized /= 0.69 1). Furthermore, methyl
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mercury (MeHg) flux from small ponds in small adult aquatic insects was also strongly
correlated (r2 = 0.74) with MeHg concentrations in tetragnathids 44.

For riparian consumers to be used as sentinels of aquatic contamination, several conditions
must be met: 1) changes in contaminant concentrations in water or sediment must be
reflected by changes in concentrations in larval insects; 2) concentrations in larval insects
must be reflected in adult aquatic insects; and 3) adult aquatic insects must be reflected in
riparian consumers 2. In the case of the present study, the weaker statistical relationship
between sediments and spiders at the Manistique River AOC compared with a lake
ecosystem (Lake Hartwell) may be partially explained by a potential disconnect between
local insect and sediment PCB concentrations as a result of relatively high spatial
heterogeneity in sediment contamination levels (patchiness) within sites and possible
dispersal of adult insects from areas of highly disparate “PCB sediment concentrations for
some sites (e.g., harbor). Sediment concentrations at Lake Hartwell are more gradual (fairly
predictable, gradual change in sediment concentrations along a longitudinal gradient),
whereas sediment concentrations at Manistique are patchy and vary by orders of magnitude
over relatively small spatial scales (10s of meters). Furthermore, variation in riparian habitat
composition among sites in our system may have affected bioaccumulation of contaminants
in some riparian spiders by altering the availability/adequacy of web-building structures,
which presumably allow more efficient capture and assimilation of aquatic insect prey 7.

The riparian spiders we sampled were ubiquitous, inhabiting variable shoreline habitats that
ranged from tree limbs to jetty boulders. However, there were some differences among the
spider taxa in terms of their distribution: tetragnathids were more likely to be found on
riparian vegetation overhanging or near the water, whereas araneids were more likely to be
found on man-made structures such as bridges and bulkheads. Thus, collection of both taxa
was required to achieve good spatial coverage throughout the Manistique River AOC. The
combined use of both taxa as interchangeable sentinels was supported by their comparable
contaminant concentrations and spatial patterns: ZPCB concentrations measured across sites
in araneid and tetragnathid spiders were closely correlated to each other within each year,
with a relationship approaching 1:1 for all years together. However, comparing contaminant
accumulation data from different taxa can be problematic 5, and araneids and tetragnathids
do not always show a 1:1 relationship in terms of PCB accumulation, although they are still
well correlated: Walters et al. 2 found that ZPCB concentrations in araneids at Lake Hartwell
were consistently approximately twice as high as tetragnathids, perhaps because of dietary
differences. This variability among study sites suggests that the relationship between *PCB
concentrations of araneids and tetragnathids may need to be evaluated for each site to
determine comparability of these taxa for monitoring aquatic contamination. Further
investigation into the physiological and ecological processes determining the extent of
bioaccumulation in these spiders is needed.

In general, factors that affect riparian spider diet and contaminant burden in adult aquatic
insect prey can independently and interactively alter the transfer of aquatic contaminants to
riparian spiders. For example, ponds with fish showed lower aquatic insect emergence and
Hg concentrations in spiders 44, but Hg transfer to riparian spiders by aquatic insects can
also be affected by aquatic habitat characteristics (e.g., dissolved organic carbon content 65
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and habitat type 66). Contaminant transfer can also be modulated by insect metamorphosis
10, 46 and distance of spiders from the shoreline 67-69. Even among web-building riparian
spiders, aquatic insects in the diet can vary with web structure and seasonal changes in insect
availability (e.g., 52-90% of the diet was aquatic for horizontal orb-weavers but <1-10% of
the diet was found for vertical web-builders 40; similar numbers are seen in Akamatsu and
Toda 39), although presumably for spiders on man-made structures near productive aquatic
systems the aquatic contributions would be higher 42. Thus, using riparian organisms as
sentinels of aquatic pollution requires consideration of these conditions and others, including
spatial heterogeneity of contaminants, when assessing whether riparian spiders are a good
choice of sentinel of aquatic pollutants in a given system.

In terms of direct threats to wildlife, the PCB concentrations reported in the present study
are relatively low compared with another highly contaminated area, the Lake Hartwell
Superfund site 2. With the exception of 1 of our sites (530 ng/g for tetragnathids at site 5, in
2013), in most sites, mean spider Y PCB concentrations in the Manistique River AOC (<370
ng/g) were equivalent to or less than the lowest site mean values reported in riparian araneid
and tetragnathids at Lake Hartwell (349 ng/g and 320 ng/g, respectively 2). However, 3
spider samples from our study did show ZPCB concentrations that exceeded a modeled
wildlife value for the protection of avian spider predators (>529 ng g~* wet wt, for 12-d-old
chickadees 2).

Management implications

The present study at the Manistique River AOC provides an example of how riparian spiders
may be used to affirm and inform management decisions in contaminated rivermouth
systems. First, our results confirm that the boundaries of the AOC encompass the most
contaminated sites: ZPCB concentrations in spider samples collected outside the borders of
the AOC were relatively lower than within AOC sites, matching the pattern seen in sediment
samples. Second, within the AOC boundaries, contamination levels in spiders identify hot
spot locations of contamination risk for targeted remediation actions (such as capping or
dredging 58), which are often costly. Although these locations are often identified based on
bulk sediment data, spider concentrations reflect PCBs bioavailibility to both aquatic and
terrestrial biota and may be more easily/inexpensively sampled than sediment or some
aquatic taxa. Finally, concentrations detected in riparian spiders during the present study
could serve as baseline data for monitoring the effectiveness of any future remedial actions.
If such actions are successful at reducing the bioavailability of contaminants to fish and
wildlife, this should be reflected in lower tissue concentrations of riparian spiders.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Manistique River and Harbor Area of Concern (AOC). Map background shows an overview

of the study area at the mouth of the Manistique River, with the locations of sampling sites
and other features of interest; sampling sites are shown as colored symbols representing the
annual site mean total organic carbon-normalized total polychlorinated biphenyl (ZPCB)
concentration in sediments averaged over 3 yr of sampling (2011-2013), that is, the grand
means. The green outline indicates the designated AOC boundary. Photos show examples of
the major riparian habitat types present in or near the AOC that were sampled in the present
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study: river (A), backwater (B), harbor (C), and lake shore (D). Map data: Google, Digital
Globe, Landsat, USDA Farm Service Agency; software: Kahle and Wickham 70. Photo
credit: D. Walters.
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Figure 2.
Relationship between annual site mean total organic carbon (TOC)-normalized total

polychlorinated biphenyl (XPCB) concentrations in sediments and lipid-normalized *PCB
concentrations in spiders, across all sampling sites and across all years (2011-2013). The
plot shows raw data values (with log-scaled axes), but the regression equation describes the
relationship for log-transformed data. An extra circle around a point symbol indicates data
from the reference site (site 1). Annual site mean concentrations of zero (i.e., where no
PCBs were detected in any sample from the site) are excluded from the analysis; these data
points are shown as gray triangles resting on the axis. Spid. = spider; Sed. = sediment.
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Figure 3.
Relationships between annual site mean total polychlorinated biphenyl (ZPCB)

concentrations in 2 major riparian spider taxa across sites at Manistique River Area of
Concern in 2011 to 2013. Note that although the plot shows raw data values on log-scaled
axes, the regression equations describe relationships for log-transformed data. An equivalent
figure with untransformed axes is provided in the Supplemental Data (Figure S5). For all
regressions, p< 0.005. An extra circle around a point symbol indicates data from the
reference site (site 1). Annual site mean concentrations of zero (i.e., where no PCBs were
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detected in any sample from the site) are excluded from the analysis; these data points are
shown as gray circles resting on the axes. Tet = tetragnathid; Ara = araneid.
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Grand means + standard deviation, (#) at each sampling site of total polychlorinated biphenyl (XPCB)

Table 1.

Page 20

concentration, % total organic carbon (TOC), and ZPCB concentration normalized to TOC content in sediment

samples from Manistique River Area of Concern across 2011, 2012, and 20137

© 0 N o o B W N P W;m
§

=
o

11

Sediment
ZPCB (ng g™t dry wt)
0.87, (1)
10£5.6, (3)
7300 + 3300, (3)
1100 350, (3)
8200 + 2100, (3)
27 +36, (3)

150 + 220, (3)
130 + 100, (3)
2300 + 2200, (3)
8.2+6.0, (3)
39+ 16, (2)

% TOC
0.72, (1)
0.21+0.12, (3)
8.0£17,(3)
6.9+1.2 (3)
12+12,(3)
0.65 + 0.69, (3)
0.11 +0.018, (3)
0.35+0.15, (3)
29+£10, (3)
0.26 +0.075, (3)
0.56 +0.38, (2)

ZPCBroc (ng g7* organic carbon)
200, (1)

6300 + 4800, (3)

140 000 + 100 000, (3)
17 000 + 6600, (3)

75 000 + 23 000, (3)
3900 + 1800, (3)

78 000 + 93 000, (3)
35000 + 37 000, (3)
100 000 + 120 000, (3)
2500 + 1100, (3)

6200 + 200, (2)

aReported to 2 significant digits.
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Table 2.

Grand means + standard deviation, (#) at each sampling site of total polychlorinated biphenyl (XPCB)
concentration, % lipids, and XPCB concentration normalized to lipid content in riparian spider samples from

Manistique River Area of Concern across 2011, 2012, and 2013°

Araneid Tetragnathid
Site  TPCB (ng g~* wet % Lipid TPCBiipig (ng g~ lipid)  ZPCB (ng g™t wet % Lipid TPCBijpig (ng g*
wt) wt) lipid)
1 30£43,() 29+22,(2) 68+96,(2) 75+11,(2) 38, (1) 0, (1)
2 46 7.5, (3) 55+27,(3) 1000 640, (3) 49 + 38, (3) 34+17,(2) 1900 2400, (2)
3 110 + 63, (3) 3.3+0.84,(3) 4400 £ 3100, (3) 120+ 72, (3) 35+0.71,(2) 2400 + 1400, (2)
4 55%50,(3) 54+30,(3) 1500+ 1500, (3) 42 £33, (3) 2.6+0.87,(2) 1000+ 680, (2)
5 250 + 63, (3) 48+18,(3) 6100 860, (3) 270 + 230, (3) 79+27,(2) 7400 £ 6400, (2)
6 120 + 41, (3) 49+16,(3) 3200+ 1900, (3) 9362, (2) 4.0, (1) 1400, (1)
7 83:24,(3) 51+23,(3) 1800+ 500, (3) 70+ 28, (3) 40+15,(2) 2300 + 2000, (2)
8 190 + 160, (3) 53+16,(3) 4200 £ 4000, (3) 170 + 40, (3) 6.1+059, (2) 2800 72, (2)
9 200 + 31, (3) 58+12 (3) 3600+ 1300, (3) 200 + 96, (3) 58+0.58,(2) 3600 + 1600, (2)
10 29+41,(2) 45+059,(2) 700+ 990, (2) 33+31, (3) 6.6+3.4,(2) 460640, (2)
11 16059, (2) 55+17,(2) 3000 230, (2) — — —

aReported to 2 significant digits; lipids not measured for tetragnathids in 2011.
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