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ABSTRACT
We tested the response of several different water quality metrics at 6 sites
along a 4-km alternating forest (canopied) and floodplain (non-canopied)
reach of the East Branch of the Black River, an undisturbed northern Lower
Michigan trout stream, during summer 2015. Physicochemical parameters
were unchanged between sites and reflected an undisturbed continuum.
In-stream woody debris was higher at the forest sites, whereas relative
canopy cover and sunlight intensity were higher at the floodplain sites.
Both benthic macroinvertebrates and adult caddisflies exhibited greater
species richness and a higher abundance of shredders at the forest sites,
and a higher abundance of scrapers at the floodplain sites. Fish specimen
abundance, species richness, and percentage of trout were not different
between sites, and instead all increased throughout the summer.
Community respiration was unchanged between the single tested
floodplain site and the forest sites upstream and downstream of it. Gross
primary production and net daily metabolism were higher at the
floodplain site, leading to stream autotrophy. This result was also obtained
when tested in summer 2017. Our results support the idea that terrestrial
habitat changes can singularly affect the fundamental ecological
functioning of an undisturbed stream, primarily due to deviations in
sunlight penetration and allochthonous input. Moreover, the short
distances between sites with alternating results indicate the dynamic and
serially discontinuous state of natural rivers.

KEYWORDS
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Introduction

A fundamental assumption in stream ecology is that changes in riparian habitat will have important
effects on stream morphometrics, organismal assemblages, and ecological functioning, even if these
changes occur within a relatively short stretch of river (Thorp et al. 2006). One challenge to rigor-
ously testing this idea is that terrestrial habitat changes, such as a loss of forest canopy cover, are
frequently the result of recent or historical anthropogenic disturbance. Thus, multiple variables,
such as sunlight penetration, flow regime, chemical input, and sedimentation, may change simulta-
neously with changes in riparian habitat, and each may have a different effect on the ecological func-
tioning of the stream.
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Many studies have suggested the singular importance of riparian canopy cover in affecting organ-
ismal assemblages (Detenbeck et al. 1990, Burkhead et al. 1997, Rios and Bailey 2006, Urban et al.
2006, Houghton et al. 2011, Houghton and Wasson 2013, Houghton et al. 2013), benthic metabo-
lism (Fellows et al. 2006, Hornbach et al. 2015, Clapcott et al. 2016), and organic matter processing
(Lagrue et al. 2011, de Nada€ı-Monoury et al. 2014). In all of these studies, however, changes in ripar-
ian canopy cover was associated with changes in landuse or other aspects of stream conditions.
Thus, the potential problem of multiple variables and their confounding effects was not completely
eliminated.

The objective of this study was to assess the singular effect of riparian canopy cover on the eco-
logical functioning of an undisturbed stream using multiple metrics. Specifically, we tested changes
in stream habitat, several physicochemical parameters, benthic metabolism, and assemblages of
benthic macroinvertebrates, adult caddisflies, and fish on a stream reach with naturally alternating
forest and floodplain habitats. The goal of this multimetric approach was to simultaneously obtain a
robust response to riparian habitat changes, and to assess how well these metrics individually
reflected such changes.

Materials and methods

Study site

The East Branch of the Black River is a fourth-order stream arising in Montmorency County, Michi-
gan. It flows northwesterly for »30 km until its confluence with the Main Branch of the Black River.
Its watershed is surrounded by land with minimal anthropogenic disturbance, including the public
Atlanta (113,000 ha) and Pigeon River Country (42,500) State Forests, and the private Black River
Ranch (3,650) and Canada Creek Ranch (5,500) hunting and fishing preserves. As a result, the Black
River and its tributaries are some of the best fisheries for the native brook trout (Salvelinus fontinalis
Mitchill) in the eastern US (www.upperblack.org).

Several km of the East Branch pass through the Black River Ranch in Montmorency County. The
Ranch is composed mostly of primary and secondary growth of eastern white pine (Pinus strobus
L.) and other conifers, and has not been logged in >100 years. Aside from a small airstrip, »100 km
of dirt trails, and one cluster of buildings, the property is undisturbed, and is primarily used for elk
hunting, trout fishing, and non-motorized recreation (www.blackriverranch.org). A recent study of
the caddisfly fauna of the lakes and streams of the Ranch documented one of the most species rich
assemblages of any area of Michigan, Minnesota, or Wisconsin. In addition, of 438 individual lakes
and streams sampled from the three states during the last 15 years, the nearby Main Branch of the
Black River recently yielded the most caddisfly species (66) ever collected from a single night of sam-
pling (Houghton 2016).

Six sites of the East Branch within the Black River Ranch were sampled during this study. Due to
its unregulated condition and low base flow, the river is prone to flooding. Thus, some low riparian
areas are not conducive to tree growth and are naturally devoid of canopy cover (Figure 1). In our
study, site 1 was in a floodplain, sites 2 and 3 in forest, sites 4 and 5 in floodplain, and site 6 in forest.
The alternating forest and floodplain habitats along a relatively short (»4 km) continuum provided
a unique opportunity to study the effects of abrupt riparian changes on an otherwise undisturbed
stream.

Stream physicochemistry and habitat

Physicochemical measurements were made approximately weekly from 16 May to 10 July 2015. All
measurements were made between 1:00 and 3:00 pm to minimize diel fluctuations in temperature
and sunlight exposure. All sampling occurred »5 cm below the water surface. For measurements
not made on site, water samples were stored at room temperature in 1 L high-density polyethylene
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bottles and transported to the laboratory. Three samples were collected at each site on each date for
each physicochemical parameter, and the mean value for each was determined.

Specific conductance (ECTestr Low, Vernon Hills, IL, www.eutechinst.com), pH (AccuMet
AP61, Pittsburg, PA, www.fishersci.com), temperature (YSI-55, Yellow Springs, OH, www.ysi.com),
and dissolved oxygen (DO) (YSI-55, Yellow Springs, OH, www.ysi.com) measurements were all
made on-site. Water alkalinity to pH 4.6 was measured by laboratory titration with 0.05 M hydro-
chloric acid (HCL) in 50 mL of river water using bromcresol green as the indicator. Alkalinity was
calculated as follows:

ppm CaCO3 ¼ ml HClð Þ� M HClð Þ�50000
mL Sampleð Þ :

Water hardness was measured by laboratory titration with 0.050 M EDTA in 80 mL of river water
using Eriochrome Black T as the indicator after adjusting the pH to 10 with 5.0 mL of ammonium/
ammonia buffer. Hardness was calculated using the following equation:

ppm CaCO3 ¼ mL EDTAð Þ � equivalence factorð Þ � 1000
mL sampleð Þ ;

where the equivalence factor equaled the milligrams of calcium carbonate that complexed to 1 mL of
EDTA titrant. This value was 5.004345 mg/mL.

Extent of canopy cover at each site was determined from digital images taken adjacent to and
directly above the stream at a height of 2 m. Six images were taken along 20 m of stream length at
each site during a single date in early September 2015, approximately one month before leaf fall.
Images were printed on grid paper, and the percentage of overhead canopy relative to visible sky

Figure 1. The east branch of the Black River within the Black River Ranch, showing the location and images of our six study sites.
River flow is westerly. Landscape photo from Google Earth, taken in May 2011. Site photos by the authors.
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determined. Relative sunlight intensity was determined on the same day, using a light intensity
meter (753–002C, SKC, Inc., www.skcinc.com). Readings were taken by walking along each stream
bank and stopping every five steps to measure light intensity at water level. Measurements were
taken from 12 locations at each site during sunny conditions between 2:00 and 4:00 pm.

The volume of in-stream woody debris was estimated on a single day in early September 2015
along transects between stream banks. Six transects were assigned at each site by throwing a spool
of twine across the stream and then tying both ends to riparian vegetation to hold it steady. The
diameters of all pieces of woody debris in the stream and intercepted by each transect were recorded.
The overall volume (V) of debris was calculated for each transect by using the following equation:

V ¼ p2

8L

� �Xi

0
d2;

where L is the length of the transect and d is the diameter of each individual piece of wood, i
(Van Wagner 1968; Wallace and Benke 1984).

Benthic assemblages

Benthic invertebrates were sampled from representative aquatic habitats using timed collections.
Starting downstream, two-person crews worked upstream for 20 minutes, collecting all specimens
located on logs, rocks, and within the smaller benthic substrate. Larger specimens were collected by
hand, while smaller ones were washed off of large substrates with 80% ethanol into the sampling
bottles. This procedure was repeated four times at each site on a single day in May 2015 and three
times on a single day in June for a total sample size of seven per site. Collected specimens were iden-
tified to the genus level using Hilsenhoff (1995). All identified specimens are stored in the Hillsdale
College Insect Collection.

Adult caddisfly assemblages

Adult caddisflies were collected using light traps. Each trap consisted of an 8-watt portable ultravio-
let light placed over a white pan filled with 80% ethanol. Lights were placed »1 m from each site at
dusk and collected approximately 2 h after dusk (Wright et al. 2013). Samples were collected only if
the peak daytime temperature was >25�C, dusk temperature was >18�C, and there was no notice-
able wind or precipitation at dusk (Houghton 2004). Since caddisflies collected within 40 m of a
habitat accurately reflect the assemblage of that habitat (Sode and Wiberg-Larson 1993, Peterson
et al. 1999, Sommerh€auser et al. 1999, Brakel et al. 2015), dispersals of adults between sites, while
certainly possible, were considered unimportant. Sites were sampled three times in June 2015 and
two times in July, for a total sample size of 5 per site. Specimens were identified to the species level
using Houghton (2012), except for females of Hydropsychidae, Hydroptilidae, and Polycentropodi-
dae, which lack the necessary characteristics to do so. Such specimens were not included in analyses.
All identified specimens are stored in the Hillsdale College Insect Collection.

Fish assemblages

Fish were sampled using wire mesh minnow traps and with electrofishing (Knight and Bain 1996,
Jones et al. 1999). Five minnow traps were set at each site for 24 h, followed by 24–72 h of no sam-
pling. Traps were set at representative habits, emphasizing snags and other large woody debris, and
separated by »10 m. Combined data from a set of 5 traps constituted a sample. During days without
trapping, a single electrofishing run was taken along a»50-m stretch of each sampling site. One per-
son ran the electroshocker while two others carried hand nets. A seine was set up at the end of the
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run to minimize fish escape. Fish were identified to the species level using Page and Burr (1991). All
specimens were released on site. One minnow trap sample was combined with an electroshock sam-
ple into an overall sample pair for each site. A total of two sample pairs were collected per site in
May 2015, 6 in June, and 4 in July.

Benthic metabolism

Benthic metabolism was determined by measuring the changes in DO levels within dome-shaped
chambers (Figure 2) at sites 2, 4, and 6 during a 36-h period on 15–16 July 2015 and during a 42-h
period on 20–21 May 2017. The sites were chosen due to their cobble-dominated substrate, which
was more conducive to obtaining a watertight seal with the chambers than the sand-dominated sub-
strates of the other sites (Fellows et al 2006). They also allowed for a transition from forest to flood-
plain and back to forest.

Benthic chambers were composed of transparent polymethyl methacrylate. Some were left trans-
parent and others were painted black on the outside surface. Mean light attenuation by the transpar-
ent chambers was <5% within the 400–700 nm photosynthetic spectral range, with a marked
increase to almost 60% at 350–390 nm (Figure 3). The chambers were constructed to allow in situ
determination of benthic metabolism through direct contact with benthic substrate. The top of each
chamber had a watertight access port to allow insertion of a DO probe (YSI-55, Yellow Springs, OH,
www.ysi.com) during sampling.

Each site had three transparent and three opaque chambers, for a total of six chambers at each
site. All chambers were placed along the streambank to minimize the effects of canopy gaps. Cham-
bers were inserted »5 cm into the benthic substrate. In July 2015, the chambers were set out at
»12:00 pm. After a »2 h stabilization period, DO measurements from the chambers and surround-
ing stream were taken at »4-h intervals for the next 36 h. This experiment was repeated in May
2017 after some improvements to the experimental design. First, due to suspected leakage of benthic
seals in 2015, chambers were redesigned to include a metal strip at the bottom (Figure 2), allowing
chambers to be inserted more rigorously into the substrate. Secondly, chambers were set out at
»5:00 am and DO measurements first checked »1 h later. Measurements were taken at »3–4-h
intervals for the next 42 h

Community respiration (CR) rates for the transparent chambers were calculated by determining
the difference in DO concentrations between measurements when values were decreasing during
the night (9 PM to 5 AM), and dividing by 8 to find the hourly rate of oxygen consumption. Net pri-
mary production (NPP) rates were calculated in the transparent chambers by determining the

Figure 2. Opaque and transparent benthic chambers. The bottom metal strip was added in 2017.
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difference in DO concentrations between measurements when values were increasing during the day
(5 AM–9 PM), and dividing by 18 to find the hourly rate of oxygen production. Hourly gross pri-
mary production (GPP) during daylight hours was then calculated by adding NPP and CR. Result-
ing values in units of mg O2 L

¡1 h¡1 were then multiplied by chamber volume (25 L) and divided
by benthic substrate surface area (0.165 m2), rendering units of mg O2 m

¡2 h¡1. These rates were
subsequently converted to units of carbon, assuming molar equivalency between C and O in both
respiration and photosynthesis (Fellows et al. 2006). GPP and R values were multiplied by 18 (day-
light hours) and 24 (total hours), respectively, to estimate the total daily gross primary production
(GPP24) and community respiration (CR24). Subtracting CR24 from GPP24 yielded net daily metabo-
lism (NDM), a measure of the daily total carbon deficit or surplus from the chamber. GPP24 was
divided by CR24 to measure the overall autotrophy or heterotrophy of the chamber. Respiration rates
were also calculated in the opaque chambers to serve as controls.

Statistical analyses

Global means of each physicochemical parameter for each sampling site were determined from
weekly data and compared to each other using Kruskal–Wallis tests, since data violated parametric
assumptions. Specimens of both benthic macroinvertebrates and adult caddisflies were placed into
trophic functional groups following Merrit et al. (2008). Mean percentages of the functional groups
informative of stream condition at each site: scrapers, shredders, and filtering collectors (Vannote
et al 1980, Allan 2004, Houghton 2006), were compared to each other for benthic invertebrates and
adult caddisflies separately by a one-way ANOVA, as was mean taxa richness for each assemblage.
Three different fish metrics were calculated for each sample pair: specimen abundance, species
richness, and percentage of trout specimens. Mean values of each metric were compared between
sites by a one-way ANOVA. Values from all sites were also grouped together, and differences
between months were compared by a one-way ANOVA. Both GPP24 and CR24 values from trans-
parent chambers were compared between sites using one-way ANOVA. Mean CR24 values between
transparent and opaque chambers were compared using a two-sample T-test. Mean CR24 values
between day and night in the opaque chambers were compared using a two-sample T-test. For
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all analyses, percentage data were transformed through an arcsine function before analysis and
(Zar 2007).

Results

Both relative riparian canopy cover and sunlight intensity were higher at the floodplain sites than
the forest sites. The amount of woody debris in the stream was higher at the forest sites (Figure 4).
Physicochemical parameters remained similar at all sites (Table 1).

Benthic macroinvertebrate genus richness was generally higher at the forest sites than the flood-
plain sites, with some statistical overlap. Adult caddisflies had a similar result, except that site 6
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(forest) had higher richness than the other forest sites (Figure 5). Although there was some statistical
overlap, the relative abundance of scrapers was lower at forest sites than floodplain sites, whereas the
relative abundance of shredders was higher at the forest sites for both assemblages (Figure 6). The
relative abundance of filtering collectors remained unchanged between sites.

There was no difference in fish specimen abundance, species richness, or percent of trout metrics
between the sites. All metrics had higher values in July than in May or June, except for percentage of

Table 1. Summary of mean (§SE) physicochemical data, organized by forest and floodplain sites. n = 6 for all metrics.

Habitat Site Location
Elevation

(M)
Temperature

(�C)
Dissolved
O2 (mg/L) pH

Specific
conductance
(mS/cm)

Alkalinity
(ppm
CaCO3)

Hardness
(ppm
CaCO3)

Floodplain 1 45.1792� , ¡84.2893� 260 15.6 (0.5) 11.1 (0.4) 8.1 (0.1) 364.3 (13.3) 208.5 (6.8) 211.5 (5.3)
4 45.1839� , ¡84.3109� 248 15.2 (0.5) 10.9 (0.2) 8.0 (0.1) 353.3 (19.6) 209.6 (6.6) 210.0 (5.7)
5 45.1856� , ¡84.3130� 247 14.9 (0.5) 11.0 (0.3) 8.0 (0.1) 359.0 (16.0) 209.2 (6.7) 209.6 (5.4)

Forest 2 45.1806� , ¡84.2890� 259 15.6 (0.5) 11.1 (0.4) 8.0 (0.1) 362.9 (14.6) 210.2 (6.9) 211.0 (5.8)
3 45.1844� , ¡84.3007� 255 15.5 (0.6) 11.0 (0.3) 8.0 (0.1) 360.5 (13.5) 210.2 (6.8) 207.3 (6.1)
6 45.1823� , ¡84.3264� 246 14.7 (0.5) 11.0 (0.3) 8.0 (0.1) 364.3 (15.3) 208.4 (7.2) 208.2 (6.2)

P = 0.99 0.99 0.99 0.10 0.99 0.99

Note: P-values are from Kruskal–Wallis tests.
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trout which was statistically related to both May and July in June (Figure 7). For all sites, Salvelinus
fontinalis, Rhinichthys atratulus (Hermann), and Rhinichthys cataractae (Valenciennes) were the
most common species caught.

DO concentrations followed the predicted pattern in transparent chambers, increasing during
daylight hours and decreasing during the night (Figure 8(a,c)). Opaque chambers exhibited a consis-
tent decrease in DO regardless of sunlight presence during the first »24 h of the study. In 2015, sev-
eral of the chambers exhibited an increase in DO concentration between some daylight
measurements after 24 h, leading to a rise in mean values (Figure 8(b)). In 2017, DO concentrations
decreased throughout the duration of the study (Figure 8(d)). Stream DO concentrations also rose
and fell through a 24-h period, reaching their peaks at around noon and their low around midnight
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(Figure 8(c,f)). There was no difference in CR24 between sites during either year. The GPP24 rate was
higher at the floodplain site than at the forest sites during both years (Table 2). The floodplain site
was autotrophic, with GPP24/CR24 > 1 and a net surplus in daily metabolism. The upstream forest
site was slightly heterotrophic in 2015, while the downstream forest site was slightly autotrophic.
Both forest sites were heterotrophic in 2017. During the first 24 h of the 2015 experiment, there was
no difference in CR24 between transparent (24.9 mg C m¡2 d¡1) and opaque (21.8) chambers (two-
sample T-test, P = 0.25), or between day (20.9) and night (22.6) in the opaque chambers (two-sam-
ple T-test, P = 0.75). Likewise, during the first 24 h of the 2017 experiment, there was no difference
in CR24 between transparent (24.2 mg C m¡2 d¡1) and opaque (23.8) chambers (two-sample T-test,
P = 0.99), or between day (21.9) and night (25.7) in the opaque chambers (two-sample T-test, P =
0.20).

Discussion

One of the inherent challenges with testing concepts in-stream ecology (Vannote et al. 1980, Thorp
et al. 2006) is finding habitats that reflect the undisturbed conditions upon which these concepts are
predicated. It is highly unlikely that the East Fork of the Black River, or any stream system in the
eastern USA, is in a truly pristine condition. Deforestation, dam construction, and other land uses
in the watershed during the 1800s may have altered stream conditions in ways that are important,
yet difficult to detect now, even after the landscape appears recovered (Harding et al. 1998,
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Baumgartner and Robinson 2015). Current upstream gravel roads, dams on the lower Main Stem of
the Black River (»40 km below our study area), and subtle changes in climate or groundwater flow
are probably affecting the river system now. Despite these problems, the high level of habitat protec-
tion, biological diversity (Houghton 2016), and generally unimpeded flow regime of the East Fork
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suggest that it is one of the least disturbed rivers in the northcental USA and, thus, one of the most
appropriate places to test stream ecological concepts. Moreover, the variable we tested, loss of can-
opy cover at natural floodplain sites, appeared generally unaffected by anthropogenic disturbance.

The lack of riparian canopy at the floodplain sites did not appear to have important effects on
water physicochemistry, as indicated by our static pH, specific conductance, alkalinity, and hardness
values between sites. Changes in specific conductance and pH have been found to explain large
amounts of the disturbance variation between sites of watersheds in New Jersey, and were also asso-
ciated with differences in the assemblages of organisms (Zampella and Laidig 1997, Dow and Zam-
pella 2000). Specific conductance, in particular, is often used as a preliminary indicator of nutrient,
sediment, and organic matter concentrations. Such concentrations accumulate naturally in larger
rivers or anthropogenically in disturbed streams (Allan 2004). Agriculturally disturbed Michigan
streams of a similar size have specific conductance levels two to three times that of the East Branch
(Castillo et al. 2000, Houghton et al. 2011). Our low specific conductance values, as well as the simi-
larity of these and other physicochemical values between study sites, suggested no important differ-
ences in natural or anthropogenic sediment input throughout the continuum of the stream.

Even though our sites were physicochemically similar, changes in macroinvertebrate assemblages
suggested biological differences between sites. The increase in macroinvertebrate shredder relative
abundance among both the benthic and adult caddisfly faunas at the forest sites was probably caused
by the increase in coarse allochthonus input from the surrounding forest canopy. The reciprocal
increase in macroinvertebrate scraper relative abundance among both faunas at the floodplain sites
was likely due to greater sunlight penetration stimulating growth of epilithic periphyton, although
we did not directly measure periphyton growth. In general, these changes were expected. Shredders
typically reach their highest abundance in narrow streams with a dense forest canopy, whereas scra-
pers reach theirs in mid-order streams with an open canopy and shallow enough depth for light to
penetrate to the benthic substrate. As a fourth-order stream, the East Branch is at the point in its
continuum where either set of conditions could be met with an increase or decrease in riparian can-
opy cover (Vannote et al 1980). The lack of change in the filtering collectors of either fauna between
sites further suggested no important source of organic input to the river throughout the studied area
(Allan 2004).

Our macroinverterate results were slightly different than those previously reported from 2 north-
ern Lower Michigan streams with abrupt changes in forest canopy (Houghton and Wasson 2013,
Houghton et al. 2013). In those studies, filtering collectors increased in non-canopied sites for both
benthic and adult caddisfly assemblages. This difference may be due to the previous deforestation
and recent (»10 ybp) agriculture at the non-canopied sites of the previous studies. Although there
were no differences in pH or specific conductance between sites of these studies, the nutrients and

Table 2. Mean (§SE) values for benthic metabolism metrics found during trials using transparent and opaque chambers.

Site 2 Site 4 Site 6
Metric (forest) (floodplain) (forest) P

2015
Opaque chamber community respiration (CR24) (mg C m¡2 d¡1) 20.6 (6.5) 22.1 (10.1) 22.6 (9.1) 0.80
Transparent chamber CR24 26.1 (10.9) 24.8 (9.7) 23.7 (2.6) 0.57
Transparent chamber gross primary production (GPP24) (mg C m¡2 d¡1) 25.4 (2.9) 64.4 (2.6)� 26.3 (6.7) <0.001
Transparent chamber net daily metabolism (NDM) (mg C m¡2 d¡1) ¡0.70 39.6 4.6 N/A
Transparent chamber GPP24/CR24 ratio 0.97 2.60 1.11 N/A

2017
Opaque chamber community respiration (CR24) (mg C m¡2 d¡1) 21.5 (8.3) 23.8 (9.3) 26.5 (11.6) 0.65
Transparent chamber CR24 23.4 (7.4) 25.1 (9.2) 24.2 (6.4) 0.13
Transparent chamber gross primary production (GPP24) (mg C m¡2 d¡1) 20.3 (3.4) 72.8 (4.7)� 18.1 (2.9) <0.001
Transparent chamber net daily metabolism (NDM) (mg C m¡2 d¡1) ¡3.10 47.7 ¡6.10 N/A
Transparent chamber GPP24/CR24 ratio 0.86 2.90 0.75 N/A

Notes: Asterisks denote statistically distinct means based on a one-way analysis of variance with post-hoc Tukey test for each
metric. The last two rows for each year were derived from the CR24 and GPP24 values of the transparent chambers, and thus
statistical analyses would have been redundant.
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fine organic matter input that may promote increases in filtering collectors were not specifically
measured. Thus, the increase in filtering collectors in non-canopied areas may indicate the effects of
past landuse on current assemblages (Harding et al. 1998), whereas the East Branch assemblages
suggest either no previous anthropogenic disturbance, or else a more recovered stream condition.

The increase in taxa richness among both benthic macroinvertebrate and adult caddisfly faunas
at forest sites suggested the importance of habitat heterogeneity in promoting biological diversity.
Many studies have noted a link between macroinvertebrate taxa richness and increased in-stream
coarse woody debris due to its use as a food source and shelter, area for biofilm colonization, ability
to stabilize stream banks and channels, and indirect effects on habitat variability (Rios and Bailey
2006, Urban et al 2006, Schneider and Winemiller 2008, Houghton et al. 2011, Stewart et al. 2012,
Pilotto et al. 2014). In our study, site 6 had the highest amount of both woody debris and species
richness, adding further support to the idea. Moreover, our forest sites had small gaps throughout
the canopy, as evidenced by the high standard errors in sunlight intensity measurements (Figure 4),
as well as a larger gap in the middle of the channel, suggesting that species dependent on sunlight
could still exist at forest sites at a lowered abundance. Thus, a higher total number of species was
found at the forest sites.

Biological differences between habitat types were also suggested by the increase in benthic metabo-
lism at our floodplain site, including GPP two to three times that of the forest sites, and a shift from
heterotrophy to autotrophy. As a fourth-order stream, the East Branch is at a point in the continuum
where it is predicted to gradually transition from heterotrophy to autotrophy (Vannote et al. 1980).
The abrupt shift to autotrophy at the floodplain site suggested no nutrient limitations to photosynthe-
sis at the upstream forest site (Sanderson et al. 2009, Hornbach et al. 2015). The subsequent reversion
to heterotrophy at the downstream forest site suggested the singular importance of sunlight in increas-
ing GPP at the floodplain site. Closed chamber-determined benthic metabolism is one of the most
robust and accurate measures of GPP, highly sensitive to changes in sunlight penetration (Mign�e
et al. 2002, Spillmont et al. 2006). The similarity in CR observed at our sites further suggested no
important source of organic carbon or sediment along our studied continuum (Bunn et al. 1999), and
that our observed changes in GPP were largely due to changes in sunlight penetration.

In 2015, we suspected that differences in GPP between forest and floodplain sites might actually
have been underestimated due to leakage of the benthic chambers. Most studies (e.g. Fellows et al.
2006) utilize only transparent chambers for metabolism determination and assume that the benthic
seal will remain intact so that changes in in-situ DO are due exclusively to processes occurring
within the chamber. We were unwilling to make that assumption, so we utilized opaque chambers
as controls. Since the opaque chambers effectively eliminated solar radiation, they should have also
minimized photosynthesis. Any photosynthetic activity in the dark (Scoffoni et al. 2015) would
likely have occurred during the first 12–24 h of incubation. Previous research (Fellows et al. 2006),
and the similarity of our CR values between transparent and opaque chambers, and between day
and night during the first 24 h in the opaque chambers, all indicated a constant respiration rate in
all chambers. Thus, DO in the opaque chambers should have continually decreased throughout the
entire 36-h period. The noted increase in DO after 24 h in several of the opaque chambers, therefore,
suggested chamber leakage through a gradual erosion of the benthic seal. The measured DO concen-
trations of the surrounding stream were always higher than those of the chambers of the forest sites
and usually lower than those of the floodplain site (Figure 8). Thus, if leakage was consistent into
transparent chambers at both types of sites, it would have homogenized the DO differences between
them and, ultimately, underestimated differences in benthic metabolism. This hypothesis was sup-
ported in 2017 after the addition of the metal strip to the base of the chambers to stop benthic leak-
age. Opaque chambers exhibited the predicted continual decrease in DO throughout the 42 h
experiment, and differences in GPP were greater between forest and floodplain habitats than they
had been in 2015 (Figure 8)

Contrary to other metrics, fish assemblages did not exhibit differences between forest and flood-
plain sites. Instead, all 3 tested metrics increased during the summer. Although precise long- and
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short-term ranges are not known for most coldwater fish species, both of these results are probably
due to the inherent mobility of fish and their search for optimal habitat or defensible territory. For
example, cutthroat trout [Oncorhynchus clarki (Richardson)] can travel up to 1 km per day until
they find areas with appropriate large woody debris (Harvey et al. 1999). Brook trout that are unable
to defend a territory will continually disperse to new habitats (Hudy et al. 2010). The short distance
of our studied continuum suggested that the larger and more vagile fish, such as trout or suckers,
could have visited several sites during the course of the summer. The increase in metrics during the
summer, particularly the increase in the percentage of trout specimens, was probably due to warm-
ing water downstream of our study area forcing fish to seek cooler areas with groundwater upwelling
for both survival and reproduction (Guillemette et al. 2011). The mobility of fish, and the variety of
reasons for their movement, renders them less valuable as biomonitoring organisms over the small
spatial scale of our study.

A few sources of potential error existed within our study design. The difficulty of sampling some
microhabitats, such as large woody debris or the hyporheos, may have led to macroinvertebrate
samples that were non-representative of the overall assemblage (Cao and Hawkins 2011). This con-
cern can be alleviated by sampling adult caddisflies, which have left the natal habitat and are
attracted to ultraviolet lights regardless of functional group (Dohet 2002, Houghton 2006). The con-
gruency between benthic and adult caddisfly assemblages suggested that our sampling techniques,
however imperfect, were sufficient to capture the functional differences between sites. Similarly,
minnow trap placements in specific microhabitats, behavior of fish species during electroshocking,
and size of minnow trap openings can all affect the number and relative abundance of fish species
caught (Pot et al. 1984, Rozas and Minello 1997, Layman and Smith 2001). Lastly, we did not quan-
tify differences in river width, depth, current velocity, or substrate composition between sites. Sub-
strate composition, in particular, appeared highly variable both within and between sites. For
example, we were unable to find cobble-dominated substrate at sites 1, 4, and 5, precluding benthic
metabolism study. Undocumented differences in substrate between sites may have had an effect on
river continuity not detected by our analyses.

Additional sources of potential error existed in our benthic metabolism experiment. First, the
remoteness of several of the sites precluded a high number of measurements. Measuring every 4 h
was imprecise at documenting the transition between day and night, and provided us with fewer
data to analyze. Measuring more frequently with an automated system would greatly improve the
study design. Second, we did not quantify groundwater input. Such input tends to affect CR more
than GPP (McCutchan et al. 2002, Hall and Tank 2005). Due to the short distances and similar CR
values, we suspect minimal differences in groundwater input between sites. Third was the chamber
design itself. Ultraviolet light irradiation is known to be harmful to periphyton and other benthic
organisms. Thus, any ultraviolet light attenuated by the polymethyl methacrylate material of our
chambers may have led to increased algal growth or other artificial changes during the incubation
period (B€uhlmaan et al. 1987, Dodds and Brock 1998). Although our primary concern was measur-
ing the attenuation of photosynthetically active light, we did observe up to 60% attenuation of high
(350–400 nm) ultraviolet wavelengths (Figure 3). We also observed <5% attenuation within the
400–700 nm photosynthetic spectral range. While this result appeared to confirm a negligible
impact on photosynthesis from our benthic chamber material, the sharp increase in light attenua-
tion below 400 nm suggests the possibility that our chambers may have reduced low range photo-
synthetically active light. The potential effects to this study are minimal since any attenuation that
occurred was consistent throughout our study area. Caution should be taken when directly compar-
ing our results to studies that used a different material for their chambers, or that used a design with
more frequent DO measurements.

Overall, our results provide broad empirical support for the riverine ecosystem synthesis (Thorp
et al. 2006). This idea posits that while large-scale changes in organismal assemblages and ecological
processes are continual and can be predicted by stream order (Vannote et al. 1980), small-scale
changes and reversals can occur repeatedly, leading to serial discontinuity along the overall
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continuum. Aside from the mobile fish, the trends in our metrics agreed with each other and collec-
tively constituted a robust response over several levels of biological organization to natural changes
in canopy cover in the absence of water physicochemical changes. Although individual metric
responses were not necessarily surprising, they were striking in their abruptness over short distances
(<1 km) and in their repeated reversals. Such reversals indicate the dynamic and serially discontinu-
ous nature of undisturbed rivers.
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