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Climate change will undoubtedly influence stream ecosystems by affecting water
temperature, discharge, and riparian vegetation phenology. It has been suggested that
increasing the extent of riparian buffers may help to mitigate these impacts and
contribute to ecosystem resilience. Measures of stream metabolism are one way to
examine the changes in ecosystem function as they respond to climate change and
management strategies used to respond to these impacts. In this study we examine the
influence of riparian vegetation (open vs. forest) and season on ecosystem metabolism
in a small stream in MN, USA. The stream was heterotrophic regardless of the type of
riparian vegetation but the presence of a forested buffer depressed gross primary
production (GPP) and also resulted in lower (less negative) ecosystem respiration
(ER) and net ecosystem production (NEP). We also found significant daily and
seasonal variation in GPP, ER, and NEP. Stream metabolism was more variable in the
fall than in the summer. The study design was complicated by the fact that there were
differences in groundwater dynamics between the two locations; the forested location
was a losing stream while the open location was a gaining stream. Despite the fact that
groundwater input likely influenced the oxygen dynamics of the open location, the
impact of the forest buffer outweighed the impact of groundwater. The presence of a
forested riparian corridor resulted in decreased GPP likely through the attenuation of
light. The low O2 groundwater input at the open location likely biased measures of ER
and NEP. Modifying stream corridors with increased forest vegetation to offset the
impacts of climate change will likely result in less in-stream primary production and a
shift to a more heterotrophic system. This shift will undoubtedly influence many
ecosystem functions in-stream systems.

Keywords: stream metabolism; climate change; riparian vegetation; net ecosystem
production; season

Introduction

Stream function is influenced by large-scale ecological processes, including changing

land use patterns and climate change (Woodward et al. 2010; Jankowski et al. 2014).

Stream metabolism is an important indicator of the biological activity of a stream and,

thus, of changes in ecosystem functions (Young et al. 2008; Hoellein et al. 2013). Quanti-

fying metabolism includes measures of both autotrophic production (e.g., algal growth)

and heterotrophic production (respiration of particulate and dissolved organic matter

inputs). It is influenced by a host of factors, including channel hydraulics and transient

storage, sediment characteristics, photosynthetically active radiation (PAR), temperature,

nutrient availability and the biomass of primary producers and consumers (Tank et al.
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2010; Beaulieu et al. 2013). Seasonal variation in these drivers adds additional complex-

ity to an already intricate metabolic system.

Channel hydraulics influence gross primary productivity (GPP) and ecosystem respira-

tion (ER) directly through modulation of water velocity (Gonz�alez-Pinz�on et al. 2014), shear
stress, and sediment instability (Holmes et al. 1998; Uehlinger & Naegeli 1998; Gordon

et al. 2004), which may affect producers, and with stream size and the size and permeability

of sediments underlying a stream channel affecting metabolism through impacts on transient

storage and groundwater inputs (Mulholland et al. 1997; Hall & Tank 2005). The calculation

of stream metabolism can also be influenced by channel hydraulics with turbulence influenc-

ing gas exchange rates (Dodds et al. 2013) and oxygen-poor groundwater inputs causing net

ecosystem production (NEP) to appear significantly lower than actual rates.

Nutrient availability also influences stream metabolism and nutrient concentrations

vary greatly depending on land use, location, climate, and geology (Peterjohn & Correll

1984; Mulholland et al. 2001). In surveys of whole ecosystem metabolism in streams

across several biomes, Mulholland et al. (2001) found that soluble reactive phosphorus

(SRP) influences GPP. However, Rier and Stevenson (2006) found that when phosphorus

and nitrogen are present above a critical mass, changes in these nutrients have minimal

effects on GPP. In addition, studies of single streams more commonly find that nutrient

concentrations have no relationship or a negative relationship with metabolism (Roberts

et al. 2007) due to low nutrient uptake rates. Nutrient uptake rates may better correlate

with metabolism than nutrient concentration alone (Hoellein et al. 2007). Availability of

particulate and dissolved organic matter (DOM) are sources of carbon and energy for all

stream ecosystems, with DOM a primary source that fuels respiration (Giling et al. 2014).

Seasonality influences stream metabolism through variation in PAR, inorganic nutri-

ent levels, temperature and differential organic inputs (Roberts & Mulholland 2007). In

summer, PAR is generally higher, correlating with higher GPP as compared to the fall

season. The cross-site synthesis study of Mulholland et al. (2001) found that GPP was pri-

marily influenced by PAR. Demars et al. (2011) also found that temperature was highly

correlated with rates of respiration and litter breakdown. Breakdown is influenced by

microbial abundance, dissolved nutrients, dissolved oxygen, acidity, latitude, and macro-

invertebrate community composition (Irons et al. 1994).

Climate change will have large impacts on freshwater communities and ecosystems

(Woodward et al. 2010; Hill et al. 2014). Most fluvial systems currently are net heterotro-

phic and globally provide 0.32 Pg C/year (Battin et al. 2008) through the mineralization of

organic matter to CO2 by aquatic consumer respiration (Mayorga et al. 2005). Increasing

temperatures could cause aquatic ecosystems to have greater rates of metabolism and, thus,

CO2 output (Butman & Raymond 2011; Yvon-Durocher et al. 2011). Many streams are

already displaying significant increases in water temperature (Kaushal et al. 2010) and in

some streams modifications of stream flow are predicted to significantly alter stream eco-

systems (Marcarelli et al. 2010). Riparian systems may play a role in mitigating climate

change impacts on streams since they evolved under conditions of environmental and

hydrological variability (Seavy et al. 2009; Catford et al. 2012) and, thus, may be pre-

adapted for changing conditions. Scientists have recognized that maintaining ecosystem

resilience to climate change may depend on riparian ecosystem functions and their adapta-

tion to changing conditions (Palmer et al. 2008, 2009; Davies 2010). Riparian vegetation’s

role in shielding water bodies from the sun may keep water cooler and provide thermal

refuges for species that require them (Kaya et al. 1977; Thomas et al. 2015). McTammany

et al. (2007) indicate that shading caused by reforestation could likely be an important

mechanism in the recovery of stream metabolism affected by historical agriculture. While
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these positive impacts are important, Wahl et al. (2013) suggest that the positive effects of

the restoration of riparian corridors may be insufficient to deal with the degradation of

stream ecosystems from urbanization and modern agricultural practices.

In this study, we examined the impact of riparian vegetation on ecosystem metabolism

of a small stream in Valley Creek, MN by contrasting summer and fall metabolic rates in

sites with open and closed forest canopies. We hypothesized that GPP would be higher at

a location in Valley Creek that had minimal forest canopy compared to a location where

the riparian corridor was dominated by deciduous trees, mainly because of increased

PAR in the less forested site. We also hypothesized that GPP would decrease at the more

open location as compared to the forested location from summer through fall as PAR

decreases while GPP would increase in the forested location as leaf fall occurs because of

increasing PAR. Since the stream is small we hypothesized that overall the stream would

be heterotrophic with relatively high ER and thus a negative NEP.

Methods

Study area

The North Branch of Valley Creek is a second order stream that drains 15.1 km2 in

Washington County, MN, emptying into the St. Croix River (Figure 1). The watershed’s

landscape is 43% forest, 16% cultivated crops, 14% hay and pasture, 13% shrub, scrub

and herbaceous vegetation, 9% developed land and 3% each open water and wetlands

(based on the 2011 National Land Cover Database, Jin et al. 2013). The watershed

includes the best trout stream in the Minneapolis-St. Paul metropolitan area with brown

trout (Salmon trutta), rainbow trout (Oncorhynchus mykiss) and native brook trout (Salve-

linus fontinalis) being present (Zapp & Almendinger 2001).

Two sites were utilized for this study: one relatively more forested and the other an

open wetland. The forest location utilized in this study was approximately 700 m

upstream of the open location. There were no major tributaries between the sites, although

small gullies in the wetland added water to the stream during periods of high precipita-

tion. We measured average stream width and depth for 100 m stretches in the two loca-

tions once and found that the forested location was wider and shallower (»6 m wide and

0.15 m deep) than the open location (»4.5 m wide and 0.25 m deep). While at the open

site the stream passed through a wetland, it maintained a confined channel with relatively

steep sides (»1�2 m high) and contained no emergent vegetation in the stream channel.

The open site vegetation included Joe-Pye weed (Eutrochium sp.), purple-stemmed

Angelica (Angelica purpurea), thistle (Cirsium sp.), Canada goldenrod (Solidago cana-

densis), and various grasses. The forest site included a variety of tree species including

American elm (Ulmus americana), silver maple (Acer saccharinum), ash (Fraxinus sp.)

and box elder (Acer negundo). Other vegetation at the forested site included buckthorn

(Rhamnus cathartica), Virginia waterleaf (Hydrophyllum virginianum), gooseberry

(Ribes sp.) and buttercup (Ranunculus sp.).

This study took place during the summer (July�August) and fall

(September�October) of 2014. Leaf fall in the forested site began in late September and

was completed by late October.

Biological, chemical, and physical data collection

We took a variety of measurements to characterize differences between the sites. We col-

lected macroinvertebrates by taking three Surber samples (0.093 m2 each) from each
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location on 2 October 2014 and identifying insect larvae to family and other organisms to

order (Bouchard, 2004). From these data we calculated macroinvertebrate density, family

richness, the Shannon-Weaver index of diversity and a modified family biotic index.

Family biotic indexes were taken from Hilsenhoff (1987) and modified with data from

Bode et al. (1996, 2002).

We collected sediment samples with a 5 cm corer taken from the Surber samples,

dried them at 65�C, and passed them through a series of six sieves (63, 125, 250, 500,

1,000, and 2,000 mm). We weighed the subsamples and calculated the average sediment

size using Gradistat (Blott & Pye 2001).

Discharge was measured at each site 3 times during the fall (September�October)

using the area-velocity method (Kuserk 1989) with a Marsh-McBirney Flo-Mate� Model

2000 flow meter to detect whether there were difference between the two sites. Discharge

Figure 1. Map of North Branch of Valley Creek, MN, USA, showing study locations.
Source: This map was created using ArcGIS� software by Esri. ArcGIS� and ArcMapTM are the
intellectual property of Esri and are used herein under license. Copyright� Esri. All rights reserved.
For more information about Esri� software, please visit www.esri.com.
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data were also available from a Washington Co. Conservation District site approximately

5 m upstream of the forest location. Discharge is measured every hour at this site. The

shear stress at each location was measured once on October 9, 2014 using two methods.

At three sites within each location we assessed shear stress using Fliesswasserstammtisch

(FST) hemispheres (Statzner & Müller 1989) and by calculating it from velocity profiles

(Gordon et al. 2004).

During the fall period of this study, we deployed nutrient diffusing substrates to mea-

sure periphyton production (Pringle & Triska 2006) and test whether nutrient limitation

may be related to GPP. We deployed four replicates each of control, nitrogen (N), phos-

phorus (P) and N C P enriched media using the methods of Toetz (1999) at each location

for two time periods (11�25 Sep and 25 Sep�9 Oct). This method uses 100 mL vials,

filled with agar and capped with fused silica discs. The phosphorus treatments consisted

of 0.1M KH2PO4 and the nitrogen treatments consisted of 0.5M NaNO3. Chlorophyll a

content of each sample was determined with a Turner Aquaflour� Model 8000 Fluorome-

ter using EPA Method 445.0 for extraction (Arar & Collins 1997). We also measured lev-

els of nitrate (cadmium reduction method) and soluble phosphorus (ascorbic acid

method) on unfiltered water samples twice during the fall period using a Hach� Model

DR890 spectrophotometer.

We deployed weather stations (HOBO� model H21, Onset Computer Corporation,

http://www.onsetcomp.com) that recorded air temperature, relative humidity, barometric

pressure and photosynthetic active radiation (PAR) every 15 minutes at both sites on the

stream bank within one meter of the stream. The weather station at the forest site was not

functioning the last 2 weeks of the study. We measured water level with an automated

water level logger (HOBO� model U20 water level logger, Onset Computer Corporation,

http://www.onsetcomp.com) with a logging interval of 15 minutes. We measured hydrau-

lic head by installing 3 mini-piezometers per site (Baxter et al. 2003). We placed the

mini-piezometers (0.7 cm diameter, 1.1 m below the sediment water interface, screen

length 4.3 cm) in the center of the stream. Since there was groundwater influx into the

open site we performed pump tests twice and calculated hydraulic conductivity (Bouwer

1989; http://www.groundwatersoftware.com/) and water influx rates (Baxter et al. 2003).

The water influx rates are likely only rough estimates of groundwater influx since a great

deal of variability may be found among mini-piezometers installed in streams and they

do not account for bank seepage and horizontal flow into the stream (Cey et al. 1998).

The oxygen concentration of the groundwater was measured twice (11 September and 9

October) at the open site by pumping water from the mini-piezometers into a flow cell

connected to a sonde fitted with an optical DO probe (YSI� model 6600 sonde, YSI, Inc.,

http://www.ysi.com).

To assess the degree of groundwater input at the open site, we used the sodium chlo-

ride (conservative solute) continuous injection method (Webster & Valett 2006) to mea-

sure the change in discharge within this location on October 30, 2014. We took

conductivity measures at 50 and 100 m downstream of the injection site and calculated

the stream discharge at each site. The difference in discharge was taken as the input of

groundwater in the 50 m stretch between the sites on this date.

Measurements of stream metabolism

We used the single-station, open channel method of assessing stream metabolism (Odum

1956). This method relies on examining the daily variation in oxygen concentration in a

stream. From these data, calculations of GPP (mg O2 L
¡1 d¡1), � ER (mg O2 L

¡1 d¡1),

and NEP (mg O2 L¡1 d¡1) can be made. The following equations describe these
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relationships:

dC=dtDGPP¡ERC kðCs ¡CÞCGWA; (1)

NEPDGPP¡ER; (2)

where C D concentration of oxygen (mg/L), Cs D concentration of oxygen at saturation

(mg/L), k D reaeration coefficient (/min) and GWA D oxygen accrual from ground water

(mg O2/L/day, Odum 1956). Generally, ER is assumed to be constant throughout the day

and is assessed as the difference in actual oxygen concentration (C) and the potential oxy-

gen saturation (Cs) during the dark periods of the day. Often GWA is assumed to be zero

(Odum 1956). However, more recent studies have suggested even a small amount of

groundwater input can substantially impact metabolism calculations (Hall & Tank 2005).

Inputs of low O2 groundwater makes GPP appear smaller and ER appear larger; Hall and

Tank (2005) provide equations to calculate stream metabolism with a groundwater cor-

rection factor. The reaeration coefficient, k, depends on a number of factors including the

water velocity, depth and turbulence. There have been a number of studies that have com-

pared several methods of estimating k (Aristegi et al. 2009; Riley & Dodds 2013). Kosin-

ski (1984) and Aristegi et al. (2009) compared many of these methods and indicated that

the choice of method depends on factors such as the size of the stream and budget and

time constraints. The single station method integrates stream metabolism for a stream

reach that is approximately 3v/k, where v is the water velocity (m/min) and k is the reaera-

tion coefficient (min¡1, Chapra & Di Toro 1991). Thus, if two sites are to be compared on

the same stream they must be at least 3v/k meters apart to insure metabolism at the down-

stream site is not influenced by the upstream site (Reichert et al. 2009).

In Valley Creek dissolved oxygen measurements were taken every 10 minutes using

automated D.O. probes (HOBO� model U26 data logger, Onset Computer Corporation,

http://www.onsetcomp.com). Almeida et al. (2014) demonstrated that optical sensors

such as these were the most accurate sensors for measuring stream metabolism. Triplicate

loggers were placed at both the open and forest sites during the period 24 July�18 August

2014 and 14 September�8 October 2014. We used multiple loggers to account for logger

variability. There was little difference in the oxygen levels measured with the triplicate

loggers and thus we used the average of the three sensors in our calculations. The Excel-

based Rivermet� tool was used to calculate GPP, ER and NEP (Izagirre et al. 2007). We

modified the tool to use the concentration of O2 at saturation from local measurements,

based on temperature measures from the O2 data loggers and barometric pressure from

the weather station, rather than saturation based on predictions from temperature alone.

The Rivermet� tool uses the Hornberger and Kelly (1975) nighttime regression method

to determine k. For calculations of GPP, and NEP in Rivermet� estimates of respiration

are temperature corrected using the method of Erlandsen and Thyssen (1983).

Calculation of stream metabolism and statistical analyses

Measurements of stream metabolism (GPP, ER and NEP) were made on a volumetric

basis (mg O2/L). While many studies report ecosystem metabolism on an areal basis (mg

O2/m
2), we did not have sufficient information to reliably estimate average stream depth

on a daily basis. Our depth measures were based on a single point and not on the average

stream depth. Likewise, we would have preferred to correct the O2 levels at the open site

for groundwater input. However, since we only have measures for groundwater input and
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groundwater O2 levels for two dates in the fall we felt correcting all O2 measures with

these limited data was unwarranted.

To examine the major components of our hypotheses, that the amount of riparian

vegetation and season would influence the various components of stream metabolism

we conducted two-way analyses of variance (ANOVAs) with daily values of stream

metabolism (GPP, ER or NEP) as the dependent variable and location and season and

their interaction as independent variables. Also to test whether the variances in these

variables were the same across seasons and locations, we used Levene’s test of homo-

scedasticity. We tested whether the reaeration coefficients varied between seasons and

locations, again using a two-way ANOVA with k as the dependent variable and loca-

tion, season and their interaction as independent variables. In order to understand

which physical variables (PAR, water temperature, water depth and discharge) were

related to any seasonal or location differences we used multiple regression of the

physical variables on stream metabolism variables (GPP, ER, and NEP). Since values

of ER and NEP become more negative as respiration increases, we converted these to

positive values for the regression analysis. We also examined whether the variability

in the physical variables also varied among season and locations, again with Levene’s

test. All statistical analyses were carried out using JMP� Pro version 11.0 (SAS, Inc.,

http://www.sas.com).

Results

Site comparisons

Despite the fact that the two sites were only 700 m apart, there were significant differen-

ces in the physical, chemical and biological characteristics of the sites. We assessed the

difference in the hydrological characteristics of the sites and found that, based on three

measurements in the fall, the discharge was on average 4.3% higher at the open site than

the forest site (Table 1). Part of this difference in discharge is likely due to groundwater

input. The stream at the forest site is a losing stream, while it is a gaining stream at the

open site (Figure 2). The hydraulic conductivity, measured twice with a pump test at the

open site, ranged from 0.16 to 0.24 cm/sec. The differences in hydrological characteristics

were also displayed in differences in average sediment size and shear stress between sites.

The open location had finer sediments, a greater range of shear stress, and greater shear

stress than the forest location (Table 1).

Water temperature and daily PAR varied among locations and seasons. A two-way

ANOVA of PAR showed significant effects of season, location and their interaction (Sea-

son: F1,94 D 8.1, p < 0.0001; Location: F1,94 D 256, p < 0.0001; Interaction: F1,94 D
10.0, p D 0.002). PAR was greater in the open location than the forest location (Table 1)

and while PAR decreased at the open location from summer to fall, it increased from

summer to fall at the forest location. PAR at the forest location in the fall was only

slightly higher than PAR in the forest during summer (1.2%) but we are missing the last

two weeks of PAR data from forest when light increased. In the previous three years we

had collected PAR data at the 2 sites and PAR in forest site for the fall period (Septem-

ber�October) was 15% higher than in the summer (July�August) period. A two-way

ANOVA of mean daily water temperature similarly showed significant effects of

season and location, but not their interaction (Season: F1,101 D 551, p< 0.0001; Location:

F1,101 D 4.8, p < 0.03; Interaction: F1,101 D 1.2, p D 0.28). As expected water tempera-

ture is lower in the fall than in the spring, but somewhat unexpectedly the water tempera-

ture is lower at the open location than in the forest location.
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Table 1. Comparison of physical, biological and chemical characteristics of the two study
locations on North Branch Valley Creek, Afton, MN, USA. Values in brackets are standard deviations.

Parameter Open site Forest site

Physical factors

Mean discharge (m3/sec) 0.326 [0.05] 0.313 [0.04]

Hydraulic conductivity � range (cm/sec) 0.16�0.24 �
Specific groundwater discharge � range � y (m3/m2/day) 4.6�6.2 �
Shear stress (FST spheres) 13.7 [4.0] 7 [1.7]

Shear stress � from flow velocity � range (t�N/m2) 0.01�0.08 0.02�0.03

Mean sediment particle size (’) 1.46 [0.82] ¡0.16 [.24]

Mean water temperature � July 25�Aug 18 (C) 15.2 [2.2] 22.2 [0.9]

Mean water temperature � Sept 11�Oct 8 (C) 14.1 [2.1] 21.8 [1.0]

Mean photosynthetic active radiation� July 25�Aug 18 (mE/cm2) 442.1 [555.6] 26.5 [66.7]

Mean photosynthetic active radiation � Sept 11�Oct 8 (mE/cm2) 301.0 [455.0] 33.1 [67.6]

Biological factors

Mean invertebrate density (number/m2) 96.9 [21.5] 541.8 [353.8]

Mean invertebrate richness (number of families) 5.0 [1.0] 9.7 [4.5]

Mean invertebrate diversity (Shannon�Weaver) 1.3 [0.1] 1.6 [0.4]

Family biotic index score 5.5 [0.7] 4.7 [0.6]

Mean periphyton production � Sept 11�Sept 25 (mg chl a/cm2/
week)

0.12 [0.17] 0.34 [0.21]

Mean periphyton production � Sept 25�Oct 8 (mg chl a/cm2/
week

0.32 [0.27] 0.48 [0.21]

Chemical factors

Mean nitrate concentration (mg NO3�N/L) 4.45 [1.15] 5.65 [.95]

Mean soluble phosphate concentration (mg PO4/L) 0.47 .34 [0.04]

Mean conductivity (mS/cm) 534 [2.8] 535 [1.4]

Mean pH 7.94 [0.40] 7.75 [0.24]

Figure 2. Graph showing vertical hydraulic gradient from July through October at North Branch of
Valley Creek, MN, USA. Negative values indicate a losing stream and positive values indicate a
gaining stream. Data were not collected in October at the Forested site.
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We assessed periphyton production during two periods within the fall sampling time. We

conducted an ANOVA with Chl a cm¡2 d¡1 as the dependent variable and location, time

period, treatment, and their interactions as the independent variables. There was no signifi-

cant effect of treatment (control, N, P and N C P) on periphyton production rates (chl

a cm¡2 wk¡1, F3, 62 D 0.73, p D 0.54) and no significant interaction terms. However, both

location and time period were significant (Location: F1,62 D 11.99, p D 0.001; Time period:

F1,62 D 14.62, p D 0.0004). The periphyton production was higher in the forest site than the

open site for both time periods and the production was higher in the second time period (25

September�8 October) than in the first time period (September 11�September 25, Table 1).

While the macroinvertebrate density, richness, and evenness were all higher in the

forested site than in the open (Table 1) these differences were not significant (density:

t2 D 2.17, pD 0.16; richness: t2 D 1.75, pD 0.21; evenness: t2 D 1.2, pD 0.31). However,

the mean biotic indices of macroinvertebrates found in the open site were higher than

those of macroinvertebrates found in the forested site but, again, these differences were

not statistically significant (t2 D 1.73, p D 0.10). The lack of statistically significant

results was largely due to the small sample sizes involved (3 samples per location). Power

analyses indicated that at least 8�19 samples would be required to detect a significant dif-

ference in density, richness or evenness, while 47 samples would be required to detect a

difference in the biotic index.

Stream metabolism

We calculated the potential stream reach integration length (i.e., the length over which the

oxygen meters were influenced by metabolism) for the downstream open location as

468 m (3v/k, where the maximum average velocity we measure over the sampling period

was 0.65 m/s and the average k was 0.25/min). Thus the rates of oxygen change at the

downstream open location were unlikely influenced by metabolism at the upstream for-

ested location. Oxygen levels varied daily, with percent oxygen saturation always high

(usually > 93%) and daily changes in percent oxygen averaging approximately 4%

(Figure 3). In the summer the percent oxygen saturation is generally higher at the forest

location but this difference declines during the fall period.

Two-way ANOVAs with location and season (summer D July and August; fall D
September and October) showed that location and season significantly influence GPP, ER

and NEP but the interaction effects were not significant (for GPP: location, F1,99 D 7.9,

p D 0.006; season, F1,99 D 17.8, p < 0.0001; interaction, F1,99 D 0.06, p D 0.81; for ER:

location, F1,99 D 13.2, p D 0.0004; season, F1,99 D 33.0, p < 0.0001; interaction, F1,99 D
0.17, p D 0.68; for NEP: location, F1,99 D 13.3, p D 0.0004; season, F1,99 D 33.4, p <

0.0001; interaction, F1,99 D 0.18, p D 0.67). The GPP varied between locations and sea-

sons (Figure 4), with some negative values being calculated, indicating that on some days

GPP was below the level of detection. In general GPP was higher at the open location

than the forest location, while both ER and NEP were greater (i.e., more negative) at the

open location than the forest location. Thus, the stream is heterotrophic in both locations.

Also GPP increased at both locations from the summer to the fall and both ER and NEP

increased from summer to fall. A two-way ANOVA showed that the reaeration coefficient

k was higher in the fall than in the summer, but there was no difference between locations

or the interaction between location and season (location, F1,99 D 3.7, p D 0.6; season,

F1,99 D 25.1, p < 0.0001; interaction, F1,99 D 0.11, p D 0.74).

There were also differences in the daily variability in all measures of stream metabo-

lism (GPP, ER and NEP) among seasons and locations (Levene test � GPP: F3, 96 D 9.2,
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p< 0.0001; ER: F3, 96 D 9.1, p< 0.0001; NEP: F3, 96 D 9.2, p< 0.0001). In all cases, the

variability was greater in the fall than in the summer and greater in the open location than

the forest location. Significant differences in variability were also found for mean daily

water temperature and level, with temperature variability greater for the fall than the sum-

mer at both locations and variation in mean daily water level being greater in the fall than

the summer but only at the open location, (Levene test with Bonferroni correction for

multiple comparisons � Water temperature, Open: F1,49 D 28.2, p < 0.0001; Water tem-

perature, Forest: F1,47 D 23.7, p < 0.0001; Water level, Open: F1,49 D 10.7, p D 0.0023).

There was no significant difference in variability between seasons in daily PAR or daily

stream discharge (measured at the forest location). However the variability in PAR was

greater in the open location than the forest location in both seasons (Levene test with

Bonferroni correction for multiple comparisons � Summer: F1,46 D 42.4, p < 0.0001;

Fall: F1,38 D 23.0, p < 0.0001).

Figure 3. Percent oxygen saturation (taken at 10 minute intervals) for two locations in Valley
Creek, MN, USA. Upper panel represents the summer sampling period and lower panel represents
the fall sampling.
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We examined the correlation of GPP, NEP and ER with a number of environmental

factors including PAR, water temperature, water depth and discharge. Multiple regression

showed that only two of these factors were correlated with GPP (r2 D 0.24): a positive

correlation with total daily PAR (F1,88 D 5.7, p D 0.02) and a negative correlation with

Figure 4. Temporal changes in daily measures of stream metabolism (measured as mg O2/L/day)
at two locations in Valley Creek, MN, USA. Top panel represents gross primary production, middle
panel represents ecosystem respiration, and the bottom panel represents net ecosystem production.
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mean daily water temperature (F1,88 D 14.8; p D 0.0002). These two factors were also

correlated with ER (r2 D 0.32): a positive correlation with PAR (F1,88 D 6.2, p D 0.02)

and negative correlation with water temperature (F1,88 D 33.3, p < 0.0001). Similarly

NEP (r2 D 0.32) was positively correlated with PAR (F1,88 D 5.7, p D 0.02) and nega-

tively correlated with water temperature (F1,88 D 34.1, p < 0.0001).

We estimated the impact of groundwater input at the open location on NEP and GPP

in the fall using the method of Hall and Tank (2005). We used the difference in discharge

over a 50 m stretch of the stream based on the salt discharge method. The increase in dis-

charge between these sites was 5.77 m3 m¡2 d¡1. Based on our pump tests on September

11 and September 25 2014, the average groundwater discharge was 5.11 m3 m¡2 d¡1

(4.06 and 6.16 m3 m¡2 d¡1, respectively � Table 1). While we do not have measures of

the change in groundwater discharge over the sampling period, the vertical hydraulic gra-

dient was fairly consistent over this time (Figure 2). Groundwater oxygen levels were

lower than surface water. Based on two measurements the average groundwater oxygen

content was 6.36 mg O2/L (6.73 mg O2/L on 11 September and 5.89 mg O2/L on 9 Octo-

ber) compared to an average surface water oxygen content of 10.14 mg O2/L (10.23 mg

O2/L on 11 September and 10.05 mg O2/Lon 9 October). Using the groundwater O2 con-

tent value and a groundwater discharge rate of 5.77 m3 m¡2 d¡1, we calculated a mean

bias (ER uncorrected for groundwater/ER corrected) for the fall period (when we assessed

groundwater input and groundwater oxygen levels) of 1.12 indicating that our measures

of ER at the open location were greater than if they were corrected for groundwater input.

For GPP the mean bias was 0.57, indicating that our estimates of GPP at the open site

may be lower than if they were corrected for groundwater inputs. These results suggest

that primary production may be even greater and ER may be lower (less negative) in the

open location than the forest location.

Discussion

Both spatial and temporal variation in stream metabolism have been well documented

(e.g. Beaulieu et al. 2013; Dodds et al. 2013; Griffiths et al. 2013; Yates et al. 2013;

Gonz�alez-Pinz�on et al. 2014; Hotchkiss & Hall 2014; Roley et al. 2014), including the

interaction between these factors depending on the type of riparian zone of the stream

(Roberts et al. 2007). We found spatial variation in stream metabolism in Valley Creek,

as hypothesized, with GPP, ER and NEP being lower at the forested location versus the

open location. Birkel et al. (2013) described similar impacts of riparian vegetation on

stream metabolism (lower GPP, ER and NEP in a forested location). Despite the varia-

tion, the stream was heterotrophic at both locations. Smaller streams are often found to be

heterotrophic (e.g. King & Cummins 1989; Battin et al. 2008). GPP was higher in the

open location and often near zero at the forest location, especially in the summer, while

NEP and ER were greater (more negative) at the forest site. These results support our ini-

tial hypotheses. In those cases where GPP was negative, we found that the regression

equations used to calculate the reaeration coefficient (Hornberger & Kelly 1975) were not

significant, which might account for the negative values. Caffery et al. (2014) indicate

that many researchers discard negative GPP measures. Caffery et al. (2014) suggest that

negative GPP values may be due to periods of low metabolism below the effective level

of detection and that excluding these values may overestimate metabolism. Thus, we

included these values in our analysis. GPP was positively correlated with PAR, mainly

because of the higher GPP in the open location, even though water temperature was lower

in the open location, likely due to groundwater input (Simmons et al. 2014). The
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groundwater impact on water temperature at the open site was also likely responsible for

the negative correlation between water temperature and GPP. The positive relationship of

PAR with GPP even with a negative relationship between water temperature and GPP

supports the idea that PAR has a greater control on GPP than water temperature (Mulhol-

land et al. 2001; Bernot et al. 2010; Huryn et al. 2014). GPP was not correlated with water

depth or discharge. Benson et al. (2013) found that GPP was maximal at intermediate dis-

charge levels and thus a simple correlation may not be evident. Benson et al. (2013) and

attributed this to a balance being struck between positive impacts of delivering nutrients

and the negative impacts of scouring and reduced light availability due to enhanced tur-

bidity. It is also possible using the discharge measures taken from above the forest loca-

tion do not adequately reflect discharge at the open site due to groundwater inputs.

Lamberti et al. (1995) showed that GPP decreased with increasing grazer abundance and,

thus, since our forest site has a higher total abundance of macroinvertebrates including

grazers it is possible that grazing pressure resulted in a lower GPP.

Nutrient availability and GPP are tightly coupled in many systems (Hall & Tank

2003; Cohen et al. 2013; Huryn et al. 2014). In our study we examined periphyton growth

in the fall using nutrient diffusing substrates to test nutrient limitation in relation to GPP.

Since there was no significant difference among treatments, nutrient limitation does not

seem to be occurring. Sanderson et al. (2009) showed that 31.5% of the streams they stud-

ied showed no nutrient limitation on periphyton production using the same methods we

used. Similarly Nelson et al. (2013) found in one of two ecoregions in California they

studied, increasing nutrient content did not result in increased chlorophyll a production.

The potential causes for the lack of response to increased nutrients could be sufficient

nutrients in the stream, other limiting factors such as light, temperature, or disturbance

and the presence of invertebrate grazers. Frankforter et al. (2010) found a correlation

between GPP and nutrient availability at only a few sites. Rier and Stevenson (2006)

found that above 150 mg/L, dissolved inorganic nitrogen (DIN) had little to no effect on

periphyton growth. We found the average nitrate-N component of DIN at the open site to

be 445 mg/L and 565 mg/L at the forest site, suggesting that the DIN of the stream was

already beyond the point where adding more would have had a significant effect on

periphyton growth. The same Rier and Stevenson study found that above 20 mg/L, soluble
reactive phosphate (SRP) had little to no effect on periphyton growth. Given that we

found the average SRP at the open site to be 47 mg/L and the average at the forest site to

be 34 mg/L we can also conclude that adding phosphorus should not have played a signifi-

cant role in periphyton growth.

Both ER and NEP were positively correlated with PAR but negatively correlated with

water temperature. The negative relationship with water temperature is unexpected since

metabolic rates generally increase with increasing temperature. Demars et al. (2011)

found that increased temperature was positively correlated with GPP and ER and had a

greater impact on ER than GPP. In our study, increased temperature was negatively corre-

lated with ER and GPP with the correlation also being higher for ER compared to GPP

(r2 D 0.32 vs. 0.24). Jankowski et al. (2014) discussed the factors that might influence the

temperature sensitivity of ER and showed that the temperature sensitivity of ER was

greatly influenced the quantity and quality of organic carbon substrates. The negative cor-

relation between temperature and ER could be an artifact of the groundwater input at the

open site. The open site has lower water temperature than the forest site but ER is higher.

The input of low O2 from groundwater could make it appear that ER is higher and this

would be associated with cooler temperatures. There was no correlation between ER and

NEP with water depth or discharge even though other studies showed that increased scour
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of the streambed leads to a reduction in respiration (Atkinson et al. 2008; O’Connor et al.

2012). Young et al. (2008) point out the ER would not likely be correlated with PAR

since respiration may be most influenced by heterotrophic organisms, although Benson

et al. (2013) indicate that ER was positively related to PAR in their arctic streams since

much of the respiration is likely due to metabolism by autotrophs. The positive correla-

tion between PAR and ER and NEP could simply be due to the greater levels of ER and

NEP in the open location, which again could be artifacts of low O2 groundwater inputs.

Temporal variability as well as spatial variability in-stream metabolism was evident in

Valley Creek. Roberts et al. (2007) noted 4 levels of temporal variability in-stream

metabolism: interannual, seasonal, day-to-day and episodic (storm-related). Our study

clearly showed both day-to-day and seasonal variability in-stream metabolism. Daily var-

iation in GPP, ER and NEP was higher in the fall than in the summer and higher in the

open than the forest location. Wilby et al. (2014) found greater variability in-stream tem-

perature with intermittent groundwater inputs, and lower variability in shaded versus

open locations mainly due to difference in incident solar radiation. At Valley Creek the

variance in GPP, NEP and ER was greater at the open location, regardless of season. For

GPP this may be related to the greater variability in PAR at the open site. But at both loca-

tions the variance in these measures of stream metabolism was greater in the fall than in

the summer. We found that mean daily water temperature was more variable in the fall

than in the spring at both locations and that mean daily water level was more variable in

the fall than the summer at the open site. This suggests that while the variability in light

may be related to variability in GPP, variability in overall metabolism (GPP, ER, and

NEP) may relate to water temperature.

Seasonal variation in GPP, ER and NEP was also evident in this study. While the

increase in GPP was expected for the forest location because of increasing PAR associ-

ated with leaf fall (e.g., Burrell et al. 2014) this was not expected for the open site since

PAR declined from summer. Earlier light measurements taken in November 2012 and

2013 at the open location in Valley Creek, showed that light levels at the water surface in

the center of the stream were almost 20% lower than where the PAR meter was stationed

(about 1 m from the stream on the shore and 1�2 m above the stream surface). It is possi-

ble that the steep stream sides and wetland vegetation was shading the open site until the

fall when vegetation died back. Our measures of periphyton production, which were only

taken in the fall, support the idea that GPP increases within the fall period. Paradoxically,

periphyton production in the fall was greater in the forest location than the open location

even though GPP was greater in the open location. There are a number of possible reasons

for a lack of correlation between GPP and periphyton production. There is a higher shear

stress and smaller sediment size at the open site that could lead to greater sediment trans-

port and scouring. Atkinson et al. (2008) showed that sediment scour decreases both

periphyton production but they also found that this lead to lower GPP. O’Connor et al.

(2012) found that even small storm pulses can induce partial bed mobilization resulting

in increased turbidity and a reduction in GPP. Hondzo et al. (2013) demonstrated that

shear stress had a more significant impact on GPP than ER.

There was increased ER and NEP (i.e. more negative) in the fall compared to the sum-

mer at both sites. This was expected in the forest location due to increased leaf fall pro-

viding a carbon source for increased respiration. Roberts and Mulholland (2007) and

Roberts et al. (2007) noted ER was highest in the spring due to autotrophic respiration

and fall due to decomposition of leaves.. Hall and Beaulieu (2013) suggest that using the

slope of the quantile regression of GPP versus ER provides a reasonable estimate of the

fraction of ER that is attributable to autotrophs. However, they also indicated that there
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needs to be a reasonable range of GPP values to adequately estimate this proportion. Our

range of GPP was insufficient to meet the adequacy standard (personal communication

from Robert O. Hall, University of Wyoming, 5 May 2015). The higher levels of ER and

NEP at the open location in the fall, could be due to the import of organic matter from the

upstream forest location or from the surrounding wetland or both. The possibility men-

tioned above that shading of the open site may be partially responsible for the lower GPP

in the summer compared to the fall would support the idea of fall organic input to the

open site from the surrounding vegetation. It is also possible that the higher GPP noted at

both sites in the fall could be due to a greater reaeration coefficient found in the fall which

could inflate the estimates of GPP.

It is clear that groundwater input had a significant impact on our measures of stream

metabolism at the open site. The hydraulic conductivity of 0.16�0.24 cm/sec was similar

to values found by Wenck and Associates (2014) at nearby sites (0.11�0.36 cm/sec). A

number of studies have found that groundwater input generally biases measures of ER

especially if the levels of groundwater input is high and groundwater O2 levels are low

(McCutchan et al. 2002; Hall & Tank 2005). However, groundwater input can have a

smaller impact on estimates of GPP (Hall & Tank 2005). Hall and Tank (2005) suggested

using the groundwater discharge per area (Q/A) as a measure the rate of groundwater

input. Our estimated ratio of 5.77 m/day is lower than the unusually high ratio of

16 m/day in the Hall and Tank (2005) study but according to their discussion, our ratio is

higher than some other studies. Hall and Tank (2005) calculated a bias of 0.71 for GPP,

compared to our rough estimate of 0.57 and a bias of 1.63�1.66 for ER compared to 1.12

for our estimate. The lower bias in our study is likely due to the lower amount of ground-

water input and the higher O2 levels in the groundwater at our location compared to the

Hall and Tank (2005) study. Unfortunately our groundwater data are limited in terms of

both the seasonal variation in groundwater input and O2 level. In the fall, the average ER

was 1.37 times higher at the open site than at the forest site. So even if the 1.12 bias esti-

mate were applied to all measures of ER at the open location, ER would still be higher

than in the forest location. The average GPP was 1.69 times higher in the open location

than the forest location in the fall. If the bias estimate of 0.57 were applied the difference

in GPP between the open and forest locations would be even greater. We also have no

measures of the DOC in groundwater that might also influence the rate of ER (Demars

et al. 2011). Variations in any of these could be partially responsible for the differences in

the level and variability of O2 seen at the open site. Wilby et al. (2014) found a significant

impact of intermittent groundwater inputs on stream temperature variability that could

have impacts on stream metabolism. Clearly groundwater inputs are influencing water

temperatures and O2 levels at the sediment-water interface at the open site. It is possible

that the lower O2 and temperature levels are responsible for the lower density and diver-

sity of macroinvertebrates with higher pollution tolerance scores are found here compared

to those at the forest site where there is no groundwater input.

We found that a variety of factors likely had significant impacts on stream metabolism.

At the largest scale we examined, the presence of a forested riparian corridor clearly had

the largest impact on GPP, ER and NEP. Temporally, season had an impact on the level of

metabolism and on the degree of daily variation in metabolism. Groundwater inputs also

significantly influenced metabolism, but seemed to have a lesser impact than the amount of

riparian vegetation. As Young et al. (2008) noted, there are a number of factors that influ-

ence both GPP and ER, but some factors have greater impacts than others. For example,

they point out studies that show that variation in discharge has a greater impact on GPP

than ER since scour tends to influence primary producers but has a lower impact on ER
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since most respiration takes place in the hyporheic zone. The complexity of the interactions

at various spatial and temporal scales that influence stream metabolism will make predic-

tions on the impacts of changing land use and climate on stream ecosystem function quite

difficult. More research is needed in order to assess what changes in land use management

and adaptation to climate change are likely to be most effective.
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