U
I BJ Norwegian University
M 4

of Life Sciences
N

Master’s Thesis 2018 60 ECTS

Environmental Science and Natural Resource Management
Susanne Claudia Schneider

Stream Daylightling:

The Effect of Restoring Culverted
Streams on Ecosystem Functioning
in Oslo, Norway

Pali Felice Gelsomini

Master of Science in Ecology
Environmental Science and Natural Resource Management







Master’s Thesis - 60 ECTS - May 15, 2018

Stream Daylighting: The Effect of Restoring Culverted Streams on
Ecosystem Functioning in Oslo, Norway

Pali Felice Gelsomini

Primary Advisor: Susanne Claudia Schneider*" Secondary Advisor: Therese Fosholt Moe™
*Faculty of Environmental Science and Natural Resource Management
*The Norwegian Institute for Water Research

Master of Science in Ecology
Faculty of Environmental Science and Natural Resource Management
Norwegian University of Life Science

Abstract

Culverted streams generally have compromised ecological integrity due to issues with low
light, extreme habitat modifications and increased pollution loadings. Restoring culverts back to
aboveground streams has the potential to solve these issues. One of the main goals in restoration is
restoring ecosystem services through renewed ecosystem functioning. Directly measuring ecosystem
functions has the ability to serve as indictors for many, often hidden variables on a systems wide
scale. This study compared the ecosystem functioning of restored stream stretches to reference
stretches within the city of Oslo to assess the effectiveness of restoration efforts. Vegetation,
hydromorphology and water chemistry are additionally analyzed to determine underlying causes for
discrepancies. The measured ecosystem functions were total, microbial and invertebrate mediated
decomposition, algae biomass accrual, algae primary production, and grazing intensity. Six
daylighted sites were compared to twelve reference sites that had never before been culverted and
covered a diverse array of habitats, water chemistries and degrees of urbanization. Decomposition
was measured in late autumn using litter-pack methods with one-month exposure times, using two
difference decay mediums: alder (A/nus glutinosa) leaves and Wettex cellulose sponge cloths. Algae
and grazing metrics were measured using granite tiles as an artificial substrate placed in the stream
for one month in spring. The data was analyzed using ANCOVA on mixed effect models and multiple
linear regression. Regarding ecosystem functioning, it was found that restored stretches of stream
responded the same to environmental variables as reference stretches, that had never before been
culverted. The generally higher primary production and possibly lower rates of decomposition seen
in restored stretches can be explained by the early-successional state of the newly constructed streams,
with greater light intensity from more open canopies resulting in increased primary production and
lower litter fall leading to lower capacity for decomposition. Restored streams had neither higher nor
lower ecosystem functioning than natural streams of the same vegetation community,
hydromorphology and water chemistry. This study concluded that stream daylighting efforts in Oslo
have been successful at restoring ecosystem functioning to a level comparable to those of similar
streams in the vicinity.
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Introduction

Almost all European rivers have been degraded by either a combination of land-use change,
fragmentation, water stress, invasive species or pollution: 90% of the catchment area has been
converted over to agriculture in central and step Europe, 50% of wetlands and 95% of the flood plains
have been lost due to channelization and flood control, more than 6000 large dams highly fragment
Europe’s river systems and water pollution issues continue to be a concern even with improved water
sanitation standards and runoff control (Tockner et al., 2009). This extensive habitat loss, major
fragmentation of populations and degraded water quality has resulted in the majority of rivers, streams
and lakes exhibiting “less than good” ecological status according to the European Water Framework
Directive (Eea, 2012). It is thus imperative that ecological restoration and mitigation be of primary

concern for European water managers.

Specifically, culverting (redirecting streams underground) has had a rather large reach of
influence on European water ways and can lead to many environmental, social and economic
problems. As much as 20% and 15% of the total length of Switzerland’s and Denmark’s streams are
confined to culverts respectively (Iversen & Anderson, 1997; Kummert & Stumm, 1992). Culverted
streams often have poor ecological standing due to issues relating to lower light levels, extreme
habitat modification, increased sources of pollution and separation from the terrestrial environment
(Wild, Bernet, Westling, & Lerner, 2011). They also provide no social benefits and pose as economic
risks, with higher maintenance costs due to difficulty of access and increased flooding potential (Wild

etal., 2011).

Stream daylighting, also known as deculverting, has the potential to restore the ecological
integrity of streams, as well as provide other social and economic benefits. Stream daylighting is
essentially the removing of the culvert and placing the stream back on the surface. It is generally
accompanied by a restoration of the stream back to a seminatural state. It has been reported that
daylighting has increased ecological integrity through restored wetlands and riparian vegetation and
brought back habitat heterogeneity to the streams and the landscape (Wild et al., 2011). It has also
been shown to provide economic and social benefits through recreation and education and reduced

maintenance costs (Wild et al., 2011).

Unfortunately, due to lack of post-assessment and/or reporting, little is known of the
effectiveness of many restoration methods, exacerbating an issue of too much “gut feeling” and lack
of science-based management seen in restoration projects. In Germany it was found that in stream
restoration, almost no parameters were measured, instead success was based on “gut feeling” and

they were likely to report a success result regardless of if ecological parameters improved or declined
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(Jéhnig et al., 2011). This may have a regulatory component, as managers fear losing funding from
reporting negative results; but nevertheless, the poor reporting is most likely preventing the adoption
of better methods. Specifically regarding culvert removal projects, economic benefits are rarely
reported and social and environmental benefits are often reported anecdotally, or the reports are
severely lacking spatially and temporally (Wild et al., 2011). For example, the removal of culverts
has been reported to restore fish migration ability, but generally only fish presence is recorded and no
data on where the fish came from or how far they actually move was collected (Wild et al., 2011). In
adaptive management, one regularly monitors the progress of a project and makes adjustments
accordingly. Clear goals and post-assessments of the realization of said goals is a very integral part
of the adaptive management process. In addition, reporting allows for collaboration and learning from

each other.

One common goal in stream restoration projects is the enhancement of ecosystem services
such as cleansing and resilience. The paradigm until recently for achieving this has been focused on
water quality and biodiversity. Starting in the mid-1970’s, the main form of water quality protection
in Europe was point-source pollution measures through the use of standards for waste water discharge
and industrial emissions (Eea, 2012). This methodology proved inadequate in the face of the
increasing problem of eutrophication, so in the late 1980°s they switched focus to non-point pollution
sources such as agricultural and urban sewage runoff (Eea, 2012). Then in 2000, the European Water
Framework Directive called for the creation of River Basin Districts, to facilitate the collaboration
across political boundaries to solve the issues faced by European water managers (Eea, 2012). Despite
European regulation taking an increasingly watershed-scaled perspective, the dominant ecological
paradigm since the 1990s has been increasing biodiversity at the short-stream-stretch scale, through
increasing niche partitioning by increased heterogeneity of the stream bed, despite the lack of
evidence that this is effective for anything but salmonid species (Roni, Hanson, & Beechie, 2008).
The focus on biodiversity has come from an assumption that ecosystem services such as water
filtration and regulation are positively correlated with diversity; which is true on at least a larger scale

(Benayas, Newton, Diaz, & Bullock, 2009).

High habitat heterogeneity and biodiversity is not always naturally found in all locations and
managing for unnatural conditions can result in negative results. Pedersen, Kristensen, and Friberg
(2014) found in a study in Denmark that increasing stream bed heterogeneity with course gravel
actually lowered the species count. The river system was dominated by homogenous fine sandy
substrate, so the catchment lacked the necessary source populations to colonize this new habitat.

Restoration should aim to recreate natural systems as closely as possible to reestablish the natural



geomorphological processes, and for that you need well defined metrics, relating to the entire

catchment area.

In addition to biodiversity not always being natural, no information is provided by a diversity
measures on the state of functionally vital species. There is a consensus that there is a minimum
number necessary to sustain ecosystem function and more is better for long term stability of the
system (Loreau M. et al., 2001). However, from a functional point of view, species really only matter
regarding their functional role in the system, thus a functional group metric may be a better measure
for evaluating restoration projects (Loreau M. et al., 2001). Alternatively, one could just look at the

ecosystem function directly, such as decay or primary production.

Measures of ecosystem functioning can serve as indicators of many, often hidden, variables.
For example in one study, the function leaflitter decomposition showed response to pH change, where
strictly the diversity within the invertebrate functional group leaf-shredder and bacteria and fungi
showed no great response; however upon closer investigation it was found that certain pH sensitive
species declined and the acidity had a strong negative effect on bacterial and fungal extracellular
enzyme efficiency (Simon, Simon, & Benfield, 2009). Measures of ecosystem function can be used
as an assay for more complex interactions within the whole ecosystem at small and larger scales that
may be missed by just biodiversity measures (Ryder & Miller, 2005). But ecosystem function can
also be very confounding, as for example, leaflitter break down rates can be accelerated by increased
biological activity and increased flow velocity, so determining the underlaying cause may be
impossible from just one measure of function (Paul, Meyer, & Couch, 2006). It is therefore important
to measure a variety of variables in addition to ecosystem functioning such as diversity, functional
groups, and abiotic environmental factors. Together they all interdepend on each other and will

provide deeper insight into the specific situation (Loreau M. et al., 2001).

In the city of Oslo, Norway there is an initiative to daylight as many of the culverted streams
as possible, in order to reestablish lost ecosystem services and restore the ecological integrity of the
Oslofjord system. Many of the streams have already been deculverted and renaturalized. It is now of
interest to assess the progress of these works and see if they are meeting their desired goals. This will
provide valuable insights for future improvements and further culvert daylighting in Oslo and
elsewhere. One of the goals is to restore the ecological function of the previously culverted streams.
To evaluate this, ecosystem functioning of the newly restored daylighted streams needs to be
compared to reference streams that had never been culverted and are similar in nature and in proximity

to the restored stretches.



In this study the ecosystem functions of decomposition and primary production will be
analyzed within 6 restored stretches and 12 reference stretches. The reference sites cover a wide range
of habitats, degrees of urbanization and water quality levels found within the city of Oslo.
Specifically, this study will look at total, microbial and invertebrate mediated decomposition, algae
accrual, algae primary production and grazing pressure, compared to a variety of measured
hydromorphological and other environmental factors. The comparability of ecosystem functioning in
restored stretches to reference stretches will be assessed and possible causes for discrepancies will be
evaluated. This will facilitate future science-based decision making within the stream daylighting

process.
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Figure 1: Map of study area with study sites classified by pollution level, study site
Restored sites have a “res” amidst the name.
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18 sample reaches were selected in streams within the municipality of Oslo; 12 reference
reaches and 6 restored reaches. The restored sites were originally culverts that had been opened,
placed back on the surface, and renaturalized. Sample reaches were defined as a length of stream of
similar character that stopped at any culverts or bridges, which would significantly separate the below
and above stream stretches. The sample sites were located in the suburbs and industrial parks around
the city center and were selected to cover as diverse a spectrum as possible; they ranged from natural
streams in mature forests to fully embanked channels along the road (see Fig. 1 for a study area map,

Table 1 for summary statistics and Appendix 1 and 4 for detailed statistics and pictures.)

The city of Oslo, Norway is located at 59.92°N 10.73°E. As per the beginning of 2017, there

were 666,759 residents in the municipality (Statistics Norway, 2017). It is located at the transition
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between the nemoral and boreal biomes (Metzger, Bunce, Jongman, Miicher, & Watkins, 2005). The

average temperatures for July and January are 16.4°C and -4.3°C respectively (NRK & Meteorologisk
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Environmental variables

Water chemistry and temperature

Ammonium and phosphate

Water samples were taken at each reference site using the hand dip method between the 26
and the 29'" of September, 2016 and at each restored site on the 18" and 19" of September, 2017. The
samples were processed by an accredited lab at the Norwegian Institute for Water Research, in Oslo,
using Norwegian Standard NS 4746:1975 for ammonium and Norwegian Standard NS 4724:1984 for
phosphate.

BOD:s

The biological oxygen demand after 5 days (BODs) was measured in mg O>/I at each of the
sites, once by low flow on Sep 4", once by medium flow on May 25™ and once by high flow on Aug
10" in 2017. Each time, all the sites were sampled and processed the same day. The BODs was
measured with standard method 5210B (APHA, AWWA, & WEF, 2001). Only one sample was taken
at each site per sampling day. The samples were taken in plastic containers using the hand dip method
and analyzed in 250 ml glass bottles with ground glass stoppers. In order to characterize in-situ
chemistry, pure stream water was analyzed without dilution or the addition of nutrients, bacterial seed
or reagents to the samples. After coming in from the field, samples were poured into the 250 ml
bottles, placed in a 20°C water bath and bubbled with an air-diffusion-stone for about 15 minutes as
they warm up to 20°C+3°C as recommended in the USGS National Field Manual for the Collection
of Water-Quality Data to prevent supersaturation as the water warms (Delzer & McKenzie, 2015).
The air-diffusion-stones were cleaned with disinfectant Vircon S produced by Vircon, rinsed in DI
water and soaked for multiple hours in DI water before each use. The oxygen-probe used was the

Fibox 4 with the oxygen dipping probe DP-PSt3 produced by PreSens.

Temperature

Water temperature was measured at 30-minute intervals using HOBO and TinnyTag
temperature loggers. They were anchored to the stream floor by rebar, either just above or below the
substrate. Some of the sites were in city parks, so the temperature loggers were buried just below the
substrate to prevent them from being stolen. Degree days (DD) used for the ecosystem function

statistics were calculated based on the average temperature for each day.

Due to technical malfunctions and loss of the temperature loggers in flood events, some water
temperature data was missing during the two ecosystem function experiments for sites ALN3, MAR1
and HOF1 from Nov. 7% to Dec. 6, 2016, for all sites from May 16" to May 29%, 2017 and site
ALN3 from May 16" to Jun 14™, 2017. The missing temperatures were modeled based on the water

temperatures at other sites and air temperatures where necessary. Where the data permitted, it was
9



preferred to use the water temperature of the sites, to estimate the missing values, because water
temperature is affected by more than just air temperature. The air temperatures used were collected
at the Oslo (Blindern) observation station (NRK & Meteorologisk Institutt, 2018). The statistics were
performed in R version 3.2.3 (The R Foundation for Statistical Computing, 2015). (See Appendix 3

for the models and results)

The temperatures missing from the 16™ to 29" of May 2017 were from the first half of the
ecosystem function experiment on algae growth. The experiment ran in total from May 16" to Jun
16™, 2017. The average air temperature for the second half of the treatment was 14.40°C. The air
temperature difference between the first half and the second half of the experiment was 2.37°C and
the air temperature difference was 2.05°C between the second half of the experiment and an equal
time interval after the experiment from Jun 17% to Jun 30", 2017. These differences in air temperature
were not significantly different based on a t-test between two linear models (t = 0.26, df = 78, p-value
= 0.60). The test compared the slopes of two linear models using reference level parameterization.
One calculated air temperature vs a factor of the st half of the experiment over the 2nd half. The
other linear model calculated air temperature vs a factor of the 2nd half of the experiment over an
equal interval of time after the experiment. Thus, the average water temperature was estimated for
the first half of the experiment by finding the difference in water temperature between the second half
and the equal time interval after the experiment. This difference was then subtracted from the average
water temperature of the second half, to get an estimated average water temperature for the first half.
This procedure was done for each constituent site. The value acquired from this equation was then
converted to degree-days by multiplying this average daily temperature by the number of days in the
first half of the experiment, which was then added to the degree-days that were actually measured in

the second half.

The above method did not work for two sites because data was missing from site ALN3 until
the end of the experiment on Jun 16™ and data was also missing from site ALN1 after Jun 16™.
Instead, the missing water temperature data for site ALN1 was estimated with a linear model based
on the water temperature of another site, HOF3, that most closely correlated to the missing site.
Additionally, the missing water temperature data for ALN3 was modeled from its closest correlated
site, FRO3. Pearson correlation coefficients were calculated either based on water temperature data
during the second half of the experiment for ALN1 from May 30" to Jun 16" or during an equal time
interval immediately after the experiment for ALN3 from Jun 17" to Jun 30™. The model for ALN1
had an R? of 0.80. The model for ALN3 had an R? of 0.80.

Water temperatures were missing from three sites in autumn 2016, but there was no data

missing in autumn 2017. The missing water temperature data was estimated with a linear model based
10



on the water temperature of another site that most closely correlated to the missing site. The
correlation and modelling were based on 2017 water temperature data during the same time of year
as the missing 2016 data. The correlation was analyzed according to Pearson correlation coefficients.
MARI1 correlated best with HOF3 and the model had an R? of 0.95. ALN3 correlated best with ALN1
and the model had an R? 0 0.906. HOF1 correlated best with FRO1 and the model had an R? of 0.96.
The models were then applied to 2016 water temperature data to get an estimate for the missing water

temperatures. (See Appendix 3 for the models and results)

Hydromorphology

The hydromorphology assessment was adapted from the Restoring Rivers for Effective
Management (REFORM) project protocols (Poppe et al., 2012). The hydromorphology was assessed
over a two-week period at the end of the field-season. All the streams were measured during medium
flow. Reach length was measured to the nearest meter either using aerial photos or GPS. The
maximum depth at the shallowest cross section and the maximum depth at the deepest cross section
were measured to the nearest centimeter. The depth variability was rated qualitatively as “none”,
“low”, “medium” or “high” as compared to the other studied stretches. The stream width was
measured at five equally spaced transects to the nearest tenth of a meter. The width variability was
rated qualitatively as “none”, “low”, “medium” or “high” as compared to the other studied reaches.
The sediment was sampled along five equally spaced transects with 20 random point samples per
transect making a total of 100 point-samples. The sediment was classified according to the Wentworth
size classes with groupings boulder, cobble, pebble, granule, sand and silt/clay and the addition of
Xylal (coarse woody), course particulate organic matter (CPOM) and fine particulate organic matter
(FPOM) (Wentworth, 1922). The sediment mode, sorting and sediment skewedness was calculated
from the Wentworth size classes in the unit Phi (¢), according to the methods from Folk and Lord
(1957): sorting = (g4~ P16)/4+( @os- ¢5)/6.6, skew = (@16t @sat 2050)/2(Pga- P16)+H( Qs+ @95-2
0s50)/2(p9s- ¢s). The Krumbein Phi scale was originally developed to simplify statistics and graphical
representations with the linearization of particle size distributions across size classes, by defining the
unit @ as -logzD where D is the diameter in millimeters (Krumbein, 1936). The degree of observed
sediment movement during the field season was recorded qualitatively as either significant or
insignificant. Sediment load alterations were assessed and all possible signs of an alteration were
noted down. The flow character was qualitatively classified as “slow”, “uniform”,
“heterogeneous/swirled” or “turbulent”. It was noted if there was important woody debris
accumulation and/or important bed-load accumulation. It was noted if the stretch had gravel, sand

and/or silt banks. The average bank gradient was recorded in degrees for the left and right bank

separately. The average bank height was recorded in centimeters for the left and right bank separately.
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If bank protection was present, the height in centimeters, type (biologic engineering measures,
combined, pilotage, riprap, stone pitching facing, stone pitching tightly packed, concrete and grass)

and percent of stretch length covered for the left and right banks separately was recorded.

Channel alterations were assessed within the sampled stretch and 1km upstream using Oslo
Kommune 2017 leaf-off-aerial-photos and/or walking (Kartverket, NIBIO, & Statens Vegvesen,
2017). Since many of the streams in the city are below the surface, the stream network Elvnett —
ELVIS from the Norwegian Water Resources and Energy Directorate was used as a reference to map
the stream courses (NVE, 2017). Embankments, culverts, bridges, weirs dams and slabs were
recorded at the site. Length was defined as distance along the stream and width as distance across the
stream. It was recorded if embankments were on one or both sides of the stream, embankment height
in centimeters and length in meters, length of bridges and dams, height and number of weirs, and
width and length of culverts and slabs. For the 1km stream stretch above the sample reach, only length

or number of features was recorded.

Vegetation

Bank vegetation

The percent vegetation coverage of the left and right banks were recorded separately. The
percent canopy coverage of the river was recorded in mid to late summer, averaged from 7 point-
samples at each reach evenly spaced down the length. The width of the riparian forest was recorded
as “>15m”, “5-15m”, “single row”, “single row interrupted”, or “isolated/absent” for the left and right
banks separately. The percent bank coverage of the riparian forest was recorded for the left and right

banks separately.

Vegetation community

Vegetation communities were originally delineated within a 20m and 50m buffer around the
sampled reach. The categories were adapted from the REFORM project (Poppe et al., 2012):
herbaceous pioneer vegetation, cane brake, tall herbaceous fringe, nitrophilous fringe, invasive
herbaceous species, woody pioneer, deciduous forest, mixed forest, coniferous forest, pasture, fallow
land, grassland extensive, grassland intensive, lawn, field, soft wood floodplain forest, hard wood
floodplain forest, wetland/bog, invasive woody species, and no vegetation/sealing. Vegetation
communities were sketched in the field onto printed Oslo Kommune 2017 leaf-off-aerial-photos
(Kartverket et al., 2017). It was observed that the vegetation communities did not differ significantly
regarding species assemblages, and actually laid along a successional gradient; thus, they were
simplified to mixed forest, deciduous forest, meadow-early successional riparian scrub, meadow and

pioneer meadow for each sampled stream reach.
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Watershed land-use

Watershed boundaries were calculated and edited from a 10x10 m resolution digital elevation
model (DEM) and a 1:50,000 scale topographic raster map from the Norwegian Mapping Authority
(Kartverket, 2013, 2017). A 1:50,000 scale vectorized stream network from the Norwegian Water
Resources and Energy Directorate (NVE, 2017) was also used with the help of the software ArcGIS
Desktop 10.4 and QGIS 2.14.20 with plugins from GDAL Tools Plugin 1.2.29, GRASS GIS 7.0.3
and SAGA 2.2.3 (Conrad et al., 2016; ESRI, 2016; GDAL Development Team, 2016; GRASS
Development Team, 2015; QGIS Development Team, 2016). All spatial data was downloaded and
worked with in projection EUREF89 UTM Zone 33. In QGIS, vector points were digitized at
1:25,000 scale by hand at the base of each sampled reach, using Google satellite imaginary for
reference (Google, 2017). The two DEM tiles were merged in QGIS, using the 'Merge' tool from
DGAL. In ArcGIS, the 'Fill (Spatial Analyst)' tool was used on the merged DEM to remove
depressions. In ArcGIS, the 'Flow Direction (Spatial Analyst)' tool was used on the filled-DEM, and
thereafter the 'Flow Accumulation (Spatial Analyst)' tool was used on the flow-direction-raster to
create a flow-accumulation-raster. In ArcGIS, the 'Snap Pour Point (Spatial Analyst)' tool was used
on sampled-reach-points-vector and flow-accumulation-raster with snap distance = 80 m to get the
points centered in the DEM's stream track, so as to avoid only getting half-watersheds. In ArcGIS,
the 'Watershed (Spatial Analyst)' tool was used on the flow-direction-raster and snapped-sampled-
reach-points-vector to automatically generate watershed boundaries. In ArcGIS, the 'Raster to
Polygon (Conversion)' tool was used on the watershed-raster to create a watershed-polygon and
thereafter the watershed-polygon was cleaned up by deleting all the polygons, not visible at full
extent. The auto created watershed-polygon were then cross-checked with the Norwegian Water
Resources and Energy Directorate stream network, the Oslo Kommune 2017 leaf-off-aerial-photos
(Kartverket et al., 2017) and the 1:50,000 topographic maps. In QGIS, the watershed-polygons were

adjusted by hand using the topographic lines as reference.

The land-use classifications were derived from the color coding in the 1:50,000 scale
topographic raster map from the Norwegian Mapping Authority (Kartverket, 2017). The software
QGIS 2.14.20 was used with plugins from GDAL Tools Plugin 1.2.29, GRASS GIS 7.0.3 and SAGA
2.2.3 (Conrad et al., 2016; GDAL Development Team, 2016; QGIS Development Team, 2016). In
QGIS with the GDAL tool 'Merge', The topographic raster map tiles were merged together. Then with
the GDAL tool 'Polygonize', the merged topographic raster map was converted into a vector layer.
The vectorized-topographic-map was then overlaid with a watershed-polygon created in QGIS with
the SAGA tool 'Intersect'. An area field was also added to the nearest square meter with the field

calculator in QGIS. Color codes were classified into 'water', 'forested’, and 'developed'. Black
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(outlines) and topographic lines were omitted. Odd colors were reclassified by hand at 1:25,000 scale
to their corresponding land-use. Swamps were classified as 'forested' as they are vegetated and were
found exclusively in forests. 'Forested' consisted solely of forests and swamps. Agricultural fields
made up such a small proportion of the area within the watersheds that they were included in
'developed'. 'Developed' consisted of industrial, urban, suburban, parks, roads and agricultural fields.
"Water' consisted of reservoirs, ponds and streams. The final ESRI Shape file watershed-polygon was
exported to a table in .csv format. The resulting land-use-classifications were cross-checked with
Google satellite imagery (Google, 2017). The result was a table with the area in meters of land-use
patches, within the watersheds feeding the sampled reaches. The final polygon of land-use by

watershed, along with the topographic raster map from which it was created, can be seen in Figure 1.

Ecosystem functions

Algae growth
Algae growth was measured on 10x10 cm

black granite tiles with the rough side facing up to
mimic the natural substrate. There were three
different treatments of the granite tiles: granite tiles
on the stream bed, granite tiles with a Vaseline
bead around the rim on the stream bed, and granite
tiles on a raised table with a Vaseline bead around
the edge. The Vaseline bead served the purpose of
hindering the crawling macroinvertebrate grazers’

access to the tiles. This was done to get an estimate

of grazing on algae and primary production. One

. . Figure 2: Photograph of tile arrangement for algae
set of the Vaseline treated tiles was placed onas growth and grazing experiment: Photograph taken facing

. . upstream. The bottom set of tiles are tied atop corrugated
cm raised table to further hinder grazer access and roofing metal. The top left set and the bottom set of tiles

prevent the Vaseline bead from becoming have a bead of Vaseline around the edge.
compromised by debris. The Vaseline was pure white petrolatum produced by Sanivo Pharma and
distributed by Apotekene, Norway. The tiles in the Vaseline treatments had a 1 mm thick by 1 cm
wide band of Vaseline around the edges and on top of the granite tile. For the Vaseline table treatment,
the three tiles were tied atop corrugated roofing metal. The stream bed treatments were tied to plastic
mesh 8 cm apart in two rows of three, lengthwise following the stream flow with the Vaseline
treatment always being placed towards the right stream bank. It was chosen not to randomize the

placement of the tile treatments firstly because it was impossible to do so with the raised table

treatment, and secondly due to the difficulty of applying the Vaseline and transporting the tiles without
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contaminating the non-Vaseline treatments. This should not be of consequence since the tiles were
placed very close together and differential shading should not be an issue since all the streams had

similar slope aspects and care was taken to place the tiles away from banks or large rocks.

The tiles were placed in at least 15 cm of water, or in the deepest pool to prevent drying out
during low flow, but not in an area of sedimentation or significant turbulence. They were affixed to
the stream bed with rebar and heavy stones, holding down the plastic mesh on top and along the sides
to minimize tile movement. Care was taken not to create an eddy on the tiles. The table treatment was
placed either next to or downstream from the stream bed treatments to avoid any interference that the
paint on the roofing metal may have for algae growth. (See Fig. 2 for a photograph of the tile
arrangement, and Fig. 3 for a close-up picture of the plastic mesh and fixation method). The tiles were
placed out on the 16th and 18th of May and retrieved four weeks later on the 14th and 16th of June,
2017. The tiles were stolen at one restored (HOVresENS) site and one reference site (HOV1), so they

were placed out again on May 29th and retrieved with the rest of the sites.

The tiles were checked periodically during their exposure time to remove excess debris
buildup, re-expose buried tiles and replace stolen tiles. When they were removed, it was noted if the
Vaseline on the stream bed or the Vaseline
on the table treatments were untrustworthy
for various reasons. There could be too
much sediment or debris buildup on the
Vaseline to effectively hinder crawling
macroinvertebrates or the table tiles could

be significantly closer to the water surface

than the other treatments. These notes

Figure 3: Photograph of tools for removing algae off of the tiles
surface after exposure: From left to right: a tile that has had the algae
already removed, preweighted aluminum tray, razorblade for scraping,
5x5cm plastic stencil.

were used for evaluating which method to
use for the statistical analysis. Using a
plastic template and a razor, a 5x5 cm
square was scraped from the center of the damp tile, and placed everything, except large

macroinvertebrates, into a preweighed aluminum tray (see Fig. 3).

The samples were stored by freezing. The frozen samples were placed into the drying oven at
50°C for 48 hours and weighed in grams to two decimal places to get dry weight. Then the samples
were burned at 550°C for 2 hours to get ash free dry mass (AFDM) in grams to two decimal places.
Due to possible mineral accumulations, dry mass was not used in the analysis; instead the final
accumulated mass for each tile was recorded as AFDM in pg/degree day to compensate for

temperature differences between the different sites. The tiles on the ground without Vaseline were
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used for algae biomass accrual, the tiles with Vaseline for reducing grazing were used for primary
production and the difference between the plain treatment and the reduced grazing treatment was used

as grazing pressure.

Leaf litter decay

Two identical litter bag
experiments were performed with
separate decay mediums to estimate
leaf litter decay, one with real leaves
and one with cellulose/cotton sponge
cloth. The test mediums were
specifically Alnus glutinosa leaves

and cellulose fiber Wettex brand

sponge cloths made from 30 percent , : AL
Figure 4: Photograph of setup for litter decay experiment: On top is the
cotton and 70 percent cellulose. leaflifer with the small meshed bags inside the large meshed bags, and on
These two treatments methods were Eﬁiﬁﬁﬁgﬂfxtﬁﬁﬁ f;ﬂfo e cloth with the small and farge meshed bags
performed to see if the Wettex sponge cloth could be used as a more convenient and easily
standardized alternative to natural leaf litter. The leaves were all collected from the same tree at the
same time in October 2016 and air dried before use. The leaves used in 2017 had been stored dry at
room temperature. Two different sizes of plastic mesh were used in the litter bags. One with
approximately lcm openings to allow macroinvertebrate access to the litter medium and one with
315um openings to exclude macroinvertebrate access and determine microbial breakdown. The leaf
treatment used 15x10cm large meshed bags and 12x5cm small meshed bags. The Wettex sponge-
cloth treatment used large meshed bags made of mesh wine-bottle-sleeves, tied shut at the top and
bottom, and 12x7cm small mesh bags. Approximately 2 grams of leaves or four 2.5x8.5 cm Wettex
sponge-cloths were placed in each bag. The leaves were weighed in grams to two decimal places and
the sponge-cloth was weighed in grams to four decimal places. The leaves were soaked in water for
48 hours before being placed in the mesh bags. For the leaf treatment, plastic tags were placed inside
the different sized bags for identification purposes; 7x4cm plastic tags for the large meshed bags with
the leaves and 2x2cm for the small meshed bags with the leaves. The small meshed bag was then
placed inside the large meshed bag before sealing the large meshed bag. Six replicates (one replicate
being a large meshed leaf litter pack with a small meshed leaf litter pack inside) were then tied evenly
spaced to an 80cm length of stainless-steel chain. For the Wettex sponge-cloth, the plastic

identification tags were fastened to the outside of the mesh bags, but the bags were not placed inside

each other. Six replicates of the Wettex sponge-cloth litter bags (six large meshed and six small
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meshed bags) were then fastened, evenly spaced, to an 80cm length of stainless steel chain alternating
between small meshed and large meshed bags, starting with the small meshed bag (see Fig. 4 for a

photograph of the litter pack setup).

At each sampled reach, one chain of leaf litter packs and one chain of Wettex sponge-cloth
litter packs was fastened to the stream bed by rebar at the top of the chain. They were placed in a pool
to prevent drying out in a place where theft would be mitigated, and natural leaf accumulation could
occur. Leaf litter packs were placed at all the reference sites in 2016 and all the restored sites in 2017.
The Wettex sponge-cloth litter packs were set out in all the sites in 2017. The setout dates were the
7th and 8th of November, 2016 and 9th and 10th of November, 2017. The packages were retrieved
four weeks later on the 5th and 6th of December, 2016 and 7th and 8th of December, 2017. In both
years, immediately the day after being set out, two sets of fine and large meshed leaf litter packs were
taken out of the stream to calculate loss on handling. After removing the litter packs from the stream,

they were stored in the freezer until processing.

After thawing the samples in warm water, the leaves were gently rinsed and the sponge-cloth
were gently cleaned in warm running water over a sieve to remove excess growth and accumulated
debris. Leaves and Wettex sponge-cloth were then placed in preweighed aluminum trays and dried at
50°C for 48 hours. The dry weight was measured in grams to four decimal places. The leaves and
Wettex sponge-cloths were burned at 550°C for 2 hours to get Ash-Free-Dry-Mass (AFDM). AFDM
was measured in grams to four decimals. Six extra trays of sponge-cloths were also dried and burned
to calculate the mineral content of fresh cloth strips, which compensated for loss on handling and air

humidity.

The final results were recorded per litter bag as the exponential decay coefficient k according
to the following formula: (M¢Mo) = e*(-kt) (Graca, Barlocher, & Gessner, 2005). M; is the final
AFDM at time t, My is the initial AFDM and t is time in degree days. The mass was recorded as
AFDM due to mineral accumulations and time was recorded as degree days to account for
temperature differences between the sites. Mo was calculated as the initial-airdried-weight times the
correction factor D. The correction factor D was calculated from the samples that were not put out
for full exposure in the streams and was calculated as the average of AFDM/initial-airdried-weight.
The correction factor D converts the initial-airdried-weight to AFDM while correcting for air
humidity and loss on handling. The correction factor D was calculated for Wettex, leaf litter in small
meshed bags and leaf litter in large meshed bags. The correction factor was not calculated separately
with the Wettex for the small and large meshed bags because the sponge cloth is much less brittle

than the leaves. Therefore, loss on handling was not a concern in this case.
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Statistical analysis

The statistics were performed in R version 3.2.3 using packages Ime4 1.1-17 for performing
mixed effects modelling with the ‘Ime’ and ‘anova.lme’ functions, multicomp 1.4-8 for Tukey’s HSD
tests on mixed effects models with the ‘glht” function and vegan 2.4-6 for cluster analysis with the
‘vegdist’ function (Bates et al., 2018; Hothorn et al., 2017; Oksanen et al., 2018; The R Foundation
for Statistical Computing, 2015).

There were two methods used for hindering macroinvertebrate grazers’ access to the tiles
(Vaseline and raised tiles with Vaseline) and two methods used for determining litter decay (leaf litter
and Wettex sponge cloth). Paired t-tests between the site averages and Tukey-mean difference plots

were used to evaluate which methods to use for the analysis.

The sites were first grouped into three pollution levels across which the data could be
compared to assess if pollution had an effect on ecosystem function and if restored sites responded
differently. The pollution level groupings were established using hierarchical clustering on Jaccard
similarity coefficients from the water chemistry variables ammonium, phosphate and BODs. Jaccard
similarity coefficients were used due to the non-normal distribution of the data. The validity of the

groupings was assessed using ANOVA and Tukey’s HDS tests.

ANCOVA on linear mixed effects models was used to assess whether there were differences
in ecosystem function between these pollution groupings as well as between reference and restored
sites. Site and sampling year were random effects. Pollution grouping and reference/restored were
combined as an interaction with no main effects in the model. The ecosystem function was log
transformed to normalize the data. If that ecosystem function variable had negative values, then 1.1
times the minimum value was added to all the values to make them all positive, for the log

transformation to work.

To assess if other environmental variables besides pollution and restoration were influencing
ecosystem function, linear models of the ecosystem functions were built using all the measured
variables. The set of variables with which to do the model selection was determined by drawing a
concept map of how the different variables should fit into the model and rejecting all the variables
that either did not have enough variability or data of interest or those that correlated too strongly with
other variables. The correlation was based on Pearson correlation coefficients. Due to the large
number of variables, the criteria for rejection from use in the model selection was kept low, at r =
0.50, if the variables would logically be covariates. All variables correlating over r = 0.50 happened
to be in theory, logical covariates. All the values used in the models were averages per site. To

normalize the data, the model selection was performed on log transformed ecosystem functions. In
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order to log transform ecosystem function variables with negative values, 1.1 times the minimum
value was added to all the values. The data set was too small to perform automated AIC model
selection, so stepwise regression with bidirectional elimination was performed. Both adjusted R? and
variable significance values were considered in the selection. The modelling goal was maximum
parsimony, so only variables with a p-value around 0.05 or less, were kept in the model. Statistically
significant variables with dubious relevancies, determined from the graphical representations, were

removed.
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Results

Determining groupings for levels of pollution in the sampled reaches

Based on water chemistry, the sampled sites were grouped into three pollution levels, for the
purpose of evaluating the effect of pollution on ecosystem functions for reference sites and restored
sites. The clustering was based on phosphate (PO4>”, ammonium (NH4") and BODs by low water
level and BODs by medium water level. The BODs at high water level didn’t show any consistent
patterns across the sites so it was left out of the evaluation process. BODs at medium level only
showed noticeably greater values at 2 sites, which happened to be both placed into pollution group 3
(see Appendix 1 for measured values by site). Figure 5 shows the clustering of the sampled sites using
average linkage. The same exact groupings were also made when single and complete linkage was

used.
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Figure 5: Cluster dendrogram of sampled stream reaches cut
to three pollution groupings: Based on water pollution indices:
PO4*, NH4* and BODs by low water level and BODs by medium
water level. From average linkage of Jaccard indices.

The proposed groupings for the pollution levels were significantly different, as seen in the
boxplots and Tukey test (see Figs. 6 and 7, and Table 2). However, BODs was increasingly less
significant with increased water level, but a trend was still apparent (see Fig. 6). The proposed
pollutions levels could be classified as level 1 being relatively clean, level 2 as eutrophic with
elevated phosphate and level 3 as raw sewage with elevated levels of both phosphate, ammonium

and BODs (see Figs. 6 and 7, and Appendix 1 for summary table by site).
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Figure

6: Boxplots of BODs for all reaches by pollution level for low, medium and high water level: letters show Tukey’s HSD
groupings at a = 0.05. Pollution level “cl” is clean, “eu” is eutrophic and “sw” is raw sewage.

NH4
—
=
[ -
=t
= = b
Z 2 7
? ]
I g-
= (8]
(o]
o a
=T a —
=
| |
G —
| T |
cl eu sW
pollution level

Figure 7: Boxplots of NH4* and PO4* levels for all reaches by pollution level
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: letters show Tukey’s HSD groupings at o = 0.05.

Table 2: Summary of ANOVA and Tukey’s HSD test outputs: Pollution level “cl” is clean, “eu” is eutrophic and “sw” is raw

sewage.

Variable Tukey’s HSD P-values by grouping combinations ANOVA

cl-eu cl-sw eu-sw P-values
BODs low water 0.98 0.00* 0.00* 0.00*
BODs medium water 1.00 0.04* 0.09 0.04*
BOD:s high water 0.03* 0.03* 0.99 0.01*
NH.4* 0.90 0.00* 0.00* 0.00*
PO,* 0.00* 0.00* 0.90 0.00*

* indicate significant p-values with a = 0.05.
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Algae growth and grazing

Methods testing between two different procedures for reduced grazing on tiles:

Two different methods were used for inhibiting grazing on the tiles to measure grazing
pressure: tiles on the ground with a Vaseline bead around the edge, and tiles raised up on a small table
with a Vaseline bead around the edge. The grazing was then calculated as the difference between the
tiles with inhibited grazing, and the simple tiles on the ground. According to the paired t-test, there
was no significant difference in the calculated grazing (t = 0.20, df = 15, p = 0.84). As made apparent
in the scatter plot of the calculated grazing for ground vs raised tiles, there was no correlation between
the values of the two methods, but the raised tiles had much more dispersion (see Fig. 8). According
to the Tukey mean difference plots, there was a proportional difference (see Fig. 9), and it was
consistent regardless of the magnitude of growth; however this was most likely an artifact of the large
discrepancy in dispersion between the raised and ground tile treatments. Most notable from the Tukey
mean difference plots, was that the effect was consistent across pollution groupings and reference vs
restored sites. The tiles were placed in the field on uneven rocky surfaces, so the table tiles usually
were not closer to the water surface. However, 6 out of 16 table tile treatments were still noted as
untrustworthy for being either too close to the water surface or having significantly different levels
of sediment accumulation as compared to the ground tiles. Only 2 out of 17 ground tile Vaseline
treatments were noted as untrustworthy due to significant sediment accumulation on the Vaseline.
Also, during flood events, both the Vaseline treated and untreated tiles on the ground were swept over
and occasionally buried by stones, while the raised tiles were always free from this scoring and never
buried. This difference in conditions experienced by the ground tiles and the raised tiles, in
combination with the apparent lack of correlation between the two methods, lead to the conclusion
that the raised-grazer-inhibited tiles could not be confidently compared to the ground-grazer-
uninhibited tiles to calculate grazing. The raised tiles could still serve the purpose of measuring
primary production, since they were not as scoured by stones as the other two treatments (see Fig. 10
for boxplots of algae accrual by treatment method). However, paradoxically at some of the sites there
was substantially less growth on the raised tiles where grazing was inhibited than on the ground tiles
where grazing was not, as seen by the large negative grazing values (see Fig. 8). Thus, the ground

tiles with Vaseline were used to calculate grazing and primary production for all further results.
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Figure 8: Grazing calculated from Figure 9: Tukey mean-difference plot of grazing calculated from raised tile
raised tile treatment vs ground tile treatment vs ground tile treatment, both with Vaseline: The x-axis is the
treatment, both with Vaseline: The black average of the calculated grazing from both methods by site, and the y-axis is the
line is for reference and has a slope of 1. difference between the calculated grazing from the two methods expressed either

in pg/degree day or percent of the mean. The thick blue line is the best fit line and

the shaded area is the standard error. The three horizontal lines correspond to the
upper and lower 95% limits of agreement (red) and the mean (blue).
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Figure 10: Boxplots of algae mass accrual by tile treatment, reference vs restored and pollution level: Tiles treated as ground
were simply placed on the stream bed, Vaseline treatment had a bead of Vaseline around the edge to inhibit grazer access, and raised

treatments were placed on a platform and had a Vaseline bead to inhibit grazer access.
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Algae growth and grazing:

With an 0=0.05, according to a Tukey’s HSD test on a log transformed mixed effect model
with site as a random effect, the only significant difference for algae growth was between the
reference and restored sites of the unpolluted streams (p=0.04) (see Fig. 11). There were no
statistically significant differences between groupings for primary production (ANOVA, p=0.12).
However, in general, restored sites showed more algae growth compared to the non-restored reference
sites in both primary production and net algae growth. There was no observable pattern for grazing

pressure by pollution level or restored vs non-restored (ANOVA, p=0.59).
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Figure 11: Boxplots of algae accrual, primary production and grazing of algae on granite tiles: The letters show Tukey’s HSD
groupings at o = 0.05.
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Litter decay:

Methods testing between using Wettex and leaf litter as decay substrate:

Wettex vs Litter for Kiotal Wettex vs Litter for Kmicrob Wettex vs Litter for Kinvert
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Figure 12: Wettex vs Litter for the three K decay constants (Keotal, Kmicrobial, Kinvertenrate): The black line has a slope of 1 and is for
reference.
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Figure 13: Tukey mean-difference plots of Wettex vs Litter for the three K decay constants (Ktotal, Kmicrobial, Kinvertebrate): The x-
axis is the average of the k decay constants from both methods by site, and the y-axis is the difference between the k decay constants
from the two methods expressed in percent of the mean. The thick blue line is the best fit line and the shaded area is the standard
error. The three horizontal lines correspond to the upper and lower 95% limits of agreement (red) and the mean (blue).

Litter decay was measured both with natural leaves and Wettex cotton-cellulose sponge-cloth.
According to paired t-tests, there was no significant difference for decay factors Kiotar Or Kmicrobial
between methods (Kiotal : t=-1.62, df=17, p=0.12, Kmicrobial : t=-0.99, df=17, p=0.33). However, there
was a significant difference in Kinvertebrate (t=-2.55, df=17, p=0.02). When looking at the scatter plots,
it is very clear that the Wettex method had much more dispersion and better distinction between
pollution groupings for total and microbial induced decomposition (see Fig. 12). Nevertheless, the
same general pattern still existed with the leaf litter method with the clean sites having the lowest
decomposition and eutrophic sites having the highest, but there was very heavy overlap in pollution
groupings (see Figs. 12 and 14). In the Tukey mean difference plots for kiotal and Kmicrobial, there was
an inconsistent proportional difference with the high decomposition rates having more decomposition
in the Wettex and the low decomposition rates having less decomposition in the Wettex. This trend
was very clear for kmicrobial Where the samples were in small meshed bags, where there was nothing

confounding from macroinvertebrate activity or samples breaking and washing away (see Fig. 13).
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This trend was consistent with the observation that the Wettex at first was much less brittle than the
leaves, but had the potential to decay to nearly nothing, where the leaves decayed to a hard skeleton.
These trends were not observed for Kinvertebrate. Instead according to the Tukey mean difference plot,
there was a consistent proportional difference of 46% +62% less macroinvertebrate mediated decay
on the Wettex, as compared to the leaves (see Fig. 13). This difference was greater for the “clean”
pollution group, where the other two pollution groupings had a difference closer to zero. Because of
the inconsistent proportional difference observed between the two methods, the decay factor k could
not be compared directly between the two methods. Also, the lower grazing values observed in the
Wettex treatment, especially in the “clean” pollution grouping, should be interpreted with care. The
cause of this disparity was not known, as it may have been due to the brittleness of leaves over Wettex
at low decomposition levels and the extreme softness of Wettex when highly decomposed, or it may
have been due to grazer selection preferences. Thus, it was chosen to analyze both the leaf litter and

the Wettex cellulose-cotton sponge-cloth, despite the greater statistical power provided by the Wettex.

Leaf litter decay:
With an a = 0.05, with an ANOVA on a log transformed mixed effect model with site and

sample year being random effects, there were no significant differences between pollution groupings
or restored vs unrestored (keotal: p=0.11, Kmicrobial: p=0.26, Kinvertebrate: p=0.20). But graphically, the only
noticeable difference was that nonrestored sites in the cleanest two pollution groupings had increased
invertebrate mediated decomposition, which was reflected in the total decomposition rates (see Fig.
14). Otherwise, microbial decomposition was consistent across all pollution groupings and restored

vs unrestored sites.

Wettex cotton-cellulose sponge cloth decay:

An ANOVA on a log transformed mixed effect model with site as the random effect, showed
significant differences within all three decay factors (kotal: p=0.00, Kmicrobial: p=0.00, Kinvertebrate:
p=0.00). With an a = 0.05, the Tukey’s HSD test only showed distinction between decomposition
rates of the unpolluted and two polluted groupings. Graphically, the restored sites always lined up

well within their respective pollution grouping (see Fig. 15).
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Modelling ecosystem function
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Figure 16: Diagram of proposed model for ecosystem function showing correlation between site specific environmental
variables and which variables were used in the final model building: “r” is the person correlation coefficent. Variables were
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rejected from model building due to correlation with other explanatory variables or lack of data.

The variables used in the final model selection process, along with the variables that they are
correlated with, and the assumed effect on ecosystem function can be seen in Figure 16. It was
assumed that the ecosystem functions are influenced by biotic communities which in turn would be

affected by the variable groupings: bank vegetation, habitat dimensions, sediment character, habitat

28



variability, restoration status, upstream alterations, watershed characteristics and water pollution. The
variable grouping bank protection could indirectly affect ecosystem functions by disrupting
connectivity between the bank and the stream or by decreasing habitat variability. In addition,
measured water pollution could be influenced by some of the same variables, such as the percent
watershed developed as a pollution source, upstream alterations and restoration status as modulating
factors and bank vegetation as possible uptake agents which could be disconnected from the stream
by bank protection. Specific variables were not used either due to correlation with other variables or
lack of data. Bank height and gradient were not used due to lack of variability between sites and
sediment movement. Altered sediment load was not used due to the very low representation within
the small sample size (see Appendix 1). All the forest related variables (% riparian forest bank
cover, % canopy cover and riparian forest width) were strongly correlated with each other, so only
percent canopy cover was used in the modelling since it is assumed to have the most direct effect on
primary production. The percent bank protection and the percent bank vegetation cover were very
highly correlated (r = -0.90) so only bank protection was used since that is generally the variable
intentionally manipulated by river works. Width variability and depth variability were averaged
together to a new variable called habitat variability, because they correlated both with each other and
with bank protection and stream depth respectively. Stream depth correlated with both depth
variability and stream width, so it was not used. Sediment mode, bank sediment composition and flow
character were all correlated, so only sediment mode was used since it also correlated strongly with

sediment skew. (see Appendix 2 for correlation matrixes)
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Modelling pollution levels from upstream sources

——

75 -

%0 o Ref
_§_ @ Ref
9 o
% @ Res
= 50
E ) PollLev
2 P Qo =L
H $eu
a\‘ O QSW

25-
_O_
o

cl eu W

pollution level

Figure 17: Final model for pollution level from upstream sources. % watershed developed by pollution level: Restored sites are
color coded for reference but that was not a significant variable. The pollution levels are clean, eutrophic and raw sewage.

The first step taken to model the ecosystem functions was to model the pollution in the
sampled reaches. Reference vs restored, bank protection, bank vegetation and upstream variables
were used for the model selection (see Fig. 16). In the final model, it was found pollution level was
a function of percent watershed developed and had an adjusted R? of 0.47 and an ANOVA p-value
of 0.00 (see Fig. 17; see Appendix 2 for model parameters). Clean stretches had watersheds with a
less developed land area than the polluted eutrophic and raw sewage stretches. The relative size of

watersheds, the dominant land use and the pollution level of the study sites can be seen in Figure 1.
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Modelling algae

The final models for the ecosystem functions regarding algae are in Appendix 2; in summary

they were:

Algae biomass accrual ~ % canopy cover R*> =0.70
Canopy cover: decreased algae biomass accrual with an increase in % canopy cover

Algae primary production ~ % canopy cover R? = 0.60
Canopy cover: decreased algae biomass accrual with an increase in % canopy cover

Grazing intensity ~ pollution level + stream width Adj R> = 0.67
Stream width: stream width has a positive effect on grazing intensity for clean sites
Pollution level: significant as an interaction with stream width
(See Figs. 18 and 19 for graphs of significant variables)
In the modelling of biomass accrual and primary production, canopy cover was found to be

the only significant variable in both the models. For grazing intensity, stream width was significant

for the clean sites.
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Figure 18: Graphs of algae biomass accrual and primary production by percent canopy cover: Pollution levels are clean,
eutrophic and raw sewage. Restored sites are labeled with an R for reference but is not a significant variable.
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sites are labeled with an R. Restoration was not a significant variable but it is displayed for reference.
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Modelling decomposition

The final models for ecosystem functions regarding decomposition are in Appendix 2; in

summary, they were:

Wettex

Total decomposition ~ stream width + sediment mode + pollution level + vegetation
community Adj R? = 0.94

Stream width: has a positive effect on total decomposition

Sediment mode: increase in sediment size has a negative effect on total decomposition

Pollution level: has an increasingly positive effect with increasing levels of pollution

Vegetation community: deciduous forest has the highest decomposition rates followed by pioneer

meadow, then meadow riparian scrub, mixed forest, and lastly meadow

Microbial decomposition ~ sediment mode + pollution level + vegetation community Adj R? =

0.90
Sediment mode: increase in sediment size has a negative effect on total decomposition
Pollution level: has an increasingly positive effect with increasing levels of pollution
Vegetation community: deciduous forest and pioneer meadow have the highest decomposition rates
followed by meadow riparian scrub, mixed forest, and lastly meadow

Invertebrate decomposition ~ habitat variability + pollution level Adj R? =0.73
Habitat variability: has a positive effect when the streams were polluted
Pollution level: significant as an interaction with habitat variability

Leaf litter
Total decomposition ~ % culverted 1 km upstream + vegetation community Adj R* = 0.62
Culverted 1 km upstream: negative effect on total decomposition
Vegetation community: mixed forest and deciduous forest have the highest decomposition rates
with pioneer meadow, meadow and meadow riparian scrub having the least

Microbial decomposition ~ % culverted 1 km upstream + vegetation community Adj R* = 0.68
Culverted 1 km upstream: negative effect on total decomposition
Vegetation community: mixed forest has the highest decomposition rates followed by deciduous
forest and meadow, then pioneer meadow and meadow riparian scrub having the least

Invertebrate decomposition ~ pollution level + vegetation community Adj R* = 0.58
Pollution level: raw sewage affected streams have lower invertebrate decomposition
Vegetation community: mixed forest and deciduous forest have the highest decomposition rates

followed by meadow riparian scrub and pioneer meadow and then meadow having the least

(See Figs. 20 to 24 for graphs of significant variables; see Appendix 2 for model parameters)

Nearly the same models were found for kiotai and Kmicrobial. Vegetation community was
significant in nearly all the models. The only decomposition factor that vegetation community was
not significant for was Kinvertebrate for the Wettex sponge cloth. Wettex cellulose sponge cloth was
additionally affected by sediment mode, stream width, habitat variability and pollution level. Leaf

litter was additionally affected by percent culverted 1 km upstream and pollution level.
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Discussion

Pollution: Merits of the three levels and pollution sources

Using phosphorous (P), nitrogen (N) and five-day biological oxygen demand (BODs) for
analyzing the effect of pollution on ecosystem functions is a credible method. The use of hierarchical
cluster analysis to group similar sample sites has been shown to provide good results in water
pollution assessments (Alberto et al., 2001; Singh, Malik, Mohan, & Sinha, 2004). BODs is one of
the few variables that is a reliable indicator of raw untreated sewage and can be directly linked to
hypoxia events (Howard, Espigares, Lardelli, Martin, & Espigares, 2004; Mallin, Johnson, Ensign,
& MacPherson, 2006). Nitrogen (N) and phosphorous (P) levels have been used in many studies
since they are the two macronutrients needed by plants and thus are of particular interest regarding
eutrophication (e.g., Dodds, Smith, & Lohman, 2002; Elser et al., 2007; Francoeur, 2001; Harpole et
al., 2011; Mallin, Johnson, & Ensign, 2009; Mallin, Parsons, Johnson, Mclver, & CoVan, 2004). Even
over multiple ecoregions, most of the variation in algae biomass can be attributed to P and N (Dodds
et al., 2002). It is often stated that according to Liebig’s law of the minimum only the one nutrient
that is in least supply relative to the organisms needs will be limiting, and thus of interest (as cited in
Agren, Wetterstedt, & Billberger, 2012). However in multispecies communities, it is very unlikely
that a single nutrient is limiting and multiple nutrient additions will often be synergistic (Elser et al.,
2007; Francoeur, 2001; Harpole et al., 2011). Therefore, this study analyzed both N and P

simultaneously.

The three groupings that were created using the hierarchical cluster analysis have ecologically
meaningful nutrient level ranges. The groupings created by the clustering were clean, eutrophic and
raw sewage. Both the eutrophic and the raw sewage groupings had elevated levels of phosphorus and
the raw sewage group had additionally elevated levels of Dodds et al. (2002) found that across all
North America encompassing multiple ecoregions there was a breaking point of 30 total pg P/l and
40 total ug N/l above which there was greater algae growth and these breaking points lined up
perfectly with the separation between the clean and eutrophic clustered groups for P and the raw

sewage group being significantly over this breaking point for N.

Additionally, the pattern seen in the groupings spatially and temporally regarding P, N and
BOD:s are consistent with other studies. By low water levels, only the raw sewage clustered pollution
grouping had elevated BODs levels; however, by high water levels, the raw sewage groupings levels
lowered and the eutrophic grouping’s BODs levels increased to match that of the raw sewage
grouping. This same pattern of highly polluted streams decreasing BOD levels during rain events and
medium polluted streams increasing pollution levels was seen in a study by Mallin, Johnson, and

Ensign (2009). This is likely a result of the raw sewage grouping always receiving sewage inputs, so,
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by high water flows, it becomes diluted; however, the eutrophic cites become newly affected by
sewage inputs from storm overflows during high water events. The same study also found that
increased N was also associated with increased BOD, just as in this study. It was also found that
increased development of the watershed resulted in streams with higher nutrient loadings and BODs
levels. Many studies have found relationships between development of a watershed and increased
levels on N, P and BOD (Bannerman, Owens, Dodds, & Homewer, 1993; Holland et al., 2004; Line,
Arnold, Jennings, & Wu, 1996; Mallin et al., 2009). As seen in Figure 17, there was not a clean
relationship between pollution level and percent development of the watershed; the mid pollution
level generally had the most developed watersheds and some of the clean sites had the same level of
development in their watersheds as the heavily polluted raw sewages affected sites. This may be a
result of differing land uses within the city; however, in other studies it has been found that residential
and industrial areas do not differ significantly in their effect on stream pollution (Holland et al., 2004;
Mallin et al., 2009). All the clean sites that had relatively large amounts of development in their
watersheds were restored sites. It is very reasonable to assume that the municipality put in more effort
to clean up the restored streams than the natural ones, resulting in this overlap seen in the restored
streams and the sewage affected streams. Also, weather a sewage line is leaky, should not necessarily
correlate with the development of the watershed. The exact relationship seen between the two polluted
groupings may be happenstance, with the most highly polluted sites having less development in their
watersheds than the mid polluted sites. Nevertheless, there was significantly more pollution in streams

with highly developed watersheds, and this is in accordance with literature.

Algae

Analysis of methods

Regarding measuring biomass accrual, little could be done to improve the replication of
natural conditions without switching from tiles over to natural stones. Tiles have been shown to
decrease variability in measurements but the use of ceramic tiles has been cautioned against as it is
not a natural substrate (Morin & Cattaneo, 1992; Shilling & Davis, 2005). Granite tiles as opposed to
ceramic tiles were used in this study to mimic the natural substrates, but still maintain the uniformity
not achievable by natural river stones. The tiles were only left out in the streams for a month and this
is often not long enough for natural levels of algae ash-free dry mass accumulation, Lamberti & Resh
(1985) determined that 3 months was necessary. However a full cycle of periphyton colonization,
growth, and sloughing can happen within a month in highly nutrient enriched streams, and this
sloughing can significantly reduce measured algae accrual (Pringle, 1987; Stelzer & Lamberti, 2001).

Thus, the one month exposure time should be a good compromise for measuring algae accrual.
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Many studies use chlorophyll-a as a measure of algae assay for algae biomass; however in
this study, AFDM was used since chlorophyll-a and biomass are not necessarily correlated, especially
when comparing across sites with significantly varying species compositions, light, and temperature
(Baulch, Turner, Findlay, Vinebrooke, & Donahue, 2009). Between different current regimes there
can be as much as 30 to 40 times more biomass in slower streams and significantly different species
compositions and successional trajectories and physical structure (Poff, Voelz, & Ward, 1990).
Concentration of chlorophyll is highly variable across different habitat conditions much more than

dry mass and ash-free dry mass (Morin & Cattaneo, 1992; Shilling & Davis, 2005)

There is some criticism that the methods used to exclude grazers are not entirely effective,
however some reduction in grazing pressure is often necessary to see an effect of nutrient or light
levels on algae biomass. In this study, Vaseline and elevation of the tiles was used to prevent grazers
from accessing the tiles, in order to be able to determine primary production and calculate grazing
pressure. It has been criticized that neither Vaseline nor raising the tiles effectively excludes anything
other than crawling grazers (Feminella, Power, & Resh, 1989; Kuhara, Nakano, & Miyasaka, 2000;
McAuliffe, 1984). Macroinvertebrates were observed in this study in high numbers on some of the
Vaseline and raised treatment. Grazing pressure can mask any effects of nutrient or light additions on
algae biomass, but partially reducing grazing has shown significant increases in algae biomass accrual
under nutrient enriched conditions (Elwood, Newbold, Trimble, & Stark, 1981; Feminella et al., 1989;
Hawkins & Furnish, 1987; Stewart, 1987)

Of the two methods used for excluding grazers (Vaseline and raising the tiles), Vaseline
should, in theory, most closely maintain natural conditions found on untreated tiles. Vaseline has the
issue that it might become compromised by debris sticking to the Vaseline and forming a bridge.
Scouring of the stream bed by tumbling rocks during flooding significantly alters algae species
communities with endolithic species being selected for over filamentous ones and has the ability to
reduce algae by more than threefold (Power & Stewart, 1987). It was observed that the raised tiles
were not subjected to this same level of scouring; the tiles placed on the ground were often found
with stones on them or completely buried, but the raised tiles were always completely free. Also, in
this study, there was no correlation between algae mass accumulations on raised tiles and Vaseline
tiles, further supporting the possibility of differing environmental conditions. Thus, the use of
Vaseline for measuring grazing pressure and primary production is favored over raising the tiles. No
reasons were found to not use Vaseline, even if the value for primary production is not absolute, given

that some of the production is scoured off and grazed.

Discussing the effectiveness of excluding grazers and scouring during flooding for measuring

primary production, begs the question, if one can even measure primary production through grazer
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exclusion. Generally there is higher primary productivity with increased grazing pressure and lower
autotrophic biomass up to a certain point (Cooper, 1973; Lamberti & Resh, 1983; Marker, 1976;
McNaughton, 1976). However, the exact effect that grazers have on the algae can be highly varied
where in some instances there is an increase in chlorophyll-a concentration but no change in biomass,
while in other instances there is reduced biomass as high as 30% (Kehde & Wilhm, 1972; Mclntire,
1973). The fact that primary production arguably cannot be measured simply by removing grazers,
and that grazers cannot be entirely excluded with noninvasive means, simply brings up the point that
the values for grazing pressure and primary production are not absolute values, but still may be very

valuable in assessing ecosystem integrity.

Algae response to pollution levels

There were no significant differences between pollution levels regarding algae biomass
accrual, primary production or grazing pressure despite countless publications citing a link between
the algae and nutrients (Dodds et al., 2002; Elwood et al., 1981; Feminella et al., 1989; Hawkins &
Furnish, 1987; Stockner & Shortreed, 1976, 1978). Dodds et al. (2002) when looking at all of North
America found a breaking point of 30 pug P/l and 40 ug N/I, above which there was greater algae
growth, and these breaking points coincidentally line up with the separations between the pollution
levels used in this study. They also found that as much as 40% of the biomass variation across the
continent was attributed to P and N levels. However, Wuhrmann and Eichenberger (1975) found in
their study, no increase in algae biomass with added macronutrients of P and N, but they did with
added micronutrients, indicating that micronutrients can also be important limiting nutrients, even if
they aren’t given as much attention. The lack of correlation seen between algae and nutrients could
be a sign that there are other factors masking the effect of macronutrients, such as micronutrients,

light levels, sediment or other habitat characteristics.

Primary factors governing algae growth and grazing

When looking at all the measured environmental variables, the sole significant driving factor
behind algae biomass accrual and primary productivity was percent canopy cover. Light levels had
such a dominant effect on the algae that it masked the effects from all the other possible influential
factors such as nutrients or habitat. Where nutrients were not limiting, a positive relationship between
light levels and algae biomass has been observed in other studies (Stockner & Shortreed, 1976). These
previous studies and the fact that even under open canopy conditions, there was no observable pattern
between the pollution levels suggests that nutrients are not the limiting factor for algae in these

streams.

Given the apparent importance of canopy cover, the open early successional nature of the

restored sites explains their increased algae accrual and primary production. The difference between
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the restored and reference sites was statistically insignificant; nevertheless, noticeably greater levels
of algae accrual and primary production were seen in the restored sites. This can be explained very
well by the fact that the restored sites were disproportionately situated in open, early-successional
habitats as opposed to the reference sites. All the restored sites had canopy coverages of less than
15% with only two of twelve reference sites being less than 15%. Seeing that restored stretches are
newly constructed streams, it should be a given that they are open, early-successional, and thus it
would make sense that they exhibit greater propensity for algae accrual and primary production given

the better lighting conditions.

This importance of canopy cover was not seen in the grazing intensity measurements, instead
it was found that stream width for clean sites was the major driving factor behind grazing, possibly
explained by grazer species assemblages. In Scandinavian streams, species richness has been found
to strongly correlate with stream order, width and slope which are all intercorrelated (Bronmark,
Herrmann, Malmgqvist, Otto, & Sjostrom, 1984; Malmqvist & Eriksson, 1995; Malmqvist & Maki,
1994; Wiberg-Larsen, Brodersen, Birkholm, Gren, & Skriver, 2000). This is in accordance with the
theory that with more area, you will have increased species diversity due to increased habitat diversity
from greater habitat size (Rosenzweig, 1995). At lower levels of diversity, increasing the species
count should result in greater functional efficiency due to niche complementing, until the species
become ecologically redundant (Setidld & McLean, 2004). At higher pollution levels, other factors
may be influencing species assemblages such as reduced nutrient limitations, hypoxia and toxicity

(Gammeter & Frutiger, 1990; Maltby, 1995; Moreno & Callisto, 2006).

Decomposition

Analysis of methods:

There was a relatively large range of temperatures experienced in the streams, and therefore
the decomposition rates needed to be adjusted with degree days. The average daily temperature during
the course of the experiment ranged from 1.52°C to 7.95°C. Decomposition has been found to increase
with increased temperature due to greater fungal efficiency (Fernandes, Seena, Pascoal, & Cassio,
2014; Reice, 1974). Adjusting for temperature with degree days has been shown to work (Ruffo &
Bollero, 2003).

The purpose of using natural leaves as a decomposition substrate is to mimic natural
conditions; however, air drying a single species of leaf and placing them in litter bags, severely
compromises them structurally and results in debatably unnatural conditions. Estimating dry-weight
as opposed to drying the leaves beforehand, increases variability of measurements in an already
highly variable substrate and is thus not ideal. However, drying the leaves before exposure results in
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rapid leaching of soluble compounds which would naturally not happen, facilitating significantly
faster colonization and decomposition of the leaves (Bérlocher, 1997; Boulton & Boon, 1991;
Gessner, Chauvet, & Dobson, 1999). There also may be a shift in the type of colonization of the
leaves, bacterial or fungal (Bérlocher, 1997). Many riparian and aquatic macrophytes don’t abscise
their leaves so drying them is totally unnatural (Bérlocher, 1997). Nevertheless, some leaves do dry
on the stem or on the ground before entering the water, so this issue is not clear cut (Gessner et al.,
1999). In this study Alnus glutinosa leaves were used, which could very well dry either in the branches
or on the ground, prior to blowing into the stream. Another issue is that there is a wide variety of
aquatic macrophytes, riparian vegetation and tree species that contribute to the litter load, but only
one species, that may not even be present in that particular stretch is used (Bérlocher, 1997). This was
definitely the case in this study with Alnus glutinosa generally only being found in restored stretches
yet used as the decomposition medium at all the sites. Also, the act of placing the leaves in bags alters
the physical forces that would be felt on natural leaves (Bérlocher, 1997; Boulton & Boon, 1991).
Nevertheless, leaves are a widely used standard for measuring decomposition, and the same leaves

need to be used at each location to make decomposition rates comparable between sites.

Leaves suffer from issues with high levels of variability, which may be alleviated by using
pure cellulose mediums. Leaves from one tree species, but from different individuals has been shown
to have significantly different decay rates either due to genotype or other factors such as browsing
(Irons III, Bryant, & Oswood, 1991; LeRoy, Whitham, Keim, & Marks, 2006). There are even
significant differences in decay seen in leaves from the same tree, but different shad levels in the
canopy (Sariyildiz & Anderson, 2003). The Wettex cellulose sponge cloth would provide a much

more consistent substrate for comparing decomposition rates.

Pure cellulose mediums have been shown to function well in microbial decay assays. There
are no nutrients in the pure cellulose strips, so it is more ideal for looking at nutrient differences than
leaves, which may mask small effects with their own nutrients (Newman, Kumpf, Laing, & Kennedy,
2001). However, pure cellulose lacks many of the compounds and structures of natural leaves so they
will decompose fundamentally differently (Howard, 1988; Jenkins & Suberkropp, 1995)
Nevertheless, it has been shown that aquatic fungi and bacteria can digest pure cellulose (Rabinovich,
Melnik, & Bolobova, 2002; N. Singh, 1982). Shredder palatability of the pure cellulose has probably
significantly to do with conditioning by fungi and bacteria (Graca, 2001). Unfortunately, the decay
of pure cellulose cotton happens very fast so conditioning may not have time to happen properly
(Gestel, Kruidenier, & Berg, 2003; Tiegs, Langhans, Tockner, & Gessner, 2007). In addition,
shredders will selectively feed on different leave species depending on factors such as toxicity,

toughness, nutrients, so assuming that they will utilize cellulose sponge cloth the same as leaves is
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unreasonable (Graga, 2001). Gestel et al. (2003) found that soil invertebrates did not correlate with
cellulose decomposition, but did with other tested mediums. Thus, the Wettex cellulose sponge cloth
decay should not be compared directly to the leave litter decay, but could serve well for determining

microbial decomposition.

The Wettex cellulose sponge cloth seemed to suffer from high rates of mechanical loss in the
large mesh bags, rendering the utility of the calculated invertebrate mediated decomposition very
poor. When taking all measured variables into account, there was increased invertebrate mediated
decomposition with increased pollution level for Wettex, but for the leaves, the inverse was seen with
invertebrate mediated decomposition having the lowest rate in the highest pollution level. Invertebrate
mediated decomposition is a function of microbial growth, mechanical loss and grazing. Elwood et
al. (1981) found that with leaves, increased respiration rates accounted for only 10 to 34% of the
increased mass loss from nutrient enrichment treatments, suggesting increased mechanical
breakdown of the leaves at higher nutrient levels. Cellulose cotton strips lost 95% of their tensile
strength with only 30% mass loss, and in general they decomposed much faster than natural leaves
(Tiegs et al., 2007). So, from the fact that leaves already lose most of their mass through mechanical
means and pure cellulose breaks down much faster and loses a very significant amount of tensile
strength very quickly, and that there was near entire mass losses in some of my sites, it can only be
assumed that the invertebrate decomposition of the Wettex is severely confounded by mechanical loss
of the severely softened cellulose sponges at higher decomposition rates. Disregarding any grazing
preferences, calculated invertebrate mediated decomposition of the Wettex cellulose cloths should
not be compared to that of the leaves. It is more an indication of microbial activity, resulting in

increased mechanical loss of the Wettex, and not that of invertebrate shredding activities.

Decomposition’s response to water pollution

Invertebrate activity was not a significant contributor to decay as seen by the identical models
for total and microbial decay in the leaf and Wettex treatments. This pattern has been seen in many
other studies (Benfield, Jones, & Patterson, 1977; Matews & Kowalczewski, 1969; Meyer, 1980;
Reice, 1977).

When looking at total and microbial decay, Wettex cellulose sponge cloth showed increasing
rates of decomposition with increasing levels of pollution. No pattern was discernable from the leaf
litter treatments, which may be due to too high levels of variability between the leaves (Irons III et
al., 1991; LeRoy et al., 2006; Sariyildiz & Anderson, 2003). The increased decomposition with
increased nutrient loading has been observed in many studies (Gulis, Rosemond, Suberkropp, Weyers,
& Benstead, 2004; Gulis & Suberkropp, 2003; Stelzer, Heffernan, & Likens, 2003; Suberkropp,

Gulis, Rosemond, & Benstead, 2010).
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When taking all the other variables into account, invertebrate mediated decomposition for the
leaf litter was least in the highest pollution grouping. At different pollution levels, different
invertebrate assemblages are observed in other studies and are to be expected due to reduced nutrient
limitations, hypoxia and toxicity (Gammeter & Frutiger, 1990; Maltby, 1995; Moreno & Callisto,
2006; Woodcock & Huryn, 2005). Invertebrate densities are often greatest with mid-level nitrification
(Elwood et al., 1981). In the literature there is often no decline in decomposition rates of microbes at
high levels of nitrification (Elwood et al., 1981; Imberger, Walsh, & Grace, 2008), so this result from
my study could very well be a result of invertebrate shredding on the leaf litter and not microbial, as
was seen in the Wettex. Alone, pollution level was not a significant variable for leaf litter

decomposition, since there were other more influential factors at play.

Primary factors governing decay rates

Vegetation community was the primary significant factor for all the forms of decomposition
except invertebrate mediated decomposition of Wettex. Globally plant litter has proven to be a more
important factor on decomposition rates than climate (Cornwell et al., 2008). Many studies have
found increases in decomposition with increased litter quality from different vegetation types,
however with very inconsistent explanatory mechanisms where fungi and invertebrates may or may
not have increased in abundance and/or exhibited community changes (Béarlocher & Graga, 2002;
Benfield et al., 1977; Benfield, Webster, Tank, & Hutchens, 2001; Cornwell et al., 2008; Kominoski,
Marczak, & Richardson, 2011; Kreutzweiser, Good, Capell, & Holmes, 2008; Laitung & Chauvet,
2005; Lecerf, Dobson, Dang, & Chauvet, 2005; LeRoy & Marks, 2006; Mckie & Malmqvist, 2009;
Stone & Wallace, 1998; Whiles & Wallace, 1997). Diverse leaf litter has the potential to increase
microbe and invertebrate diversity (Béirlocher & Graga, 2002; Laitung & Chauvet, 2005; Lecerf et
al., 2005; Stone & Wallace, 1998; Whiles & Wallace, 1997). However, it was frequently found that
diversity did not correlate with decomposition levels, hinting to the importance of individual species
(Bérlocher & Graga, 2002; Kominoski et al., 2011; Lecerf et al., 2005; Mckie & Malmgqvist, 2009).
One consistency in the literature was that litter quality and quantity was the most important variable
in increasing litter decay rates (Benfield et al., 2001; Kominoski et al., 2011; Lecerf et al., 2005;
LeRoy & Marks, 2006; Mckie & Malmgqvist, 2009; Stone & Wallace, 1998; Whiles & Wallace, 1997).
This pattern can be seen in this study where deciduous forests generally had the greatest rates of
decomposition and meadows and meadow-early-successional-scrub the least. However, there were
very few sample points in this study (n = 18) relative to the number of variables (5 levels for
vegetation community and 3 levels for pollution), so these models suffered from overfitting with very
little sampling overlap between the levels of the different factors. The model building was already

done with strict criteria so further simplification would have been very dubious. However, despite
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overfitting issues, there is confidence in the results given that the general pattern seen in this study
coincides with that found in the literature; nevertheless, one should be critical towards the precise

relationships between vegetation groupings.

For the invertebrate mediated decomposition of Wettex cellulose sponge cloths, vegetation
community was not significant, only pollution level and habitat variability. As previously discussed,
this measure is most likely a function of microbial decay and not invertebrates and microbial decay
is very heavily influenced by nutrient loadings. However, when looking at just one pollution level at
a time, the pattern of increased decomposition with increased habitat variability was very apparent
(see Fig. 22). Studies have found breakdown rates to be highest on substrates with the greatest spatial
heterogeneity and this couldn’t be linked to invertebrate diversity and abundance or water velocity

which suggests the importance of diversity in microbes (Reice, 1974, 1977).

Substrate mode was found to be a statistically significant factor for total and microbial
decomposition rates for the Wettex cellulose sponge cloth, however this may be an artifact. It was
found that decomposition decreased with an increase in stone size. This entirely contradicts the
literature, which generally states that decomposition is greatest in larger stones where heterogeneity
is greatest (Mackay & Kalff, 1969; Meyer, 1980; Reice, 1974, 1977). This discrepancy may well also
be an artifact of an overfitted model. As seen in Figure 20, there was only a decrease in decomposition
with larger stones for the mixed forest vegetation type, but this decrease in pollution was also
accompanied by a decrease in pollution level; so, whether this decrease was due to substrate size or
pollution level cannot be discerned. Furthermore, within the other vegetation communities, there was
no correlation between substrate size and decomposition rate, further drawing the relationship into

question.

Stream width as well as percent culverted one kilometer upstream were significant factors for
microbial decomposition, possibly as a result of increased habitat area. Stream width was significant
for the Wettex cellulose sponge cloth treatments and culverts were significant for the leaf litter. Faster
break down rates have been observed in other studies in larger streams (Benfield & Webster, 1985;
Triska, Sedell, & Buckley, 1975). In theory, with increased area you should have increased diversity
(Rosenzweig, 1995), and species diversity has been shown to be strongly correlated with stream size
and length (Bronmark et al., 1984; Malmqvist & Eriksson, 1995; Malmqvist & Maki, 1994; Wiberg-
Larsen et al., 2000). Functional efficiency of fungus increases at lower levels of diversity with an
increase in diversity, probably due to niche complementing and increased resilience to disturbance,
but after it plateaus signaling redundancy in the system (Setdld & McLean, 2004). Stream width as a
surrogate for total upstream length and culverts as significant barriers and reduction of habitat size,

should indicate very well the habitat area at each site.
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Effectiveness of restoration of culverted stretches

Generally, it was found that ecosystem functions responded the same to the measured
environmental variables in restored sites as in reference sites. The apparent increased algae accrual
and primary production seen in restored sites (see Fig.11) can be fully explained by decreased canopy
cover in the earlier successional habitats. When stratifying sites by pollution level, there was no
statistical difference between restored and reference sites regarding decomposition, however it is
graphically visible in the boxplots (see Fig. 14) that restored sites had lower decomposition of leaf
litter than the reference sites. The issue is that the leaf decomposition for the reference and the restored
sites were measured in different years, so it is impossible to conclude if these observed differences
are due to variations between years or an effect of restoration. The Wettex cellulose sponge cloth
decay for all sites and leaf litter decay for the restored sites were sampled in the same year. It is quite
likely that the difference seen in leaf litter decay between the restored and reference sites is due to
variations between years, given that there were nearly no differences observed in decomposition of
Wettex cellulose sponge cloth between reference and restored sites (see Fig. 15), and the same general
pattern of clean sites having less decomposition is seen in both Wettex cellulose sponge and leaf litter
from the same year. However, even if there were a difference in leaf litter decomposition between
restored and reference sites, it would have been impossible to decouple the effectiveness of restoration
from vegetation community given that all the restored sites were found in early successional habitats
with only one reference site in the meadow-early successional scrub category, and vegetation
community came up as very significant at determining decomposition rates. Lower decomposition
rates in habitats with less quantity and lower quality leaf inputs from the riparian vegetation was
observed in other studies as well (Benfield et al., 2001; Kominoski et al., 2011; Lecerf et al., 2005;
LeRoy & Marks, 2006; Mckie & Malmqvist, 2009; Stone & Wallace, 1998; Whiles & Wallace, 1997).

Conclusion

This study concluded that the ecosystem functions in previously culverted, restored stream
reaches were very comparable to never before culverted, reference reaches. Thus, restoration of
culverted streams in Oslo has been successful, at least with regards to the ecosystem functions of
algae production and litter decay. Any observable differences in ecosystem functioning between the
restored and the reference reaches, can be attributed to the early successional, open nature of the
newly constructed streams, markedly the increase in primary production due to more open tree
canopies. There was arguably no difference in decomposition rates between the restored and reference
sites, but even a possibly lower decomposition rate in the restored sites could be explained by lower

high-quality leaf inputs from riparian vegetation.
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The question for the future is, given the constraints that cityscapes places on urban rivers
specially, do the deculverted streams have the potential to develop along the successional gradient to
mature forests, and is this even desirable? Through the course of succession, there are tradeoffs in
ecosystem functions; greater litter imputes increase decomposition potential, but also decrease
primary production through shading. In addition, ecosystem function is not the sole management
objective, and other considerations need to be taken into account such as recreational value, water
cleansing, maintenance costs, health and safety. However, it can be said from this study that restored
culverted streams are neither better nor worse than their natural counterparts, at least regarding

ecosystem functioning.

Acknowledgements

I would like to thank my supervisors for their support and guidance throughout this master’s
thesis. In addition, I would like to give thanks Benjamin Kupilas for his support and guidance in
developing methodologies, Kirk Meyer for his help in designing and building the experiments, Jens

Thaulow for his assistance in the field, and Antony Martel for his help in the writing process.

44



References

Agren, G. 1., Wetterstedt, J. A. M., & Billberger, M. F. K. (2012). Nutrient limitation on terrestrial
plant growth - modeling the interaction between nitrogen and phosphorus. New Phytologist,
194, 953-960. https://doi.org/10.1111/j.1469-8137.2012.04116.x

Alberto, W. D., Maria del Pilar, D., Maria Valeria, A., Fabiana, P. S., Cecilia, H. A., & Maria de los
Angeles, B. (2001). Pattern recognition techniques for the evaluation of spatial and temporal
variations in water quality. A case study: Suquia River Basin (Cérdoba—Argentina). Water
Research, 35(12), 2881-2894. https://doi.org/10.1016/S0043-1354(00)00592-3

APHA, AWWA, & WEF. (2001). 5210 biochemical oxygen demand ( Bod ). In Standard Methods
for the Examination of Water and Wastewater (pp. 2—13).

Bannerman, R. T., Owens, D. W., Dodds, R. B., & Homewer, N. J. (1993). Sources of pollutants in
Wisconsin stormwater. Water Science and Technology, 28(3-5), 241-259.

Bérlocher, F. (1997). Pitfalls of traditional techniques when studying decomposition of vascular
plant remains in aquatic habitats. Limnetica, 13(2), 1-11.

Bérlocher, F., & Graga, M. A. S. (2002). Exotic riparian vegetation lowers fungal diversity but not
leaf decomposition in Portuguese streams. Freshwater Biology, 47(6), 1123-1135.
https://doi.org/10.1046/j.1365-2427.2002.00836.x

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R. H. B., Singmann, H., ... Green, P.
(2018). Linear Mixed-Effects Models using “Eigen” and S4 (Ime4 1.1-17)[computer software].

Baulch, H. M., Turner, M. a., Findlay, D. L., Vinebrooke, R. D., & Donahue, W. F. (2009). Benthic
algal biomass — measurement and errors. Canadian Journal of Fisheries and Aquatic
Sciences, 66, 1989—-2001. https://doi.org/10.1139/F09-122

Benayas, R. J. M., Newton, A. C., Diaz, A., & Bullock, J. M. (2009). Enhancement of biodiversity
and ecosystem services by ecological restoration: a meta-analysis. Science (New York, N.Y.),
325(5944), 1121-1124. https://doi.org/10.1126/science. 1172460

Benfield, E. F., Jones, D. S., & Patterson, M. F. (1977). Leaf pack processing in a pastureland
stream. Oikos, 29(1), 99-103.

Benfield, E. F., & Webster, J. R. (1985). Shredder abundance and leaf breakdown in an Appalachian
Mountain stream. Freshwater Biology, 15, 113—120. https://doi.org/10.1111/1.1365-
2427.1985.tb00701.x

Benfield, E. F., Webster, J. R., Tank, J. L., & Hutchens, J. J. (2001). Long-term patterns in leaf
breakdown in streams in response to watershed logging. International Review of Hydrobiology,
86(4-5), 467-474. https://doi.org/10.1002/1522-2632(200107)86:4/5<467:: AID-
IROH467>3.0.CO;2-1

Boulton, A., & Boon, P. (1991). A review of methodology used to measure leaf litter decomposition
in lotic environments: time to turn over an old leaf? Marine and Freshwater Research, 42, 1—
43. https://doi.org/10.1071/MF9910001

Bronmark, C., Herrmann, J., Malmgvist, B., Otto, C., & Sjostrom, P. (1984). Animal community
structure as a function of stream size. Hydrobiologia, 112, 73-79.
https://doi.org/10.1007/BF00007669

Conrad, O., Bechtel, B., Dietrich, H., Fischer, E., Gerlitz, L., Wehberg, J., ... Behner, J. (2016).
System for Automated Geoscientific Analyses (SAGA) (2.2.3) [computer software].
Geoscientific Model Development. Retrieved from http://www.saga-gis.org

Cooper, D. C. (1973). Enhancement herbivore of net primary productivity grazing in aquatic
microcosms. Limnology and Oceanography, 18(1), 31-37.

Cornwell, W. K., Cornelissen, J. H. C., Amatangelo, K., Dorrepaal, E., Eviner, V. T., Godoy, O., ...
Westoby, M. (2008). Plant species traits are the predominant control on litter decomposition
rates within biomes worldwide. Ecology Letters, 11, 1065-1071.
https://doi.org/10.1111/.1461-0248.2008.01219.x

Delzer, G. C., & McKenzie, S. W. (2015). 7.0 Five-day biochemical oxygen demand. In National
Field Manual for the Collection of Water-Quality Data (p. 2010). USA: U.S. Geological

45



Survey. Retrieved from http://water.usgs.gov/owq/FieldManual/

Dodds, W. K., Smith, V. H., & Lohman, K. (2002). Nitrogen and phosphorus relationships to
benthic algal biomass in temperate streams. Canadian Journal of Fisheries and Aquatic
Sciences, 59, 865—874. https://doi.org/10.1139/F02-063

Eea. (2012). European waters — assessment of status and pressures. https://doi.org/10.2800/63266

Elser, J. J., Bracken, M. E. S., Cleland, E. E., Gruner, D. S., Harpole, W. S., Hillebrand, H., ...
Smith, J. E. (2007). Global analysis of nitrogen and phosphorus limitation of primary
producers in freshwater, marine and terrestrial ecosystems. Ecology Letters, 10, 1-8.
https://doi.org/10.1111/.1461-0248.2007.01113.x

Elwood, J. W., Newbold, J. D., Trimble, A. N. N. F., & Stark, R. W. (1981). The limiting role of
phosphorus in a woodland stream ecosystem : Effects of P enrichment on leaf decomposition
and primary producers. Ecology, 62(1), 146—158.

ESRI. (2016). ArcGIS Desktop (10.4) [computer software]. Environmental Systems Research
Institute.

Feminella, J. W., Power, M. E., & Resh, V. H. (1989). Periphyton responses to invertebrate grazing
and riparian canopy in three northern California coastal streams. Freshwater Biology, 22, 445—
457. https://doi.org/10.1111/1.1365-2427.1989.tb01117.x

Fernandes, 1., Seena, S., Pascoal, C., & Cassio, F. (2014). Elevated temperature may intensify the
positive effects of nutrients on microbial decomposition in streams. Freshwater Biology,
59(11), 2390-2399. https://doi.org/10.1111/fwb.12445

Folk, B. L., & Ward, W. C. (1957). Brazos River Bar: A study in the significance of grain size
parameters. Journal of Sedimentary Petrology, 27(1), 3-26.

Francoeur, S. N. (2001). Meta-analysis of lotic nutrient amendment experiments : Detecting and
quantifying subtle responses. Journal of North American Benthological Society, 20(3), 358—
368.

Gammeter, S., & Frutiger, A. (1990). Short-term toxicity of NH3 and low oxygen to benthic
macroinvertebrates of running waters and conclusions for wet weather water pollution control
measures. Water Science and Technology, 22(10—-11), 291-296.

GDAL Development Team. (2016). GDAL Tools Plugin (1.2.29) [computer software]. Open Source
Geospatial Foundation Project. Retrieved from http://gdal.osgeo.org

Geological Survey of Norway. (2015). National Bedrock Database. Retrieved from
geo.ngu.no/kart/berggrunn_mobil/

Gessner, M. O., Chauvet, E., & Dobson, M. (1999). A perspective on leaf litter breakdown in
streams. Oikos, 85(2), 377-384.

Gestel, C. A. M., Kruidenier, M., & Berg, M. P. (2003). Suitability of wheat straw decomposition ,
cotton strip degradation and bait-lamina feeding tests to determine soil invertebrate activity.
Biology and Fertility of Soils, 37, 115—123. https://doi.org/10.1007/s00374-002-0575-0

Google. (2017). Google satellite imagery [orthophoto]. Google.

Graga, M. A. S. (2001). The role of invertebrates on leaf litter decomposition in streams—a review.
International Review of Hydrobiology, 86(4-5), 383—-393. https://doi.org/10.1002/1522-
2632(200107)86:4/5<383::AID-IROH383>3.0.CO;2-D

Graca, M. A. S., Birlocher, F., & Gessner, M. O. (Eds.). (2005). Methods to Study Litter
Decomposition: A Practical Guide. Dordrecht, Netherlands: Springer.

GRASS Development Team. (2015). Geographic Resources Analysis Support System (GRASS)
(7.0.3) [computer software]. Open Source Geospatial Foundation Project. Retrieved from
http://grass.osgeo.org

Gulis, V., Rosemond, A. D., Suberkropp, K., Weyers, H. S., & Benstead, J. P. (2004). Effects of
nutrient enrichment on the decomposition of wood and associated microbial activity in
streams. Freshwater Biology, 49, 1437-1447. https://doi.org/10.1111/1.1365-
2427.2004.01281.x

Gulis, V., & Suberkropp, K. (2003). Leaf litter decomposition and microbial activity in nutrient-
enriched and unaltered reaches of a headwater stream. Freshwater Biology, 48, 123—134.

46



https://doi.org/10.1046/j.1365-2427.2003.00985.x

Harpole, W. S., Ngai, J. T., Cleland, E. E., Seabloom, E. W., Borer, E. T., Bracken, M. E. S., ...
Smith, J. E. (2011). Nutrient co-limitation of primary producer communities. Ecology Letters,
14, 852-862. https://doi.org/10.1111/.1461-0248.2011.01651.x

Hawkins, C. P., & Furnish, J. K. (1987). Nordic Society Oikos Are Snails Important Competitors in
Stream Ecosystems ? Oikos, 49, 209-220.

Holland, A. F., Sanger, D. M., Gawle, C. P, Lerberg, S. B., Sexto, M., Riekerk, G. H. M., ... Scott,
G. L. (2004). Linkages between tidal creek ecosystems and the landscape and demographic
attributes of their watersheds. Journal of Experimental Marine Biology and Ecology, 298,
151-178. https://doi.org/10.1016/S0022-0981(03)00357-5

Hothorn, T., Bretz, F., Westfall, P., Heiberger, R. M., Schuetzenmeister, A., & Scheibe, S. (2017).
Simultaneous Inference in General Parametric Models (multcomp 1.4-8)[computer software].

Howard, 1., Espigares, E., Lardelli, P., Martin, J. L., & Espigares, M. (2004). Evaluation of
microbiological and physicochemical indicators for wastewater treatment. Environmental
Toxicology, 19(3), 241-249.

Howard, P. J. A. (1988). A critical evaluation of the cotton strip assay. In A. F. Harrison, P. M.
Latter, & D. W. H. Walton (Eds.), Cotton Strip Assay: An Index of Decomposition in Soils (pp.
34-42). Grange-over-Sands: NERC/ITE.

Imberger, S. J., Walsh, C. J., & Grace, M. R. (2008). More microbial activity, not abrasive flow or
shredder abundance, accelerates breakdown of labile leaf litter in urban streams. Journal of the
North American Benthological Society, 27(3), 549-561. https://doi.org/10.1899/07-123.1

Irons 111, J. G., Bryant, J. P., & Oswood, M. W. (1991). Effects of moose browsing on
decomposition rates of birch leaf litter in a subarctic stream. Canadian Journal of Fisheries
and Aquatic Sciences, 48, 442—444. https://doi.org/10.1139/191-058

Iversen, T. M., & Anderson, S. P. (1997). Danish experiences on river restoration. River
Restoration 96 - Plenary Lectures, 31-36.

Jahnig, S. C., Lorenz, A. W., Hering, D., Antons, C., Sundermann, A., Jedicke, E., & Haase, P.
(2011). River restoration success : a question of perception. Ecological Applications, 21(6),
2007-2015. https://doi.org/10.1890/10-0618.1

Jenkins, C. C., & Suberkropp, K. (1995). The influence of water chemistry on the enzymatic
degradation on leaves in streams. Freshwater Biology, 33, 245-253.

Kartverket. (2013). DTM 10 Terrengmodell (UTM33) [USGS DEM]. resolution 10m. Geonorge.
Retrieved from https://kartkatalog.geonorge.no/metadata/kartverket/

Kartverket. (2017). N50 Raster (UTM33) [raster map]. scale 1:50000. Geonorge. Retrieved from
https://kartkatalog.geonorge.no/metadata/kartverket/

Kartverket, NIBIO, & Statens Vegvesen. (2017). Oslo kommune 2017 [orthophoto]. Norge i Bilder.
Retrieved from http://www.norgeibilder.no

Kehde, P. M., & Wilhm, J. L. (1972). The Eftects of Grazing by Snails on Community Structure of
Periphyton in Laboratory Streams. The American Midland Naturalist, 87(1), 8—24.

Kominoski, J. S., Marczak, L. B., & Richardson, J. S. (2011). Riparian forest composition affects
stream litter decomposition despite similar microbial and invertebrate communities. Ecology,
92(1), 151-159.

Kreutzweiser, D. P., Good, K. P., Capell, S. S., & Holmes, S. B. (2008). Leaf-litter decomposition
and macroinvertebrate communities in boreal forest streams linked to upland logging
disturbance. Journal of the North American Benthological Society, 27(1), 1-15.
https://doi.org/10.1899/07-034R.1

Krumbein, W. C. (1936). Application of logarithmic moments to size frequency ditributions of
sediments. Journal of Sedimentary Petrology, 6(1), 35-47.

Kuhara, N., Nakano, S., & Miyasaka, H. (2000). Flow rate mediates the competitive influence of a
grazing caddisfly on mayflies. Ecological Research, 15, 145—-152.
https://doi.org/10.1046/5.1440-1703.2000.00331.x

Kummert, R., & Stumm, W. (1992). Gewdsser als Okosysteme: Grundlagen des Gewdisserschutzes.

47



Stuttgart: Verlag der Fachvereine Ziirich.

Laitung, B., & Chauvet, E. (2005). Vegetation diversity increases species richness of leaf-decaying
fungal communities in woodland streams. Archiv Fiir Hydrobiologie, 164(2), 217-235.
https://doi.org/10.1127/0003-9136/2005/0164-0217

Lamberti, G. A., & Resh, V. H. (1983). Stream periphyton and insect herbivores: an experimental
study of grazing by a caddisfly population. Ecology, 64(5), 1124—1135.
https://doi.org/10.2307/1937823

Lamberti, G. A., & Resh, V. H. (1985). Comparability of introduced tiles and natural substrates for
sampling lotic bacteria, algae and macro invertebrates. Freshwater Biology, 15, 21-30.
https://doi.org/10.1111/1.1365-2427.1985.tb00693.x

Lecerf, A., Dobson, M., Dang, C. K., & Chauvet, E. (2005). Riparian plant species loss alters
trophic dynamics in detritus-based stream ecosystems. Oecologia, 146(3), 432—442.
https://doi.org/10.1007/s00442-005-0212-3

LeRoy, C. J., & Marks, J. C. (2006). Litter quality, stream characteristics and litter diversity
influence decomposition rates and macroinvertebrates. Freshwater Biology, 51, 605-617.
https://doi.org/10.1111/7.1365-2427.2006.01512.x

LeRoy, C. J., Whitham, T. G., Keim, P., & Marks, J. C. (2006). Plant genes link forests and streams.
Ecology, 87(1), 255-261.

Line, D., Arnold, J. A., Jennings, G. D., & Wu, J. (1996). Water quality of stormwater runoff from
ten industrial sites. Water Resources Bulletin, 32(4), 807—816. https://doi.org/10.1111/.1752-
1688.1996.tb03478.x

Loreau M., Naeem S., Inchausti P., Bengtsson J., Grime J. P., Hector A., ... Wardle D. A. (2001).
Biodiversity and ecosystem functioning: Current knowledge and future challenges. Science,
294, 804—808. https://doi.org/10.1126/science.1064088

Mackay, R. J., & Kalff, J. (1969). Seasonal variation in standing crop and species diversity of insect
communities in a small Quebec stream. Ecology, 50(1), 101-109.

Mallin, M. A., Johnson, V. L., & Ensign, S. H. (2009). Comparative impacts of stormwater runoff
on water quality of an urban, a suburban, and a rural stream. Environmental Monitoring and
Assessment, 159, 475-491. https://doi.org/10.1007/s10661-008-0644-4

Mallin, M. A., Johnson, V. L., Ensign, S. H., & MacPherson, T. A. (2006). Factors contributing to
hypoxia in rivers, lakes, and streams. Limnology and Oceanography, 51, 690-701.

Mallin, M. A., Parsons, D. C., Johnson, V. L., Mclver, M. R., & CoVan, H. A. (2004). Nutrient
limitation and algal blooms in urbanizing tidal creeks. Journal of Experimental Marine
Biology and Ecology, 298, 211-231. https://doi.org/10.1016/S0022-0981(03)00360-5

Malmgqpvist, B., & Eriksson, A. (1995). Benthic insects in Swedish lake-outlet streams: patterns in
species richness and assemblage structure. Freshwater Biology, 34(2), 285-296.
https://doi.org/10.1111/j.1365-2427.1995.tb00888.x

Malmgvist, B., & Méki, M. (1994). Macroinvertebrate assemblages in north Swedish streams :
Environmental relationships. Ecography, 17(1), 9-16.

Maltby, L. (1995). Sensitivity of the crustaceans gammarus pulex (1.) a n d asellus aquaticus (1.) to
short-term exposure to hypoxia a n d unionized ammonia: observations a n d possible
mechanisms. Water Research, 29(3), 781-787.

Marker, A. F. H. (1976). The benthic algae of some streams in southern England: II. The primary
production of the epilithon in a small chalk-stream. The Journal of Ecology, 64(1), 359-373.
Retrieved from http://www.jstor.org/stable/2258700

Matews, C. P., & Kowalczewski, A. (1969). The diappearance of leaf litter and its contribution to
production in the River Thames. British Ecological Society, 57(2), 543-552.

McAuliffe, J. R. (1984). Resource depression by a stream herbivore : effects on distributions and
abundances of other grazers. Oikos, 42(3), 327-333. Retrieved from
http://www.jstor.org/stable/3544401

Mclntire, C. D. (1973). Periphyton dynamics in laboratory streams : A simulation model and its
implications. Ecological Monographs, 43(3), 399—-420.

48



Mckie, B. G., & Malmqvist, B. (2009). Assessing ecosystem functioning in streams affected by
forest management: increased leaf decomposition occurs without changes to the composition
of benthic assemblages. Freshwater Biology, 54(10), 2086—2100.
https://doi.org/10.1111/1.1365-2427.2008.02150.x

McNaughton, S. J. (1976). Serengeti migratory wildebeest : Facilitation of energy flow by grazing.
Science, 191, 92-94.

Metzger, M. J., Bunce, R. G. H., Jongman, R. H. G., Miicher, C. A., & Watkins, J. W. (2005). A
climatic stratification of the environment of Europe. Global Ecology and Biogeography, 14(6),
549-563. https://doi.org/10.1111/j.1466-822x.2005.00190.x

Meyer, J. L. (1980). Dynamics of phosphorus and organic matter during leaf decomposition in a
forest stream. Oikos, 34(1), 44-53.

Moreno, P., & Callisto, M. (2006). Benthic macroinvertebrates in the watershed of an urban
reservoir in southeastern Brazil. Hydrobiologia, 560, 311-321. https://doi.org/10.1007/s10750-
005-0869-y

Morin, A., & Cattaneo, A. (1992). Factors Affecting Samp ing Variabi ity of Freshwater Periphyton
and the Power of Periphyton Studies". Canadian Journal of Fisheries and Aquatic Sciences,
49(8), 1695—1703. https://doi.org/10.1139/192-188

Newman, S., Kumpf, H., Laing, J. A., & Kennedy, W. C. (2001). Decomposition responses to
phosphorus enrichment in an Everglades (USA) slough. Biogeochemistry, 54, 229-250.
https://doi.org/10.1023/A:1010659016876

NRK, & Meteorologisk Institutt. (2018). Detailed Weather Statistics for Olso (Blindern)
Observation Site, Oslo (Oslo). Retrieved from
https://www.yr.no/place/Norway/Oslo/Oslo/Oslo_(Blindern) observation_site/detailed_statisti
cs.html

NVE. (2017). Elvnett - ELVIS [Shape vector]. scale 1:50000. Norges vassdrags- og
energidirektorat. Retrieved from http://nedlasting.nve.no/gis/

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., ... Wagner, H.
(2018). Community Ecology Package (vegan 2.4-6) [computer software].

Paul, M. J., Meyer, J. L., & Couch, C. A. (2006). Leaf breakdown in streams differing in catchment
land use. Freshwater Biology, 51, 1684—1695. https://doi.org/10.1111/1.1365-
2427.2006.01612.x

Pedersen, M. L., Kristensen, K. K., & Friberg, N. (2014). Re-Meandering of lowland streams: Will
disobeying the laws of geomorphology have ecological consequences? PLoS ONE, 9(9),
e108558. https://doi.org/10.1371/journal.pone.0108558

Poff, N. L., Voelz, N. J., & Ward, J. V. (1990). Algal colonization under four experimentally-
controlled current regimes in a high mountain stream. Journal of the North American
Benthological Society, 9(4), 303-318. https://doi.org/10.2307/1467898

Poppe, M., Stelzhammer, M., Seebacher, M., Muhar, S., Januschke, K., Lorenz, A., ... Hering, D.
(2012). D4.1 Field Protocols and Associated Database. https://doi.org/D1.1

Power, M. E., & Stewart, A. J. (1987). Disturbance and recovery of an algal assemblage following
flooding in an Oklahoma stream. The American Midland Naturalist, 117(2), 333-345.

Pringle, C. M. (1987). Effects of water and substratum nutrient supplies on lotic periphyton growth:
An integrated bioassay. Canadian Journal of Fisheries and Aquatic Sciences, 44, 619—629.

QGIS Development Team. (2016). QGIS Geographic Information System (2.14.20) [computer
software]. Open Source Geospatial Foundation Project. Retrieved from https://www.qgis.org

Rabinovich, M. L., Melnik, M. S., & Bolobova, A. V. (2002). Microbial cellulases (review). Applied
Biochemistry and Microbiology, 38(4), 305-321. https://doi.org/10.1023/A:1016264219885

Reice, S. R. (1974). Environmental patchiness and the breakdown of leaf litter in a woodland
stream. Ecology, 55(6), 1271-1282.

Reice, S. R. (1977). The role of animal associations and current velocity in sediment-specific leaf
litter decomposition. Oikos, 29(2), 357-365.

Roni, P., Hanson, K., & Beechie, T. (2008). Global review of the physical and biological

49



effectiveness of stream habitat rehabilitation techniques. North American Journal of Fisheries
Management, 28, 856—890. https://doi.org/10.1577/M06-169.1

Rosenzweig, M. L. (1995). Species Diversity in Space and Time. UK: Cambridge University Press.

Ruffo, M. L., & Bollero, G. A. (2003). Modeling rye and hairy vetch residue decomposition as a
function of degree-days and decomposition-days. Agronomy Journal, 95, 900-907.
https://doi.org/10.2134/agronj2003.9000

Ryder, D. S., & Miller, W. (2005). Setting goals and measuring success: Linking patterns and
processes in stream restoration. Hydrobiologia, 552(1), 147-158.
https://doi.org/10.1007/s10750-005-1512-7

Sariyildiz, T., & Anderson, J. M. (2003). Decomposition of sun and shade leaves from three
deciduous tree species , as affected by their chemical composition. Biology and Fertility of
Soils, 37, 137-146. https://doi.org/10.1007/s00374-002-0569-y

Setdld, H., & McLean, M. A. (2004). Decomposition rate of organic substrates in relation to the
species diversity of soil saprophytic fungi. Oecologia, 139, 98—107.
https://doi.org/10.1007/s00442-003-1478-y

Shilling, F., & Davis, U. (2005). Chapter 4: periphyton ( attached algae and aquatic plants ) as
indicators of watershed condition. California Watershed Assessment Manual, Vol II. Retrieved
from http://cwam.ucdavis.edu/

Simon, K. S., Simon, M. A., & Benfield, E. F. (2009). Variation in ecosystem function in
appalachian streams along an acidity gradient. Ecological Applications, 19(5), 1147-1160.
Retrieved from http://www.jstor.org/stable/40347258

Singh, K. P., Malik, A., Mohan, D., & Sinha, S. (2004). Multivariate statistical techniques for the
evaluation of spatial and temporal variations in water quality of Gomti River (India) - A case
study. Water Research, 38(18), 3980-3992. https://doi.org/10.1016/j.watres.2004.06.011

Singh, N. (1982). Cellulose decomposition by some tropical aquatic hyphomycetes. Transactions of
the British Mycological Society, 79, 560-561. https://doi.org/10.1016/S0007-1536(82)80059-4

Statistics Norway. (2017). Population and Population Changes. Retrieved from
http://www.ssb.no/en/befolkning/statistikker/folkemengde/aar-berekna

Stelzer, R. S., Heffernan, J., & Likens, G. E. (2003). The influence of dissolved nutrients and
particulate organic matter quality on microbial respiration and biomass in a forest stream.
Freshwater Biology, 48(11), 1925—-1937. https://doi.org/10.1046/j.1365-2427.2003.01141.x

Stelzer, R. S., & Lamberti, G. A. (2001). Effects of N: P ratio and total nutrient concentration on
stream periphyton community structure, biomass, and elemental composition. Limnology and
Oceanography, 46(2), 356-367. https://doi.org/10.4319/10.2001.46.2.0356

Stewart, A. J. (1987). Responses of stream algae to grazing minnows and nutrients: a field test for
interactions. Oecologia, 72, 1-7. https://doi.org/10.1007/BF00385036

Stockner, J. G., & Shortreed, K. R. S. (1976). Enhancement of autotrophic production by nutrient
addition in a coastal rainforest stream on Vancouver Island. Fournal of the Fisheries Research
Board of Canada, 35, 1553—1563. https://doi.org/10.1139/f78-004

Stockner, J. G., & Shortreed, K. R. S. (1978). Enhancement of autotrophic production by nutrient
addition in a coastal rainforest stream on Vancouver Island. Journal of the Fisheries Research
Board of Canada, 35, 28-34. https://doi.org/10.1139/f78-004

Stone, M. K., & Wallace, J. B. (1998). Long-term recovery of a mountain stream from clearcut
logging: The effects of forest succession on benthic invertebrate community structure.
Freshwater Biology, 39, 151-169. https://doi.org/10.1046/j.1365-2427.1998.00272.x

Suberkropp, K., Gulis, V., Rosemond, A. D., & Benstead, J. P. (2010). Ecosystem and physiological
scales of microbial responses to nutrients in a detritus-based stream: Results of a 5-year
continuous enrichment. Limnology and Oceanography, 55(1), 149—160.
https://doi.org/10.4319/10.2010.55.1.0149

The R Foundation for Statistical Computing. (2015). R (3.2.3) [computer software].

Tiegs, S. D., Langhans, S. D., Tockner, K., & Gessner, M. O. (2007). Cotton strips as a leaf
surrogate to measure decomposition in river floodplain habitats. Journal of the North

50



American Benthological Society, 26(1), 70-77. https://doi.org/10.1899/0887-
3593(2007)26[70:CSAALS]2.0.CO;2

Tockner, K., Uehlinger, U., Robinson, C. T., Tonolla, D., Siber, R., & Peter, F. D. (2009).
Introduction. In K. Tockner, C. T. Robinson, & U. Uehlinger (Eds.), Rivers of Europe (pp. 1—
24). Amsterdam: Academic Press.

Triska, F. J., Sedell, J. R., & Buckley, B. (1975). The processing on conifer and hardwood leaves in
two coniferous forest streams: II. Biochemical and nutrient changes. Verhandlungen
Internationale Vereinigung Limnologie, 19, 1628—1639.

Wentworth, C. K. (1922). A Scale of Grade and Class Terms for Clastic Sediments. The Journal of
Geology, 30(5), 377-392.

Whiles, M. R., & Wallace, J. B. (1997). Leaf litter decomposition and macroinvertebrate
communities in headwater streams draining pine and hardwood catchments. Hydrobiologia,
353, 107-119. https://doi.org/10.1023/A:1003054827248

Wiberg-Larsen, P., Brodersen, K. P., Birkholm, S., Gren, P. N., & Skriver, J. (2000). Species
richness and assemblage structure of Trichoptera in Danish streams. Freshwater Biology, 43,
633—-647. https://doi.org/10.1046/j.1365-2427.2000.00546.x

Wild, T. C., Bernet, J. F., Westling, E. L., & Lerner, D. N. (2011). Deculverting: Reviewing the
evidence on the “daylighting” and restoration of culverted rivers. Water and Environment
Journal, 25, 412—421. https://doi.org/10.1111/j.1747-6593.2010.00236.x

Woodcock, T. S., & Huryn, A. D. (2005). Leaf litter processing and invertebrate assemblages along
a pollution gradient in a Maine (USA) headwater stream. Environmental Pollution, 134, 363—
375. https://doi.org/10.1016/j.envpol.2004.09.020

Wuhrmann, K., & Eichenberger, E. (1975). Experiments on the effects of inorganic enrichment of
rivers on periphyton primary production. Verhandlungen Internationale Vereinigung Fur
Theoretische Und Angewandte Limnologie, 19, 2028-2034.

51



52



Appendices

53



54



Appendix 1: Summary Statistics Table by Sampled Stream Reach

Table A2.1: Summary table of all measured variables by sampled stream reach

Ecosystem Function Variables
Water Chemistry Algae Growth Litter Decay factor k
low |medium| heigh Alg Wettex Leaf litter
water | water |waterB Degree | Alg Avg Degree Wettex Degree | Leaf litter
Site Pollution | Ref/Res |[BOD5| BOD5 | OD5 | NH4 | PO4 | Exposure Days Temp Alg Growth sd |Grazing on Alg|Alg Prim Prod| sd |Exposure Days |Avg Temp| Ktotal sd Kmicrob sd Kinvert Days |Avg Temp| Ktotal sd Kmicrob sd Kinvert
Level mg/l | mgl/l mg/l N/jpg P/l|  days deg. deg. AFDM pg/DD AFDM pg/DD | AFDM ug/DD days deg. deg. Wettex Wettex Wettex deg. deg. Leaf litter Leaf litter Leaf litter
ALNresGAN |clean restored 0.60 1.94]1 0.95]1153 2 290 379.90 99| 108 123 202 119 28 61.80 2.21)] 0.00023| 0.00047] -0.00006/ 0.00032|f 0.00029 61.80 0.00089|f] 0.00184| 0.00062]% 0.00089
ALNresHOL |clean restored 0770 1611 119] 21 2 29 392.28 204| 108 25 212 78 28] | 55.84] | 1.99|| 0.00024| 0.00016| -0.00005| 0.00024| 0.00028 55.84) | 0.00052|f1 0.00162| 0.00046]f 0.00091
FRO1 clean reference 0.84[0 1.45 041] 16 3 29N387.21 1 152 241 250 353 327 28 | 57.17 2.04 0.00005 0.00014 0.00000 0.00021 0.00005| | 48.23|[ | 0.00101 0.00197 0.00129 0.00174
HOF1 clean reference 0.57 1.97 1.08 7 3 29| 28241 -20 26 -12 -35 35 28 75.84 2.71) -0.00011 0.00021| -0.00019 0.00024 0.00008| | 66.97 0.00082 0.00294 0.00136 0.00255
HOF2 clean reference || 0.78[1 1.450 0.77 11 5 29 250.96 71 93 27 40 69 28 42.44 1.52|1] 0.00111] 0.00022|] 0.00064| 0.00027 0.00232|f 0.00257| 0.00108 00511
HOV1 clean reference | 0.90[0 1.881 0.94 52 4 16 142.61[ 70|NA 28 15.93 4.14] -0.00009| 0.00009| -0.00015| 0.00014 0.00250 .00363|  0.00086 & 0.00236
HOVresBJE |clean restored 093 1530 1.11 65 8 29| 277.03] 345 150 28]l 133.36 4.76 0.00093 0.00022 0.00029 0.00065 0.00196 0.00170| 0.00048 0.00183
HOVresENS |clean restored E 12100 2630 1.37 31 10 18 269.60 467 28 82.25 2.94|1 0.00106| 0.00019|f 0.00084| 0.00020 0.00051|f] 0.00160| 0.00046|f 0.00088
HOVresTEG |clean restored 0.95[1 2.06]1 1.60 14 9 29 335.71 166 28 127.42 4.55]| 0.00047 0.00010 0.00035|] 0.00096| 0.00041] 0.00006
FROresBES |eutrophic [restored 0.86[1 1.43 1.32 27 51 29[ 315.740 156 28 90.89 3.25 0595 0.00115 0.00052 0.00247 0.00029|% 0.00169
HOF3 eutrophic |reference [| 0.92 1.83] 3.08 19 9 29 300.68 19 28 07.49 3.84 98 0.00033 0.00195|F 0.00274| 0.00233| 0.00204
MAR1 eutrophic |reference || 0.59(0 1.91]0 1.78[1 102 0 29 303.76 19 28 88.71 3.17 0677 0.00157 0.00113] 0.00290|  0.00139|710.00346
OST1 eutrophic |reference 1140 207 1.80 78 29 N315.31 138 28 137.68 4.92 0.00205 0.00049 0.00148| 0.00237 0.00067 | 0.00186
ALN1 sewage _|reference 2.38 1.37 29| 28975 0 28 17.43 4.19 .00392 0.00024 0.00127|1 0.00279| 0.00123| 0.00174
ALN3 sewage |reference 47[00 2.90 2.25 44 29 288.36 111 28 155.08 5.54[110.00347 0.00026 . _ 0.00081 | 0.00215| 0.00106|d 0.00128
ALN4 sewage |reference o[l4.79[00 3.36 0 7 29/ 339.30 45 28 172118 6.15 .00402 0.00060[] 0.00135[° 209.2 0.00097|§ 0.00115| 0.00062| -0.00001
FRO3 sewage _|reference 231 154 60 66 29| 280.54| 0 28 222.6 7.95 0.00500[f 0.00088 235 5 . 0.00205|f 0.00216| 0.00034|d] 0.00110
HOV3 sewage _|reference 1840 1370 131 38 29 385.6]ﬂ— NA 28 81.28 2,90/ 0.00157 0.00108|  0.00055 . . 0.00271|  0.00200|1 0.00272|  0.00188] -0.00002
Riverbed
Chanel Dimensions Percent Wentworth Size Classes Sediment Statistics in Phi (¢) Flow
Max Depth Max Depth Important | Bedload
Reach | Shallowest Deepest Depth Depth Width Sed Sed Load | Woody |accumulati
Site Pollution | Ref/Res | Length | Cross section |Cross section| Range | Variability | Width | Variability | Boulder | Cobble | Pebble | Granule | Sand | SiltClay | Xyal | CPOM | FPOM Sed Mode Sed Sorting | Sed Skew | Movement |Alterations| Debris on Flow Character
Level 4 pt. scale 4 pt. scale % % % % % % % % % @ P
ALNresGAN |clean |restored 17 35 41 7 0 of o 0 0|Pebble -4 2.2 ﬁ’ -0.13 I turbulent
ALNresHOL |clean restored 9 18 22 30 12 9 0 0 0|Granule 1.5 3.9 _] 0.13 - uniform-swirled
FRO1 clean reference 48 24 16 8 3 0 1 0 0|Boulder -8 23 -0.45 turbulent
HOF1 clean _[reference 50 24 14 12 0 of o 0 0[Boulder -8 2.2 -0.48 [ turbulent
HOF2 clean  [reference 10 40 35 15 0 of o 0 0|Cobble 7 2.4 -0.19 T swirled
HOV1 clean reference 36 18 10 15 15 2 1 3 0|Boulder -8 4.0 -0.31 turbulent
HOVresBJE |clean |[restored 139 6 14 29 23] 28 of o 0 0|sand 15 3.6 | 010 I swirled-turbulent
HOVresENS [clean  [restored |1 57| 11 27 61 1 0 o o 0 0[Pebble -4 2.0 | 0.02 [ turbulent
HOVresTEG [clean restored !!l:l 10 1 47 3 0 0 0 0 39|Pebble -4 4.2 - -0.20 uniform
FROresBES |eutrophic [restored :-_mm _ 1 22 29 29] 19 of o 0 0[Pebble -4 3.2 0.18 swirled
HOF3 eutrophic [reference I 90 34 27 30 6 2 of o 1 0[Boulder -8 2.3 -0.26 _turbulent
MAR1 eutrophic |reference [ 15 46 22 13 4 0 0 0 0|Cobble -7 2.6 -0.25 swirled
OST1 eutrophic |reference 0 16 10 9 22 25 2 10 6|SiltClay 4 4.2 0.35 uniform-swirled
ALN1 sewage |reference 10 22 31 26| 10 il o 0 0|Granule 15 3.1 0.10 I swirled
ALN3 sewage |reference 11 23 25 8l 21 12l o0 0 0[Pebble -4 0.8 i -0.11 I swirled-turbulent
ALN4 sewage |reference 3 17 7 16 8 48 0 1 O|SiltClay 4 4.4 045 swirled
FRO3 sewage |reference 13 43 31 11 2 o o 0 0[Cobble -7 2.4 : -0.21 I swirled
HOV3 sewage |reference 0 0 0 0 0 0 0 72 28|SiltClay 4 0.0 | _0.00 slow
Banks Upstream and Watershed
Bank Alterations Bank Vegetation 1 km stretch upstream Watershed
Height Riparian
Bank Bank Bank Dominant Type |Veg Bank| Canopy Forest Bank Embanked % of
Site Pollution | Ref/Res Gradient Protection | Protection | Bank Protection Cover Cover Width of Riparian Forest Cover Vegetation Community Embanked | 2 Sided Culverted Bridge Weirs Dams Watershed
Level % cm % % % of length | % of length | % of length | % of length numb % of length | Developed
ALNresGAN |clean restored 5 20 StonePitchingTight 3 isolated/absent 35 Meadow-Early successional riparian scrub 0 0 0 5 1 0 16
ALNresHOL |clean restored 50 0 Concreat 12 isolated/absent-single row interrupted 25 Meadow-Early successional riparian scrub 12 10 0 2 4 0 17
FRO1 clean reference 0 0 Al single row interrupted 70 Meadow-Early successional riparian scrub 21 0 0 1 0 0 9
HOF1 clean reference 0 0 82 >15m 85 Mixed forest 0 0 4 2 1 6 26
HOF2 clean reference 53 172 StonePitchingTight 73 single row 100 Deciduous forest 0 0 11 0 0 0 15
HOV1 clean reference 0 0 86 >15m 100 Mixed forest 6 6 61 0 0 9 23
HOVresBJE |clean restored 0 0 1 single row 100 Meadow-Early successional riparian scrub 5 0 15 4 1 0 40
HOVreseNS |clean restored 0 0 6 single row interrupted 35 Pioneer meadow 58 5 4 7 32 0 72
HOVresTEG |clean restored 100 56 StonePitchingFacing 0 isolated/absent-single row interrupted 25 Meadow-Early successional riparian scrub 19 0 80 0 10 0 69
FROresBES |eutrophic |restored 7.5 60 StonePitchingFacing 5) isolated/absent-single row interrupted 10 Pioneer meadow 17 3 13 1 0 0 80
HOF3 eutrophic _|reference 2 290 Concrete 94 >15m 100 Deciduous forest 0 0 8 2 1 0 78
MAR1 eutrophic |reference 100 150 StonePitchingTight 92 single row-single row interrupted 100 Deciduous forest 9 1 4 1 0 0 80
OST1 eutrophic_|reference 0 0 6 isolated/absent 30 Meadow 0 0 11 0 0 0 81
ALN1 sewage |reference 0 0 74 >15m 100 Mixed forest 20 0 40 0 0 0 41
ALN3 sewage [reference 0 0 35 >15m 100 Mixed forest 12 10 74 2 4 0 42
ALN4 sewage |[reference 0 0 0 isolated/absent 0 Meadow 5 5 69 0 0 0 58
FRO3 sewage |reference 0 0 88 single row->15m 100 Deciduous forest 0 0 47 0 0 0 88
HOV3 sewage |[reference 0 0 0 isolated/absent 0 Meadow 0 0 6 0 0 0 70
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Appendix 2: Model Building

Upstream Effect on Pollution Levels
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Figure A2.1: Boxplots of sediment load alteration vs stream modifications to 1 km stretch upstream: Streams with altered
sediment loads had a marginally significantly greater percentage of culverts in the 1 km stretch upstream the sampled reach (t = -
1.7583, df = 4.2536, p-value = 0.1492).
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Figure A2.2: Paired matrix of Pearson correlation coefficients for pollution level and stream modifications to 1 km stretch
upstream and the sites: Pollution level, percent culverted 1 km upstream, percent two sided embanked 1 km upstream, percent
embanked 1 km upstream, percent of watershed developed.

The only correlation was between percent watershed developed and pollution level



Site-specific Environmental Variables’ Effect on Ecosystem Functioning

Pearson correlation coefficient matrixes
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Figure A2.3: Pearson correlation coefficient matrix for stream dimensional and sediment variables: Sediment mode, sediment
sorting, sediment skew, sediment movement, flow character, gravel banks, sand banks, silt banks, width variability, depth range,
depth variability

58



0 2 4 1.0 25 40 00 06
| I | Liiitld L i i
r=0.17 r=-0.44 r=-0.59 r=-0.24 =028 [
Sedhoda p=0.50 p=0.065 | |p=<0.01 p=034 o2a [ °
- o
£ Og ﬂE
1 2° r=0.0 r= 0,041 r=0.0 —0.14
e SedSoring | | 989 | | p=0.87 p=0.82 p=058
=2 ¢ s
. Bl L&) o
=10, =012 | | =005 | @
Sedhlaw p=026 p=0.64 p=084 | 7
moood bo oo - 5
=2
“dosocd [ ed B
w 7] r=0.39 r=-0.40
B L o p RowChar p=0.11 p=0.096
= ] 3 kb
oo L* = - T o a —
impWoadD =0.15 [ =
p=0355 |-
Mmoo ongd bho meoom O 0 b oosog N g
oo uhg o ORI ¥ q B TUwog Er g
w
= ] ImpBeadioad
.
= Oy — 88—~ Ry o AT
B -2 4 00 06 0.0 06

Figure A2.4: Person correlation coefficient matrix of sediment variables: Sediment mode, sediment sorting, sediment movement,
flow character, important woody debris accumulation, important bedload accumulation.

rrrmi

0.0 08

o 2 4 00 08 00 06 00 06
[ | bl Lidail AR
seatiose | | 5=G %G | |p= 001 | |po0'0es| [pm 0| [pm DR | [ 520BR | |0
=+ —5 gg 0‘
~ o seasong| | 22§39 | | 5%%5 | |5ob%7 | [pm 9 | | 38| | 5%
(= ° e
=] 4 ,w
:g‘ °q Pe % o [Fser| || (s |5z | 838 | |o=dd%
:A-" P
S soavior | | 2088 | | 52828 | [1988) | 5038
g _“ O.0. 5.0 w
[ oo | |08 [5:9%] |0
5
. or :. =g=ge =)
S ] pravomanid | 22833 | |52 %%}
g m g b s o g b =1 o
L=n= L e oo rMerowo] P T L=h=h=is
SandBanks é;%%i
sl 8.0 :_._“ m_: 5 [a L 0 000 L i
- ‘ LA LAY o = LA Ak~ = b o Ll
o
= Si8anks
g —— oD WF‘?-r o ||||r|”|“ n.|'||||'l:
-5 -2 4 0.4 0.2 1.0 3.0 00 06

-2

-8

04 02

30

1.0

Figure A2.5: Persons correlation coefficient matrix of sediment and accumulation variables: Sediment mode, sediment sorting,
sediment skew, sediment movement, flow character, gravel banks, sand banks, silt banks.
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Figure A2.6: Persons correlation coefficient matrix of habitat variability and bank protection: Sediment sorting, width
variability, depth variability, depth range, width, percent bank protection, height bank protection, dominant type of bank protection.
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Figure A2.7: Persons correlation coefficient matrix of vegetation and bank alteration variables: Vegetation cover, canopy cover,
width of riparian forest, riparian forest bank cover, vegetation community, percent bank protection, height bank protection, dominant

type of bank protection, width variability
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Figure A2.8: Persons correlation matrix of final variable set for modelling ecosystem functions: Pollution level, percent
culverted 1 km upstream, percent embanked 1 km upstream, percent two sided embanked 1 km upstream, vegetation community,
width of riparian forest, percent bank protection, height of bank protection, habitat variability (average of width variability and depth
variability), sediment sorting, sediment mode, stream width.
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Graphs of vegetation communities vs restoration and pollution levels
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Figure A2.9: Vegetation communities vs reference/restored and pollution levels: X-axis shows the relative abundance of each
vegetation community, y-axis shows the percentage of the respective pollution level or restoration status within each vegetation
community.
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Model parameters
Pollution level

pollution level ~ % watershed developed ( 32% developed is clean, 80% developed is eutrophic,
60% developed is raw sewage) Adj R? = 0.47

Algae
Algae biomass accrual + 1.1*minimum value ~ e"(6.12 - 0.04*% canopy cover) R? = 0.70
Algae primary production + 1.1*minimum value ~ e’(6.11 - 0.03*% canopy cover) R? = 0.60

Algae grazing intensity + 1.1*minimum value ~ ¢*(0.78 + (1.07 if cl, -0.57 if eu, -0.08 if sw)*stream
width (m) + 5.05 if eu +2.86 if sw) Adj R = 0.67

Wettex sponge cloth

k exponential decay factor for total decomposition + 1.1*minimum value ~ e*(-5.44 + 0.43*stream
width (m) + 0.34*sediment mode (¢) + pollution level (0 if cl, 1.97 if eu, 2.25 if sw) + vegetation
community (0 if deciduous forest, -1.12 if pioneer meadow, -2.72 if meadow riparian scrub, -3.33 if
mixed forest, -4.57 if meadow)) Adj R? = 0.94

k exponential decay factor for microbial decomposition + 1.1*minimum value ~ e"(-6.45 +
0.13*sediment mode (¢) + pollution level (0 if cl, 2.03 if eu, 2.85 if sw) + vegetation community (0
if deciduous forest, -0.22 if pioneer meadow, -1.42 if meadow riparian scrub, -2.61 if mixed forest, -
3.18 if meadow)) Adj R? = 0.90

k exponential decay factor for invertebrate decomposition + 1.1*minimum value ~ e"(-7.54 + (-0.35
if cl, 0.29 if eu, 0.26 if sw)*habitat variability (4 pt. scale) Adj R? = 0.73

Leaf litter

k exponential decay factor for total decomposition + 1.1*minimum value ~ e"(-4.87 - 0.01*%
culverted 1 km upstream + vegetation community (0.21 if mixed forest, 0 if deciduous forest, -0.69
if pioneer meadow, -0.76 if meadow, -0.85 if meadow riparian scrub)) Adj R? = 0.62

k exponential decay factor for microbial decomposition + 1.1*minimum value ~ e*(-5.83 - 0.01*%
culverted 1 km upstream + vegetation community (0.29 if mixed forest, 0 if deciduous forest, -0.20
if meadow, -0.33 if pioneer meadow, -0.48 if meadow riparian scrub)) Adj R? = 0.68

k exponential decay factor for invertebrate decomposition + 1.1*minimum value ~ e"(-6.50 +
pollution level (1.10 if eu, 0 if cl, -1.64 if sw) + vegetation community (0.68 if mixed forest, 0 if
deciduous forest, -0.94 if meadow riparian scrub, -0.96 if pioneer meadow, -3.16 if meadow)) Adj
R?=0.58
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Figure A3.1: Pearson correlation matrix of water temperature between sites for second half of algae experiment
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Figure A3.2: Pearson correlation matrix of water temperature between sites for 14 days after the algae experiment
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Figure A3.3: Pearson correlation matrix of water temperature between reference sites for the 2017 litter decay experiment.
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Study Site Pictures

Appendix 4
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