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ABSTRACT
An emerging issue in ecohydrology is the role of light in fluvial ecosystem dynamics. Here, we investigate how
photosynthetically active radiation (PAR) influences the hydrogeomorphology and biogeochemistry of a second-order temperate
stream with varying riparian communities from heavily shaded forest sections to unshaded grass sections. First, in-stream PAR
was compared to submerged aquatic macrophyte distributions along a 1Ð2-km reach. The effects of macrophytes on water depth,
sediment size, sediment volume, organic matter (OM) accumulation and nutrient uptake were then analysed. Compared with
forested sites, non-forested sites had three times more benthic PAR, which resulted in a quadrupling of macrophyte biomass.
This greater biomass at non-forested sites increased water depth, sediment accumulation and the uptake of soluble reactive
phosphorous (SRP). Bed sediment size and OM were not significantly different between forested and non-forested sites. Finally,
we used the above relations to estimate biogeochemical differences between a completely forested reach and a non-forested
reach. Compared with a forested reach, the non-forested reach accumulated almost twice as much bed sediment and retained
more than four times as much SRP. Thus, changes in riparian conditions may create a cascade through which shading drives
changes in stream habitat, which in turn drives changes in hydrogeomorphology and biogeochemical cycles. Copyright 
2010 John Wiley & Sons, Ltd.
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INTRODUCTION
Ecosystems are shaped by the interaction of physical and
biological drivers. Due to their perceived dominance on
stream ecosystem structure (Poff and Ward, 1990; Power
and Dietrich, 2002), fluvial studies have mostly focused
on physical drivers. Accordingly, biological components
have been treated more as responses than drivers of system changes. Fluvial studies that do focus on biological
drivers of change tend to treat the physical template as
static (Doyle, 2006). The result is relatively few studies
that investigate the interplay of physical and biological
processes in streams.
Systems in which physical and biological drivers both
play considerable roles are typically those that contain
organisms which act as ‘ecosystem engineers’ (Jones
et al., 1994). A conspicuous example of ecosystem engineering involves submerged aquatic macrophytes in small
streams (Sand-Jensen, 1997; Caraco et al., 2006). Their
presence is dictated by physical drivers, but aquatic
macrophytes also have the ability to influence physical processes by directly and indirectly altering channel
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roughness, velocity patterns and sediment transport (Pitlo
and Dawson, 1990; Bunn et al., 1998).
Studies of small lowland streams in the UK have
found that macrophytes can increase Manning’s roughness coefficient (n) by an order of magnitude, from 0Ð04
to 0Ð40 (Dawson, 1978; Watson, 1987; Green, 2006). This
increased flow resistance results in a lower mean velocity and consequently greater flow depths for the same
discharge (Gurnell, 1994). Accordingly, a dense macrophyte bed can increase flow depth as much as fourfold
(or 0Ð7 m) given the same discharge (Dawson, 1978;
Dawson, 1989). In addition to decreasing mean velocity,
aquatic vegetation can alter the velocity field vertically,
laterally and longitudinally (Sand-Jensen and Mebus,
1996; Nepf, 1999; Sand-Jensen and Pedersen, 1999).
Localized changes in velocity have the potential to
influence sediment transport, where the low-energy environment within macrophyte patches mitigates sediment
erosion (Dawson, 1978; Sand-Jensen and Mebus, 1996)
and promotes sediment deposition (Sand-Jensen, 1998).
Aquatic macrophytes also act as filters by trapping
bedload, suspended sediment and organic matter (OM)
(Sand-Jensen, 1998; Schulz et al., 2003). Once sediment
is captured within macrophyte beds, roots and trapped
OM increase the cohesion of this material, making it
more resistant to erosion (Koetsier and McArthur, 2000;
Horvath, 2004).
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In addition to influencing fluvial geomorphology,
aquatic macrophytes can affect a range of biological
processes, and potentially alter biogeochemical cycles.
First, macrophytes trap sediment that can sorb phosphate and ammonium ions, reducing water column nutrient concentrations (Wilcock et al., 2002). Alternatively,
macrophyte-trapped sediment can release previously
sorbed nutrients, returning nitrogen and/or phosphorus
to the water column (Madsen et al., 2001; Wade et al.,
2002; Wilcock et al., 2002). Second, aquatic macrophytes
influence nutrients via direct uptake of dissolved forms
from the water column (Pelton et al., 1998; Meals et al.,
1999; Wade et al., 2002). Third, macrophyte beds can
strongly affect local redox conditions via depletion or
introduction of oxygen within the water column or interstitial environments. The combination of strong redox
gradients and an abundance of OM (from either the
plant itself or from trapped particles) creates biogeochemical hotspots in many aquatic ecosystems (Caraco
et al., 2006). Overall, the presence of aquatic macrophyte beds should increase channel roughness, sediment
deposition, OM accumulation and nutrient retention in
streams.
Conditions that promote establishment and growth of
aquatic vegetation in rivers are plentiful light, sufficient
nutrient supply, non-scouring velocities, stable substratum, minimal grazing pressure and suitable water temperature (Hynes, 1970). Of these, photosynthetically active
radiation (PAR) is most frequently and strongly correlated with macrophyte coverage (Dodds and Welch, 2000;
Hilton et al., 2006; Davies et al., 2008). Thus, the amount
of riparian shading is likely to dictate aquatic macrophyte coverage, especially in small streams where channel widths are narrow and light attenuation by the water
column is minimal (Julian et al., 2008a). This dependence
of macrophytes on light suggests that riparian conditions may create a cascade through which shading drives
changes in stream habitat, which in turn drives changes
in hydrogeomorphology and biogeochemical cycles.
In this study, we investigate the role of PAR in shaping the ecosystem structure of a second-order temperate
stream in Central Wisconsin, USA. First, we compared
in-stream PAR measurements with macrophyte distributions. Second, the effects of macrophytes on water depth,
sediment size, sediment volume, OM accumulation and
nutrient uptake were analysed. Third, we investigated
how changes in riparian community composition impact
all of the aforementioned variables via changes in shading. Finally, we compared functional ecosystem attributes
of forested versus grassed streams. Throughout the paper,
we focus on the interplay between physical and biological
processes at transect and reach scales.

Figure 1. Big Spring Creek study reach. Transects are sequential with
#101 being the most upstream and #139 being the most downstream.
Riparian type is illustrated for each transect.

Spring, WI, USA (89° 380 2500 W, 43° 400 300 N). This study
focused on a 1Ð2-km reach with no major tributaries and
longitudinally consistent optical water quality (Figure 1).
Riparian vegetation along this reach was discontinuous, with monocultures of reed canary grass (Phalaris
arundinacea L.) in some sections, mixed-hardwood forest (predominantly Acer saccharinum L., A. negundo
L., Fraxinus pennsylvanica Marsh. and Celtis occidentalis L.) in other sections and a blend of reed canary
grass and mixed-hardwood forest in remaining sections.
Pre-settlement landcover was dominated by oak savanna
(characterized by Quercus macrocarpa Michx., Q. alba
L., Q. bicolor Willd., Andropogon gerardii Vitman and
mixed forbs in the ground layer) (Curtis, 1959). Land
cover of the 21Ð1-km2 watershed in 2000 was mostly
agriculture (46%), followed by forest (31%), grassland
(21%) and wetland (2%). Fed predominantly by springs,
Big Spring Creek’s discharge was relatively constant
at 0Ð37 š 0Ð04 m3 s1 (mean š SD). Spring/summer
nutrient concentrations for 2005–2006 were as follows (mg l1 ): TN (2Ð3 š 0Ð2), NO3 N (2Ð0 š 0Ð2), NH4 N
(0Ð018 š 0Ð014), TP (0Ð027 š 0Ð010) and soluble reactive
phosphorous (SRP) (0Ð013 š 0Ð005) (Powers and Julian,
unpublished data). The sand-bed stream was covered
irregularly by submerged macrophyte beds. The most
common macrophyte species in the river were Potamogeton crispus L. (PC), Potamogeton pusillus/foliosus
L./Raf. (PF), Zosterella dubia (Jacq.) Small (ZD), Elodea
canadensis Michx. (EC) and Nitella spp. L. (NS).
Photosynthetically active radiation

METHODS
Study site
Big Spring Creek is a second-order spring-fed stream
located in the Central Sand Plains of Wisconsin near Big
Copyright  2010 John Wiley & Sons, Ltd.

We obtained daily above-canopy PAR (Ecan ) from the
UV-B Monitoring and Research Program (site WI02;
115 km N of Big Spring, WI), which reported 3-min
averages of 20-s readings from a LI-COR quantum sensor (USDA, 2007). Methods for characterizing PAR at
Ecohydrol. 4, 422– 432 (2011)
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the water surface (Es ) and at the streambed (Ebed ) are
described by Julian et al. (2008a). Briefly, hemispherical
canopy photographs and optical water quality measurements were used with the benthic light availability model
(BLAM) to derive estimates of PAR attenuation through
the canopy and water column. We used a diffuse attenuation coefficient (Kd ) of 0Ð60 m1 (range: 0Ð45–0Ð77 m1 )
and a reflection coefficient (r) of 0Ð88 (range: 0Ð84–0Ð96)
based on the average of 34 light profiles collected during
baseflow during summer months of 2005 and 2006. All
PAR values are summer daily averages (15 May to 15
September), reported in mol m2 day1 .
Macrophyte coverage and biomass
We quantified areal coverage of submerged macrophytes
in Big Spring Creek approximately monthly from June
2005 to December 2006 at 11 transects from Figure 1:
103–104, 106–108, 123–125 and 129–131. Surveys
were not conducted after winter senescence and plant
cover was at or near 0% during this time. We estimated
percent cover of the five major taxa at four locations per
transect (every 20% of channel width) using a 0Ð25–m2
gridded quadrat. We did not include periphyton as a cover
component because it represented only a small proportion
of total autotrophic biomass in the stream. Sediment
depth (method described below) was measured at the
centre of each quadrat for every vegetation survey we
conducted. On 26 June 2006, a longitudinal vegetation
survey was conducted where we measured macrophyte
cover at all 39 transects (Figure 1).
We converted percent cover to biomass using samples
of each plant species collected near the transects during
summer of 2005. Eight to eleven samples of each species
were collected, with corresponding coverages ranging
from 5 to 100%. Plant material was rinsed to remove
sediment, epiphytes and macroinvertebrates, then dried
for at least 48 h at 60 ° C before weighing. Dry-weight
biomass (g m2 ) was then related to percent cover using
linear regression forced through the origin (Table I).
Macrophyte biomass and percent cover were obtained for
each transect on each date by averaging quadrats within
each transect. Total biomass (in kg) for the entire 1Ð2-km
reach was calculated by averaging transect measurements
for each riparian type (forested, grassed and mixed) and
then multiplying by channel area of the corresponding
riparian type.
Table I. Percent cover-biomass regressions for the five major
macrophyte species in Big Spring Creek.
Species

Dry biomass
(g m2 )

P. crispus
Z. dubia
P. pusillus/foliosis
E. canadensis
Nitella spp.

1Ð56
0Ð86
0Ð72
2Ð49
1Ð72

ð
ð
ð
ð
ð
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cover
cover
cover
cover
cover

r2

0Ð82
0Ð89
0Ð86
0Ð82
0Ð81

Channel hydrology and geomorphology
Active channel area (sensu Osterkamp and Hedman,
1977), along with a longitudinal profile that included
water and sediment depth, was surveyed with a Trimble
3350DR total station and graded prism rod. We measured
129 locations along Big Spring Creek on 15 June 2005
with an average interval of 10 m. Survey locations were
selected based on changes in channel slope and water
depth. For this longitudinal survey and all vegetation
surveys, sediment depth was measured as depth to refusal
using a pointed rod (diameter D 1 cm). On 26 June
2005, sediment cores (diameter D 2Ð5 cm) were collected
with an AMS cross-handle soil recovery probe at each
vegetation measurement point (n D 44: four locations
per transect ð 11 transects). Sediments were combusted
at 550 ° C to determine OM content, then analysed for
particle size distributions according to Dane and Topp
(2002) using hydrometers and sieves.
A fixed sampling station was established at transect
124 where we monitored water depth, discharge, temperature and turbidity. Water depth and temperature were
measured every 15 min by an Intech WT-HR 2000 stage
recorder. Discharge (Q) was calculated using stage-Q
rating curves developed with in situ Q measurements
taken with a Marsh-McBirney Flo-Mate 2000 current
meter. Changes in channel roughness (n) caused by temporal changes in macrophyte biomass were taken into
account by using Manning’s equation to calculate Q.
Turbidity was measured periodically with a Hach 2100P
turbidimeter.
Phosphorous uptake
Water samples for SRP analysis were collected and fieldfiltered (0Ð7 µm glass fibre filter) into 60 ml acid-washed
low-density polyethylene plastic bottles at the upstream
extent of the study reach (transect 101) approximately
biweekly 15 May to 15 September during both 2005 and
2006 (n D 16). Samples were kept dark and refrigerated
and were analysed within 48 h using the ascorbic acid
molybdate photometric reaction (APHA, 1998). Daily
SRP loads were calculated by averaging three water samples from across the transect, multiplying by discharge
and integrating over 24 h.
We used in-stream mesocosms with nutrient additions
to determine macrophyte-associated SRP uptake rates.
Mesocosms consisted of thick-walled plastic cylinders
that enclosed a streambed area of 0Ð2 m2 . We drilled
two 4-cm diameter holes in each cylinder directly across
from each other to allow water flow through the chamber.
Cylinders were pushed ca. 20 cm into the bed sediment
and left in place overnight, with water flowing through
to allow the systems to equilibrate. Mesocosms were
placed in locations with similar sediment composition
and depth to minimize variation in both substrate sorption
and uptake by periphyton. The next day, we closed the
holes with rubber stoppers and added a nutrient solution
containing phosphate (KH2 PO4 ) and a chloride tracer
(NaCl). SRP concentrations were raised to approximately
two times ambient stream concentrations.
Ecohydrol. 4, 422–432 (2011)
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We measured SRP uptake on 8 August 2006 at
transect 130. Each experiment consisted of macrophyte
present (treatment) and macrophyte absent (control), with
the assumption that treatment minus control equalled
macrophyte-associated uptake. We used four replicates
per experiment, where each replicate was sampled at
initial placement of the mesocosms, directly before
nutrient addition, and at times t0 , t2 , t4 and t6 , where
subscripts refer to hours after nutrient addition. Water
samples were collected from the middle of the mesocosm
water column, field-filtered and then analysed for SRP
as described above. Chloride samples were frozen and
analysed at a later date using a Dionex DX-500 ion
chromatograph. We assumed the chloride tracer had no
effect on uptake rates.
SRP uptake rates (U, µg m2 h1 ) for each experiment were estimated using a first-order nutrient uptake
equation (Webster and Valett, 2007). P concentrations
were corrected for dilution in the mesocosm using change
in concentration of the chloride tracer. However, dilution
(leakage) was minimal in most mesocosms. One control replicate from the second experiment was discarded
because the mesocosm was dislodged midway through
the experiment.
To estimate reach-scale uptake of SRP, we first extrapolated mesocosm uptake rates to a daily value using
the average hours of daylight per day from 15 May to
15 September (14Ð5 h) and assuming SRP uptake only
occurred during daylight hours. We then compared the
magnitude of macrophyte-associated uptake to daily SRP
fluxes for the 1Ð2-km reach by multiplying area-specific
plant uptake rates by reach area. The potential influence
of macrophytes on SRP fluxes was expressed as the percent of the daily water column SRP the macrophytes
could remove. Average summer reach-scale uptake rates
were calculated using vegetation surveys in June to
August in both years (n D 6) and then averaging for
forested transects (103, 104, 123, 124, 125) and grassed
transects (106, 107, 129, 130) separately.

Figure 2. Longitudinal (left) and hemispherical canopy (right) photos
of transects in Big Spring Creek with different riparian communities.
Transect numbers (Figure 1) are located on the longitudinal photos.
Shading coefficients (s —the proportion of above-canopy PAR that
reaches the water surface) are located next to the canopy photos from
which they were derived. The submerged aquatic macrophyte bed in the
grassed transect (bottom left), with ¾80% coverage, can be identified by
its dark colour contrasted with the light-coloured sand bed of the stream.
(This figure is available in colour in the online version of this article).

RESULTS
Riparian shading
The discontinuous riparian community along the 1218 m
reach (Figure 1) was 462 m forested, 399 m grassed
and 357 m mixed (one forested bank and one grassed
bank). Shading coefficients (s) for forested transects
(n D 15) ranged 0Ð15–0Ð43 and averaged 0Ð26 š 0Ð10
(Figure 2). That is, on average, 26% of incoming PAR
(Ecan ) reached the water surface in forested transects.
In grassed transects (n D 13), s ranged 0Ð73–0Ð94 and
averaged 0Ð80 š 0Ð07. In mixed transects (n D 11), s
ranged 0Ð41–0Ð62 and averaged 0Ð52 š 0Ð07. Riparian
shading among forested, mixed and grassed transects was
significantly different (Table II). All the above relationships were similar for benthic PAR (Ebed ) among transect
types (Table II).
Copyright  2010 John Wiley & Sons, Ltd.

Figure 3. Submerged macrophyte coverage versus benthic PAR in
Big Spring Creek on 27 June 2006. The regression equation is:
y D 0Ð23x2 C 10Ð83x  37Ð88.

Submerged aquatic macrophyte distributions
Submerged aquatic macrophytes covered approximately
half of Big Spring Creek’s 8929-m2 channel area in
mid-summer 2006. Surveys at the 39 transects along the
1Ð2-km study reach revealed that percent cover of aquatic
macrophytes was strongly correlated to Ebed (Figure 3).
This trend was best characterized by a quadratic polynomial, similar to existing photosynthesis-irradiance curves
(Dodds et al., 1999). Above 15 mol m2 day1 , macrophyte coverage began to asymptote to 100%. Macrophyte
cover within forested, mixed and grassed transects was
Ecohydrol. 4, 422– 432 (2011)
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Table II. Habitat characteristics of forested, mixed and grassed transects in Big Spring Creek.

Transmitted PAR (% of Ecan )
Benthic PAR (mol m2 day1 )
Macrophyte coverage (%)
Active channel width (m)
Baseflow water depth (m)
Bed sediment depth (cm)
Bed sediment size, D50 (mm)
Bed sediment OM (%)
SRP net uptake (µg m2 h1 )

Forested
(mean š SD)

Mixed
(mean š SD)

Grassed
(mean š SD)

ANOVA
(p-value)

26 š 10
6Ð5 š 3Ð0
21 š 22
6Ð8 š 1Ð5
0Ð64 š 0Ð23
10 š 8
0Ð27 š 0Ð32
2Ð5 š 1Ð3
81 š 291

52 š 7
13Ð5 š 2Ð9
62 š 27
7Ð8 š 1Ð3
0Ð59 š 0Ð24
12 š 8
0Ð17 š 0Ð02
2Ð1 š 1Ð1
N/A

80 š 7
21Ð5 š 2Ð3
90 š 10
8Ð7 š 1Ð7
0Ð53 š 0Ð17
22 š 15
0Ð18 š 0Ð03
2Ð1 š 0Ð8
322 š 151

<0Ð001
<0Ð001
<0Ð001
0Ð007
0Ð369
0Ð014
0Ð772
0Ð837
0Ð032Ł

Mixed transects have one forested bank and one grassed bank. Forested SRP uptake was derived from sites with 0% macrophyte coverage. Grassed
SRP uptake was derived from sites with 80–100% macrophyte coverage.
Ł t-test.

respectively 21% š 22%, 62% š 27% and 90% š 10%
and was significantly different among the three transect
types (Table II). Two transects had 0% macrophyte coverage (both forested) and two transects had 100% macrophyte coverage (both grassed). The lateral distribution of
macrophytes varied greatly among all transects, displaying no obvious pattern.
Macrophyte biomass, as calculated from percent cover
(Table I), in Big Spring Creek varied greatly throughout
the year with maximum biomass occurring in midsummer (Figure 4). In forested transects, where PC
dominated throughout the year, mean dry biomass ranged
0–41 g m2 . Mean dry biomass in grassed transects
ranged 0–91 g m2 , with ZD as the dominant species
during mid-summer and PC dominant the rest of the
year. In all transects, macrophytes senesced in early
winter when water temperatures dropped below 1 ° C
and reemerged in early-spring when water temperatures
consistently exceeded 5 ° C.
Channel hydrogeomorphology
The presence of aquatic macrophytes in Big Spring Creek
increased Manning’s roughness (n) from 0Ð07 during
winter (no vegetation) to 0Ð15 in mid-summer (maximum
biomass). This increased roughness was associated with a
rise in average baseflow water depth from 0Ð82 m during
February 2006 to 1Ð15 m during July 2006 (Figure 5).
The relationship between channel roughness and flow
depth was comparable during floods. On 20 July 2006, a
flood of 0Ð50 m3 s1 resulted in a flow depth of 1Ð3 m.
On 12 September 2006, a similar flood of 0Ð53 m3 s1
resulted in a flow depth of 1Ð0 m. This 0Ð3 m difference
was important because the July flood overtopped the
channel banks, whereas the September flood did not.
The difference in channel geometry among forested,
mixed and grassed transects was significant (Table II).
Average active channel width for forested transects was
6Ð8 š 1Ð5 m compared with 8Ð7 š 1Ð7 m for grassed
transects. This narrower width in forested transects
typically led to greater flow depths, 0Ð64 š 0Ð23 m compared with 0Ð53 š 0Ð17 m for grassed transects. Moreover, bed sediment depth significantly increased from
Copyright  2010 John Wiley & Sons, Ltd.

forested (10 š 8 cm) to mixed (12 š 8 cm) to grassed
(22 š 15 cm) transects. Neither bed sediment size nor
benthic OM content was significantly different among
transect types.
Bed sediment depth also varied throughout the year,
roughly following the same pattern as biomass (Figure 4).
When averaged over all grassed transects, bed sediment depth ranged from 15 cm (23 September 2005) to
24 cm (6 July 2006). Sedimentation patterns at forested
and mixed transects were more erratic, likely due to
flood effects and changes in sediment supply. Turbidity
remained relatively low and constant throughout the year
(4Ð2 š 2Ð1 NTU) not varying seasonally except following
snow-melt events and in-channel vegetation senescence.

Phosphorus uptake
Mesocosms with macrophytes, which we used to represent grassed transects, had significantly higher uptake
rates of SRP than control mesocosms with no
macrophytes, representing forested transects (Table II).
Macrophyte coverage within vegetated mesocosms
ranged 80–100% and averaged 90%. Vegetated mesocosms removed SRP at a net rate of 322 š 151 µg m2
h1 , whereas non-vegetated mesocosms, on average,
actually released SRP at a rate of 81 š 291 µg m2 h1 .
Thus, gross SRP uptake by vegetated mesocosms was
403 µg m2 h1 . For an average summer day with 14Ð5 h
of sunlight, 1 m2 of macrophytes with 100% coverage
would yield net and gross uptake of 0Ð0052 g day1 and
0Ð0065 g day1 , respectively; considering P uptake per
gram of dry macrophyte biomass and assuming peak
macrophyte biomass from this study (91 g m2 ) yields
gross and net uptake rates of 0Ð057 mg g1 day1 and
0Ð071 mg g1 day1 . These values are consistent with a
water-macrophyte P flux rate of 0Ð06 mg g1 day1 estimated by Pelton et al. (1998) using 32 P under ambient
nutrient conditions. The average SRP concentration in
Big Spring Creek from 15 May to 15 September was
0Ð012 š 0Ð004 mg l1 , which calculates to an average
daily load of 379Ð7 š 145Ð0 g day1 .
Ecohydrol. 4, 422–432 (2011)
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Table III. Average summer (15 May to 15 September) reach-scale
(1212 m) differences between a second-order channel with completely forested versus completely grassed riparian zones.

PAR entering
reach
(mol day1 )
Macrophyte
biomass (kg)
Water depth (m)
Bed sediment
volume (m3 )
SRP net uptake
(% of daily
load)

Forested

Grassed

Percent increase
from forested
to grassed

97 505

300 014

208

150

642

328

0.87
1080

1.07
1933

23
79

2.6

11.0

323

Reach-scale values were calculated using the transect values from Table II
and integrating over the channel area, which was held constant for both
forested and grassed reaches.

also much greater in the grassed reach, almost twice as
much as the forested reach.
In a completely forested reach with 21% macrophyte
coverage, 2Ð6% of the SRP load would be retained during
a typical summer day. A completely grassed reach with
90% macrophyte coverage would retain more than four
times as much SRP (11Ð0% of daily SRP load). These
values are net uptake rates. Using gross uptake rates (U
estimated from mesocosms with macrophytes—uptake
from unvegetated mesocosms), macrophyte-associated
SRP uptake increased to 3Ð2% and 13Ð8% of the daily
load for forested and grassed reaches, respectively.

Figure 4. Temporal distribution of species-specific mean dry biomass of
submerged macrophytes in Big Spring Creek for (a) forested, (b) mixed
and (c) grassed transects. Labels on x-axis denote survey dates. Key: P.
crispus (PC), Z. dubia (ZD), P. pusillus/foliosus (PF), Nitella spp. (NS)
and E. canadensis (EC).

Reach-scale calculations
Integrating over the entire Big Spring Creek study area
allowed us to compare all the above variables at the
reach scale for a completely forested channel versus a
completely grassed channel (Table III). The first and most
obvious difference between the two types of reaches was
shading. A forested reach allowed 97 505 mol of PAR
per day to reach the water surface, whereas a grassed
reach allowed 300 014 mol day1 (208% increase). This
increase in PAR was associated with a 328% increase in
macrophyte biomass, from 150 to 642 kg.
Increased roughness from in-channel vegetation translated to a water depth 20 cm higher in the grassed reach
than the forested reach. Average summer water depth was
calculated using linear regression (r 2 D 0Ð82, p < 0Ð001)
between water depth and reach-averaged macrophyte
biomass from Figure 5 and using a 10-day moving average to minimize storm events. Bed sediment volume was
Copyright  2010 John Wiley & Sons, Ltd.

DISCUSSION
Light as a first-order control on fluvial ecosystem
dynamics
Based on our observations, the first-order control on
Big Spring Creek’s summertime ecosystem structure
at the reach scale was light (specifically the amount
of PAR reaching the riverbed) because it stimulated
macrophyte growth, which in turn influenced several
key hydrogeomorphic and biogeochemical processes. We
measured benthic PAR using the BLAM model (Julian
et al., 2008a), which takes into account shading by
riparian vegetation and by the water column. From this
previous study, we demonstrated that although water
column light attenuation is usually the dominant control
on benthic PAR in large rivers, riparian shading is
the dominant control in smaller systems such as Big
Spring Creek. Accordingly, turbidity values in Big Spring
Creek were low and changed little over the course of
this study. Further, water depths were relatively shallow
and also varied minimally either spatially or temporally.
Within this context, we assessed how changes in riparian
vegetation affected light regimes in the stream.
In completely forested transects, only ¾26% of abovecanopy PAR reached the water surface. When only
Ecohydrol. 4, 422– 432 (2011)
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Figure 5. Time-series of macrophyte biomass (bottom), flow discharge (middle) and flow depth (top). Squares denote macrophyte survey dates.
Diamonds denote in situ discharge measurements. Dashed arrows illustrate how two floods of similar discharge can produce substantially different
flow depths in the presence of in-stream vegetation.

one bank was forested (i.e. mixed transects) twice as
much PAR reached the water surface. And when neither bank was forested, ¾80% of above-canopy PAR
reached the water surface. Thus, the difference in incoming PAR between forested and grassed sites at Big Spring
Creek was more than threefold. For other systems, differences in incoming PAR among riparian communities depends on channel width, surrounding topography,
canopy structure (height and density) and channel orientation (Davies et al., 2008; Julian et al., 2008b). Compared
with north–south channels, east–west channels typically
transmit more PAR due to greater canopy openings relative to the sun path (Gomi et al., 2006; Davies et al.,
2008; Julian et al., 2008a). Although these factors will
be more influential in smaller streams due to their narrow widths, riparian type affects light regimes of all river
sizes (Julian et al., 2008b). Most importantly, changes in
benthic light availability affect key components of fluvial
ecosystems.
Spatiotemporal patterns of aquatic macrophytes
Highly shaded forested sites, such as transect 124
(Figure 2), averaged 21% macrophyte coverage in midsummer, with estimated biomass usually below 40 g m2
(Figure 4). Open sites, such as transect 115, had much
greater macrophyte coverage (90% š 10%), and at some
sites had complete coverage. In these grassed transects,
macrophyte biomass approached 100 g m2 . In all, we
found a strong correlation between macrophyte coverage
and benthic PAR (Figure 3), which supports previous evidence that light is generally the best predictor of vegetation growth in streams with favourable conditions (Dodds
and Welch, 2000; Hilton et al., 2006; Davies et al., 2008).
Copyright  2010 John Wiley & Sons, Ltd.

Factors other than light that limit aquatic vegetation
include grazing pressure, nutrient limitation, flow scour,
unsuitable substrate, undesirable water temperature, interspecies competition and anthropogenic disturbances. At
Big Spring Creek, the most likely source for the deviations in Figure 3 was unsuitable substrate. Upstream of
our study reach was an impoundment that trapped most
of the bedload supply, resulting in sections with minimal
accumulations of sand in which the macrophytes could
take root. Grazing and disruption by crayfish and vertebrates (muskrat, geese, deer) frequently observed at the
creek may also have affected macrophyte standing crops.
Our finding that PC dominated shaded sites, whereas ZD
dominated open sites (Figure 4), suggests possible interspecies competition, which is supported by the evidence
of Lacoul and Freedman (2006) of the ability of PC to
thrive in shaded conditions.
Factors that were unlikely to affect macrophyte distribution in this system included flooding, nutrient limitation and human disturbance. Big Spring Creek is a
lowland spring-fed stream and therefore does not usually
experience flows capable of dislodging macrophytes. The
few floods that did occur during our study period were not
effective at removing vegetation (Figure 5). Located in a
predominantly agricultural area, nutrient concentrations
in Big Spring Creek were far above those that typically limit macrophyte growth. Indeed, fewer and fewer
streams are nutrient limited (Hilton et al., 2006). Similarly, because the creek is situated in a rural area and is
almost entirely bordered by private property, in-channel
human influences were restricted. We saw little evidence
of farming influences on the study reach, as cattle and row
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crops were excluded by a buffer at least 30 m, although
upstream reaches and tributaries were likely subjected
to these influences. Finally, although not a factor spatially, water temperature did dictate seasonal patterns of
aquatic vegetation (Figure 4). The biomass peaks in summer and biomass nadirs in winter likely resulted from
physiological mechanisms where macrophytes begin to
senesce when water temperatures fall below 3 ° C (Lacoul
and Freedman, 2006).
Hydrogeomorphic feedbacks
The presence of aquatic macrophytes created several
hydrogeomorphic feedbacks within Big Spring Creek.
The most conspicuous temporal hydrogeomorphic effect
was increased flow depths during the summer (Figure 5),
resulting from increased channel roughness when the
channel was vegetated. These higher flow depths have
consequences for velocity patterns (Sand-Jensen and
Pedersen, 1999), in-stream ecology (Hynes, 1970) and
floodplain ecology (Jones et al., 2008). For example,
increased roughness from in-channel vegetation caused
overbank flooding during the flood on 20 July 2006. A
flood with slightly higher discharge on 12 September
2006, when macrophyte biomass was much lower, did
not result in overbank flooding (Figure 5).
The most conspicuous spatial hydrogeomorphic
influences of aquatic macrophytes involve bed sediment.
Vegetated transects had more than twice the depth of sediment compared with non-vegetated transects (Table II).
In addition to influencing biogeochemical processes, this
greater sediment depth likely created a positive feedback
loop with macrophyte growth (Bunn et al., 1998). Temporal patterns in sediment transport caused by variation
in macrophyte coverage are also likely (Schulz et al.,
2003). Significant differences in bed sediment size and
OM content between vegetated and non-vegetated sites
were not found at Big Spring Creek but are possible in
other systems (Sand-Jensen, 1998; Horvath, 2004).
In summary, there are numerous hydrogeomorphic
feedbacks that occur within vegetated stream channels,
with the magnitude of impact dependent on the vegetation’s morphology (stem and leaf structure, stiffness,
size) and abundance (Sand-Jensen and Pedersen, 1999).
For example, large, stiff macrophytes with high stem/leaf
density will retard flow and trap more sediment than
smaller, flexible vegetation. The spatial scale in which
aquatic vegetation influences sediment transport therefore
varies with species size and coverage. Due to seasonal
changes in light regime, water temperature, discharge
and grazer pressure, all the above influences of aquatic
vegetation on flow and sediment transport can be temporally variable (Dawson and Robinson, 1984). Further,
aquatic vegetation can have considerable indirect effects
on channel processes by influencing the abundance of
macroinvertebrates, fish, reptiles, amphibians and possibly mammals, which can greatly alter sediment transport
within river systems.
Copyright  2010 John Wiley & Sons, Ltd.

Biogeochemical feedbacks
Aquatic vegetation influences numerous biogeochemical
processes (Clarke, 2002), but in this study, we focussed
on the uptake of SRP because routine monthly sampling
revealed that P was likely the nutrient-limiting primary
production given low SRP concentrations and N : P
ratios consistently >100 (Powers and Julian, unpublished
data). Our mesocosm experiments showed that vegetated
sites with ¾90% macrophyte coverage could take up
considerable amounts of SRP, whereas non-vegetated
sites actually released SRP. We suspect that SRP release
in non-vegetated mesocosms was the result of a container
effect where restricted flow throughout the experiment
allowed sediment-derived P to accumulate in the water
column. The lack of flow in the mesocosms also increased
the size of the boundary layer surrounding macrophyte
leaves. Because thinner boundary layers make it easier for
macrophytes to take up gases and nutrients from the water
column (reviewed by Franklin et al., 2008), we likely
underestimated the SRP uptake rate of macrophytes in
Big Spring Creek. To be conservative in our reach-scale
calculations, we did not take into account any releases
of P from sediment or compensate for boundary layer
effects in mesocosms.
Using the net uptake rate, we estimated that a completely forested 1Ð2-km reach would retain 2Ð6% of Big
Spring Creek’s daily load of SRP, whereas a completely
grassed reach would retain 11Ð0%. If the gross uptake
rate is used, forested and grassed reaches would retain
3Ð2% and 13Ð8%, respectively. Net and gross rates can be
considered as lower and upper bounds on actual macrophyte uptake rates in the creek. Based on these estimates, we conclude that increased light availability (via
reduced riparian shading) increases macrophyte standing crops, which in turn facilitates moderate increases
in P uptake from the water column in Big Spring Creek.
The role of light in controlling nutrient uptake has also
been demonstrated for algal-dominated streams following canopy removal (Sabater et al., 2000). Lastly, the
increased sediment accumulation we found at vegetated
sites likely translates to higher OM and P storage via
sediment-associated OM and P. These contrasts in storage and uptake suggest a very different nutrient budget
in forested versus grassed stream reaches.
Forested versus grassed channels
Our study illustrates that a completely forested 1Ð2-km
reach in a second-order stream receives ¾26% of abovecanopy PAR, which results in ¾21% aquatic macrophyte
coverage. This 150 kg of macrophyte biomass produces
an average water depth of 0Ð87 m, a bed sediment volume
of 1080 m3 and is responsible for the uptake of 2Ð6%
of the stream’s daily SRP load (Table III). When this
same reach is non-forested, it receives three times more
light and has more than four times the biomass of
aquatic vegetation. Compared with the shaded forested
reach, this unshaded grassed reach has an average water
depth that is 20 cm higher, almost twice as much bed
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Our experimental design did not allow us to compare
influences of riparian vegetation on water temperature,
but other studies have found that unshaded reaches can be
as much as 8 ° C warmer than shaded reaches (Graynoth,
1979; Quinn et al., 1997; Rutherford et al., 2004; Gomi
et al., 2006), which is not only due to heating by incident
radiation, but also due to evapotranspirational cooling by
riparian trees (Gregory et al., 1991). This large difference
in water temperature can have substantial chemical and
biological consequences in streams (Hynes, 1970). If we
consider the trophic consequences of increased primary
production (Carpenter and Lodge, 1986; Shupryt and
Stelzer, 2009), it is evident that riparian vegetation has
the ability to structure river ecosystems.
Figure 6. Heuristic diagram of the direct effects of riparian deforestation
on stream hydrogeomorphology and biogeochemistry. Indirect effects are
not included.

sediment, and a fourfold higher SRP uptake rate. These
results can be used to illustrate the consequences of
riparian deforestation on stream hydrogeomorphology
and biogeochemistry: increased benthic light availability,
resulting in a proportional increase in aquatic vegetation,
which then increases water depth, sediment accumulation
and nutrient uptake (Figure 6).
Another geomorphic difference we found between the
two types of channels was that grassed sections were
significantly wider (Table II). Our results are similar to
DeNicola et al. (1992), who found that in a Nebraskan
stream with similar characteristics to Big Spring Creek,
channel widths decreased with increased riparian cover.
In Trimble’s (1997) study of the Coon Creek watershed in
Wisconsin, however, forested channels were wider than
grassed ones. Although in the same state, our study area
was in a different environment where channel banks were
more cohesive, sediment supply was much lower, and
in-channel large woody debris was minimal. Using Trimble’s (1997) rationale for the influence of riparian vegetation on channel width, our results likely differ because at
Big Spring Creek tree roots increase the cohesion of channel banks; grassed banks do not accumulate large quantities of sediment, and destabilization from large woody
debris is minimal. We suggest that the current debate as
to whether the riparian community of a river affects its
width should be put into this process-based context.
The wider grassed channel in our system was partly
responsible for increased benthic PAR by further increasing the canopy opening (Figure 6). Wider channels typically have shallower water depths, which can also
increase benthic light availability by reducing aquatic
attenuation. Changes in depth did not greatly alter the
light regime of Big Spring Creek because of its relatively
clear water, but in more turbid streams, channel depth
could have a significant impact on benthic light availability (Julian et al., 2008a). In systems where forested
streams are wider, opposite outcomes will occur and thus
counteract the effect of increased primary productivity in
unshaded sites (Bott et al., 2006).
Copyright  2010 John Wiley & Sons, Ltd.

Applications
The information presented in this study poses various
opportunities for future investigations into the interactions between physical and biological drivers, and also
has applications for the practice of stream restoration.
In many small stream restoration projects, the riparian zone is demolished, the channel is reconfigured and
then a new riparian zone is planted. This study suggests that the choice of which vegetation to plant can
greatly influence primary productivity, water depth, sediment deposition and nutrient processing by dictating the
amount of light that reaches the river. Other studies have
shown the choice of riparian vegetation can further dictate the stream’s ecological communities (Scarsbrook and
Halliday, 1999; Parkyn et al., 2003). Assuming minimal grazing pressure and adequate hydrologic conditions,
there exists an ideal light environment for aquatic vegetation in which they will occupy all available space (Kirk,
1994). In this study, the ideal light environment was
¾20 mol m2 day1 . By knowing this value or the relationship between Ebed and vegetation coverage, restoration plans can be designed according to the desired
amount of in-channel vegetation.
The role of light also has implications for the management of streams with aquatic vegetation. Aquatic vegetation can provide valuable ecosystem services (food,
habitat, nutrient processing) but can also have undesirable consequences such as overbank flooding (Figure 5).
Stream managers have addressed this problem by cutting the vegetation, which is not only extremely timeconsuming but also has been proven to be ineffective
as cutting often leads to even greater biomass following rapid rejuvenation of the vegetation (Dawson, 1989).
Thus, control of in-stream vegetation is limited by our
ability to manipulate nutrient availability, grazing pressure, water temperature, flow velocities and light availability. Of these, light availability is the most feasible
option by controlling riparian vegetation.
Two emerging issues related to the role of light in
stream ecosystems are loss of aquatic vegetation from
land-use changes and the introduction of aquatic vegetation in previously unvegetated channels. The clearing
of riparian vegetation and increased turbidity associated
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with agricultural land-use has considerably altered riverine light regimes and has thus changed spatial and temporal patterns in primary productivity (Julian et al., 2008b).
The clearing of riparian vegetation has also created
favourable light conditions for the invasion of aquatic
macrophytes in previously unvegetated channels, leading
to the aforementioned feedbacks (Figure 6). One notable
feedback that could have terrestrial consequences is the
effect of these newly vegetated channels on hyporheic
flow patterns (Jones et al., 2008). Submerged macrophytes have historically been thought of as monospecific
patches (Hynes, 1970), but with the increasing introduction of exotic and invasive species (especially from downstream lentic environments) macrophyte beds are likely
to consist of numerous species, as demonstrated here
(Figure 4). Indeed, the dominant species in Big Spring
Creek, especially in shaded sections, was the invasive
exotic PC. We expect that invasive and exotic vegetation will continue to inhabit streams, thus altering their
ecology and hydrogeomorphology.

CONCLUSIONS
There have been numerous studies that have demonstrated how flow conditions and nutrient levels structure
fluvial ecosystems. In this study we have shown that
in a typical stream influenced by agriculture, light can
be a first-order control on ecosystem dynamics. First,
we quantified how much light entered the system, and
specifically at the streambed. Second, we surveyed spatial
and temporal patterns of in-channel vegetation. Third, we
measured a suite of hydrogeomorphic and biogeochemical variables. Finally, we analysed relationships among
all the variables, focusing on direct linkages. We found
that increased benthic PAR in non-forested sites stimulated the growth of aquatic macrophytes, which in turn
increased flow depths, sediment accumulations and P
uptake.
This approach of predicting spatiotemporal trends
of ecosystem variables using empirical correlations to
hydrogeomorphic controls is a relatively recent paradigm
in fluvial ecology. Examples include correlating OM
and nutrient transport to discharge (Doyle et al., 2005),
fish distribution to suspended sediment concentration
(Burcher et al., 2007), macroinvertebrate distribution to
channel geometry and substrate (Burcher et al., 2007)
and mussel distribution to channel gradient (Gangloff and
Feminella, 2007). Although this coupling of hydrogeomorphology and fluvial ecology has led to several key
contributions in the field, we have only begun to understand how physical and biological processes interact to
structure fluvial ecosystems.
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