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Abstract

We investigated factors that contribute to isotopic carbon fractionation in periphytic biofilms in a human-altered
headwater stream with a flashy hydrograph. Water velocity had an important effect on periphyton 6**C, explaining
both temporal and spatial variation. We found that water velocity averaged over a certain period before sampling,
rather than the instantaneous water velocity, explained a high percentage of both tempora and spatial variation of
the periphyton §*C signature. The relationship between water velocity and periphyton §°C signature was particu-
larly influenced by individual flow events during the recent flow history. A simple model based on a flow history
of 3—4 weeks reliably estimated the §°C signature of periphyton from distinct reaches. The model clearly identified
signature shifts caused by the deposition of activated sludge particles from a wastewater treatment plant onto the
periphytic biofilms. We highlight the high spatial and temporal variability of periphyton §*C signatures (i.e., up to
3-6%o0) in a heterogeneous flow environment with inputs from a wastewater treatment plant, and we explore its

implications for food web analysis.

The use of stable isotopes has greatly contributed to our
understanding about the sources of organic carbon and its
flow through food webs in aquatic ecosystems (Peterson and
Fry 1987; Finlay 2001). However, high spatial and temporal
variation associated with the §*C signature of autochthonous
organic matter often limitsits use to site-specific and/or date-
specific approaches (Rosenfeld and Roff 1992; Zah et al.
2001) or compels one to account for observed time trends
in isotopic mixing models (McCutchan and Lewis 2001,
2002). Small-scale spatia variations in autochthonous or-
ganic matter 6**C signatures are not accounted for in many
of these approaches and still remain poorly understood (e.g.,
Rosenfeld and Roff 1992; France 1995b; Zah et al. 2001).
On the other hand, aquatic scientists are aware of the wide
array of factors influencing carbon fractionation in primary
producers (e.g., Hecky and Hesslein 1995; Finlay et al. 1999;
Trudeau and Rasmussen 2003) and successfully use spatio-
temporally variable autochthonous 6**C signatures to iden-
tify resources of consumers and to delineate the spatial
extent of aguatic food webs (Finlay et al. 2002; Melville and
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Connolly 2003). Thorough understanding of spatiotemporal
heterogeneity of autochthonous carbon fractionation, its un-
derlying mechanisms, and the reliable prediction of resource
6%C signatures in aquatic environments would greatly im-
prove the application of stable carbon isotope techniques in,
for example, food-web models (cf. France 1995b; Finlay et
al. 2002).

The source and availability of carbon are among the pri-
mary controls of 6°C signatures in aquatic primary produc-
ers (e.g., Fogel and Cifuentes 1993). Theoretically, organic
carbon derived from aguatic plants has isotopic signatures
close to —37%o if full equilibrium exists between water and
the atmosphere and if CO, (as carbon source) is available in
excess. This signature should result from the two fraction-
ation processes of the solution of gaseous CO, in the water
and discrimination by the carbon fixation mediated by the
RubisCo enzyme, with the latter being relatively greater than
the former (Hecky and Hesslein 1995). However, even in
fast-flowing streams, atmospheric and isotopic equilibria are
rarely achieved (Raven et al. 1982; Hecky and Hesslein
1995), and the 6*C signature of dissolved inorganic carbon
(DIC) can vary significantly depending on the amount and
source of the respired carbon (e.g., Osmond et al. 1981).
Additionaly, when CO, becomes limiting, aquatic primary
producers can also actively take up HCO;, a DIC species
with a higher 6C signature than that of dissolved CO,
(Mook et al. 1974).

Mass transfer through the diffusive boundary layer (and,
therefore, water velocity) controls both CO, supply and iso-
topic discrimination by primary producers (Keeley and
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(A) Discharge and streamwater temperature of the Kleine Erlauf during the study period.

(B) Riparian cover as the percentage reduction of irradiance by riparian vegetation (mean = SD
from three upstream sites) and in-stream irradiance (mean from three upstream sites).

Sandquist 1992; Hecky and Hesslein 1995; Finlay et al.
1999). Therefore, benthic algae growing under stagnant or
low-turbulence conditions in lakes exhibit 6C values higher
than those of phytoplankton and riverine algae growing un-
der more turbulent or high-flow conditions (France 1995za;
Hecky and Hesslein 1995). However, controversy regarding
this relationship continues. For instance, no relationship be-
tween velocity and periphyton 6**C signatures was found in
streams with supersaturated CO, concentrations, low pro-
ductivity, or high velocity (e.g., MacLeod and Barton 1998;
Zah et a. 2001), but Trudeau and Rasmussen (2003) un-
equivocally demonstrated the relationship in experimental
flumes with constant-flow environments. Finlay et al. (1999)
argued that isotopic discrimination reflects carbon supply
relative to demand and, therefore, that its relationship with
water velocity can be expected to be more pronounced under
higher productivity, when photosynthesis is always more
carbon limited. Elucidating the relationship between peri-
pyhton 6*C signatures and velocity is, however, of great
importance for food-web modeling, because periphyton 6*C
signatures can be transmitted to herbivores (Finlay et al.
1999).

The aims of the present study were to investigate the ef-
fect of water velocity on periphyton 6°C signatures in a
headwater stream and to develop a model that predicts 6*C
signatures from flow history. Given the high tempora and
spatial heterogeneity of flow, we postulated that the flow
environment of periphyton during growth serves as a better
predictor for 6**C signature than the instantaneous water ve-
locity. We used this model to predict temporally and spa-
tially variable 6°*C signatures from spot measurements of
water velocity and to discern possible effects of awastewater
treatment plant (WWTP) on the periphyton 6°C signature.

Methods

We sampled periphytic biofilms from a third-order gravel
stream (Kleine Erlauf, Gresten, 15°1'E 47° 59'N) in Austria.
Catchment (~40 km?) geology is characterized by calcare-
ous limestone, and land use is strongly influenced by agri-
culture and forestry. Streamwater is well buffered, with pH
values typically ranging from 8.0 to 8.5 and akalinity rang-

ing from 4.4 to 4.7 mVal L-*. Sampling was performed in
two reaches upstream and downstream of a small-sized
WWTP (2,421 equivalent inhabitants). The WWTP dis-
charges 6 L s ! into the stream, with dissolved nutrient con-
centrations (annual mean = SD) as follows: NH,-N, 0.4 =
0.7 mg L% NO;-N, 135 = 7.3 mg L%, and PO,-P, 0.8 +
0.9 mg L% Sludge particle concentration averaged 7.4 +
5.3 mg L-%, which could increase stream seston concentra-
tion by 60%.

The stream flow regime was flashy, with discharge values
ranging from 75 to 4,000 L s %, which tranglates into water
velocities ranging from 14 to 70 cm s * at the sampling sites
(Fig. 1A). Streamwater temperature and in-stream irradiance
exhibited seasonal patterns during the study period (Fig. 1).
Canopy cover reduced the amount of available light by 0%
to 93%, and daily mean in-stream irradiance ranged from
1.2 to 304 W m~2 Benthic chlorophyll a (Chl a) ranged
from 41 to 458 mg m-2 and from 43 to 168 mg m-2 in the
upstream and downstream reach, respectively. Downstream
nutrient concentrations were impacted by the WWTP efflu-
ent (Table 1).

Small cobbles (diameter, 5-10 cm) coated with periphyton
were collected on seven occasions (October 2001 to July
2002) from the thalweg at three upstream (UP) and two
downstream (DW) sites (i.e, DW1 and DW2). Upstream
sites were located 500, 300, and 50 m upstream of the
WWTP; downstream sites were located 100 m (DW1) and
600 m (DW6) downstream of the WWTR We collected one
upstream and triplicate downstream samples per site and
date. Samples were immediately frozen and kept at —20°C.
Periphyton was scraped from cobbles with a blade, dried at
50°C, and stored pending analysis.

Stream seston and sludge particles from the WWTP were
sampled from study reaches and from the WWTP effluent.
In the downstream reach, duplicate samples were taken at
five sites that were evenly distributed from 100 to 600 m
below the WWTR Three-liter samples were filtered onto pre-
combusted glass-fiber filters (Whatman GF/F) that were sub-
sequently dried and ground.

Inorganic carbon was removed from periphyton, stream
seston, and sludge particles by repeated addition of 10 N
HCI. Samples were analyzed for stable carbon isotopes using
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Table 1. Characteristics of the study stream. Data are given as mean=standard deviation.

UP DW 1 DW 6
Length of reach (m) 450 600
Temperature (°C) 9.27+4.25 9.37+4.29
Water velocity (cm s7?) 41.1+18.9 45.1+18.4 47.8+19.6
In-stream irradiance (W m—2) 61.9+52.2 96.9:-84.7 67.4+61.5
Median grain size Q,, (mm) 29.1+85 25.6+7.9 31.1+6.6
AFDM* (g m—) 118.8+32.0 146.7+32.5 104.1+15.6
Chlorophyll a (mg m—2) 123.8+111.1 84.540.4 81.3+47.1
Primary production (mg C m2 d-?%) 545.9+493.4 387.1+192.6 369.5+164.9
NH,-N (mg LY 0.01+0.01 0.10+0.02
NO,-N (mg L% 1.10+0.07 1.58+0.09
PO,-P (mg L™%) 0.008+0.001 0.05+0.01
Conductivity (uS cm™?) 436+4 450+5
SPOM* load (mg L~%) 26+13 3.1+0.9 4.2+20
SPOM 3*C (%o) —27.9+10 —-27.3+1.2 —-27.1+13
Periphyton 83C (%) —-32.9x3.1 —29.6+5.4 —33.0£3.0

* AFDM, ash free dry mass; SPOM, suspended particul ate organic matter.

continuous-flow mode in an elemental analyzer (EA 1110,
CE Instruments) coupled via a ConFlo |1 interface (Finnigan
MAT) to the gas isotope ratio mass spectrometer (Delta™vs,
Finnigan MAT). High-purity CO, reference gas was cali-
brated to V-PDB (Pee Dee Belemnite) using the international
standards IAEA-CH-6 and IAEA-CH-7 (IAEA) and was run
with each analysis. The standard deviation of repeated mea-
surements of a working standard was 0.1%o.

Chlorophyll a was extracted with acetone from aliquot
samples and estimated according to the method described by
Steinman and Lamberti (1996). Estimates of primary pro-
duction were derived for each site and date by an empirical
model using temperature and Chl a (Morin et a. 1999).
Streamwater temperature was continuously recorded with
submersible data-loggers (StowAway, Onset Computer
Corp.) that were buried in shallow sediments, and irradiance
was measured with SKY E light meters (Pyranometer Sensor
SKS 1110 on SKP 2200 control unit).

Stream discharge was computed from daily gauge read-
ings near the WWTR Mean water velocity was derived from
four to six randomly distributed measurements at the thal-
weg (depth, 60% below surface) with a propeller flowmeter
(Ott Kleinflugel C2) at each sampling date. Sampling site-
specific regressions relating mean water velocity to gauge
allowed calculation of the mean water velocity for every day
between sampling dates.

Benthic sediments were sampled at each site and date to
derive the median grain size (Qs,). We then calculated site-
specific critical erosion velocities for the Q, (M) grain size
from v, = 4.6 - z2¥¢ - Q¥, where v, is the critical erosion
velocity (m s %) and z is the depth (m) (cf. Tippner 1972).
Where mean water velocity was higher than erosion velocity,
we assumed a flow environment mobilizing grain sizes of
<Q,, and, thus, potentially abrading periphyton.

Statistical analyses were performed with SPSS 8.0 (SPSS,
Inc.) and Statistica 4.5 (Statsoft Inc.). Because data did not
significantly deviate from normal distribution (Kolmogorov—
Smirnov test, p > 0.05), we followed parametric test pro-
cedures (t-test) without previous transformation to test for
differences between reaches or sites. Linear-regression co-

efficients were compared according to the method of Sokal
and Rohlf (1995). For multiple comparisons between two
regression lines, significance levels were adjusted according
to the Dunn—-Sidak method (cf. Sokal and Rohif 1995). All
data are given as mean * standard deviation.

Results

Periphyton 6**C signatures showed distinct temporal pat-
terns, with values ranging from —30.0%0. to —40.0%. and
from —23.2%o0 to —40.4%0 in the upstream and downstream
reach, respectively (Fig. 2B). Spatial within-reach variation
was lower than temporal variation, with values of single
sampling dates ranging within 0.3-3.9%0 and 1.0—6.4%o in
the upstream and downstream reach, respectively. Down-
stream samples were significantly more enriched than up-
stream samples (paired t-test: t = —2.7, degrees of freedom
= 48, p < 0.01).

We found upstream periphyton 8°C values to be related
inversely to water velocity. Moreover, our data show that the
amount of &°C variance that was explained increased sig-
nificantly when we considered the flow history when defined
as the velocity averaged over a given number of days before
sampling (Fig. 3). Whereas the variation in instantaneous
water velocity explained only 41% (p < 0.01) of the vari-
ance of periphyton 6C signature, the variation in water ve-
locity averaged over 35 d before sampling explained 90%
(p < 0.001) of the variance in the upstream reach (Fig. 3).
Similarly, multiple linear regressions that included both the
history of water velocity and its coefficient of variation (as
ameasure of hydrograph variability) explained between 56%
(p < 0.001) and 92% (p < 0.001) of the variance of the
61C signature for flow histories encompassing 7 and 35 d,
respectively (data not presented). Storm events yielding ero-
sion velocities for Q,, sediments affected the trajectory de-
scribing the relationship between variance explained (r? of
periphyton 6C vs. flow history) and duration of flow his-
tory (Fig. 3C). Including storm events in the calculation of
flow history reduced the amount of variance explained when
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Fig. 4. Relationships between periphyton & *C and flow history.
Model coefficients are given in Table 2. UP designates the upstream
reach with pooled data from all three sampling sites; DW1 and
DW6 designate downstream sampling sites 100 m and 600 m down-
stream of the WWTR, respectively.

storm-affected vel ocities occurred within the recent past and,
thus, strongly affected mean velocity. Alternatively, the
slope of the curve describing the relationship between r 2 and
the number of averaged days decreased when storm events
occurred in the more distant past and, thus, had less effect
on the mean velocity.

Periphyton 6°C signatures did not correlate with Chl a
(Pearson’'sr = 0.13, p = 0.62) or with estimates of primary
production (Pearson’'s r = 0.23, p = 0.37). Similarly, in-
stream irradiance did not correlate with 6°C signatures
(Pearson’sr = —0.43, p = 0.06) (data not presented).

We used the relationship between flow history and 6=C
signatures to discern possible effects of the WWTR Flow
history was expressed as the velocity averaged over the pe-
riod that extends from the last storm having erosive veloc-
ities to the sampling date of periphyton, though with a max-
imum of 35 d. We found linear regressions relating flow
history to 83C signatures yielding different slopes among
the upstream reach (data from the three sites pooled) and the
two downstream sampling sites (Fig. 4; Table 2). At DW1,
the slope and intercept of the regression line were signifi-
cantly different from those of the upstream reach and DW6.

Furthermore, we used the upstream model to predict pe-
riphyton 8°C signatures at DW1 and DW6 and found sig-
nificantly different residuals (observed—predicted), averag-
ing 459%0 = 2.77%c and 2.15%. *= 2.07%o, respectively
(t-test, t = 3.1, degrees of freedom = 36, p < 0.01). We
regarded these residuals as a “WWTP effect.” We found
them (log-transformed) to correlate weakly but significantly
(Pearson’'sr = —0.53, p < 0.05) with discharge at DW1,
but no such correlation (Pearson’sr = 0.36, p = 0.13) could
be found at DWG.

Discussion

The present results document the temporal and spatial var-
iation of periphyton 6C signatures in a headwater stream

Table 2. Coefficients=standard error for linear regression mod-
els of Fig. 4. Superscripts indicate slopes b(1) differing significantly
at p<0.01.

Intercept b(0) Slope b(1) r2 p
uUP —23.79+£0.81 —0.23+0.022 0.89  <0.001
DW1 —11.61+1.53 —0.40+0.03 0.90 <0.001
DW6 —24.88+1.61 —0.17£0.03:° 0.62 <0.001

impacted by a WWTP. Small-scale spatial variations in pe-
riphyton 6*C signatures of up to 3.9%o. in the upstream reach
and up to 6.4%o in the downstream reach influenced by the
WWTP are dramatic compared to a trophic shift of 0.5%o,
as usually assumed in food-web studies (Peterson and Fry
1987; McCutchan et al. 2003). We found the previous water
velocity record to predict this variation best, which agrees
with the results of other field and experimental studies (e.g.,
Finlay et al. 1999; Trudeau and Rasmussen 2003).

Our results suggest that periphyton integrates shiftsin car-
bon fractionation that occur during growth. The mechanism
underlying this memory effect likely relates to the diffu-
sional resistance of *C-DIC to both *‘external’” and ‘““inter-
nal” mass transfer. External mass transfer depends on the
thickness of the diffusive boundary layer and, hence, on wa-
ter velocity, whereas the internal mass transfer depends on
the thickness and microarchitecture of periphytic biofilms
(cf. Battin et al. 2003). For instance, low diffusional resis-
tance in young and thin periphytic biofilms presumably im-
plies good replenishment of CO, as a DIC source for algae,
which is usually associated with 6**C signatures that are de-
pleted in *C (Raven et a. 1982). By contrast, elevated dif-
fusional resistance in mature and thicker biofilms and, there-
fore, restricted replenishment of CO, will force algae to
discriminate less between 2C and C or to shift from CO,
to HCO; as a DIC source, which are two processes that
result in 6**C signatures enriched in *C (Raven et al. 1982).
Thisisthe case for those algal cellsthat live in deeper layers
of periphytic biofilms, that are exposed to CO, depleted in
2C, and thus, that may rely predominantly on HCO;. This
scenario would agree with the experimental work of Trudeau
and Rasmussen (2003) regarding periphyton §°C signatures.
In fact, those authors found significantly different relation-
ships between §°C signatures and velocities for periphyton
grown on glass and rock substrates, and they argued that
enhanced HCO; availability from rocks causes this pattern.
Here, it is important to note that water velocity not only
influences the externa mass transfer but also shapes peri-
phytic microarchitecture (see Battin et al. 2003) and, hence,
the discrimination within and among DIC sources.

Our findings of an isotopic memory in stream periphyton
is, indeed, analogous to all animas whose body 6C sig-
natures represent an integrated ‘“ nutritional history’ reflect-
ing the isotopic signatures of the food assimilated over time
(Tieszen et. al. 1983; Gearing 1991). Depending on the
growth rate and metabolic turnover, this isotopic memory of
entire animal bodies or distinct tissues will be different, with
half-life estimates ranging from days to months or years (Fry
and Arnold 1982; Tieszen et al. 1983). Along these lines,
we acknowledge that our perception of an isotopic memory
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depends on periphyton turnover rate (i.e., biomass produc-
tion and losses) and variance in water velocity and, there-
fore, that it is most relevant in streams with highly fluctu-
ating flow. We suspect that an isotopic memory of >30 d
could result from the lower turnover of more persistent algal
cells located at basal biofilm layers, which generally are less
prone to physical abrasion during flood events (cf. Blenkin-
sopp and Lock 1994). We acknowledge that changes of DIC
concentration and DIC 6C signature related to discharge
fluctuations may further complicate the interpretation of our
relationship between water velocity and the periphyton §°C
signature.

Our results suggest that accounting for the history of ve-
locity rather than the instantaneous velocity at sampling al-
lows better predictions of periphyton 6C signatures. We
recognize, however, that the pattern we found between flow
history and periphyton §°C signature is partially shaped by
the December storm with nearly erosive velocities before
sampling (see Figs. 2, 3). Such nearly erosive velocities that
remove the periphyton canopy without affecting its base lay-
ers could explain the observed patterns. This particular date
also caused the initial decrease of the coefficient of deter-
mination (r?) of the linear regression between water velocity
and periphyton 6=C signatures (Fig. 3). The exclusion of
this date from regression analyses allows water velocity to
explain 94% of the variance of periphyton §°C signatures
within a flow history of 10 d (i.e., average of mean daily
water velocity over 10 d instead of over 35 d).

Carbon fractionation in our study stream was not affected
by Chl a, primary production, in-stream irradiance, or tem-
perature—all factors that possibly influence photosynthesis
rates (e.g., Wiencke and Fisher 1990). We suspect that these
factors predominantly shape periphyton 6*C signatures on
larger scales. In fact, Finlay (2001) found algal 6°C signa-
tures to be positively related to watershed area and suggested
that carbon limitation resulting from higher productivity
aong with reduced carbon availability caused *C enrich-
ment in larger rivers. Thus, as aready noted by Finlay et a.
(1999), moderate photosynthesis rates along with elevated
carbon demand relative to DIC supply seem to be required
to discern velocity effects on 6C signatures. This could,
indeed, explain why §C signatures were not related to flow
in some oligotrophic streams (cf. MacLeod and Barton 1998;
Zah et a. 2001).

We attribute a substantial amount of the spatial hetero-
geneity of periphyton 6*C signature between the two study
reaches to the WWTP inputs. In fact, sludge particles (6*C
= —25.6 = 0.52) were significantly (t-test: t = —6.6, de-
grees of freedom = 7, p < 0.001) enriched in **C compared
to the upstream seston (see Table 1). Deposition of these
particles and their subsequent incorporation into biofilms (cf.
Battin et al. 2003) thus would explain the 6*C signature
enriched in 3C in the downstream periphyton. Possible ef-
fects of respiratory DIC from the WWTP effluent can be
discarded, because it would deplete rather than enrich the
periphyton §C signatures (Osmond et a. 1981; Fogel and
Cifuentes 1993).

We found discharge to modulate the effect of the sewage
particles on periphytic 6°C signatures. At low discharge,
particles deposit within a short distance and, thus, produce

a high WWTP effect at DW1, whereas at high discharge,
particles are transported further downstream and predomi-
nantly affect periphyton signature at DW6. Coefficients of
the regression models (Fig. 4; Table 2) vary predictably ac-
cording to these explanations and indicate that the deposition
of dudge particles occurs, on average, within a relatively
short distance (<600 m), which agrees with the average trav-
el length of 160 m of labeled sludge particles experimentally
injected into the same study reach at baseflow (70 L s
Rauter unpubl. data). Accordingly, the observed relationship
between flow history and periphyton 6*C at DW1 would
actually be a combination of a linear (flow history and pe-
riphyton 6**C) and a nonlinear (discharge and particle de-
position) function. Assuming the existence of an exponential
decay function (i.e., flow history vs. log-transformed periphy-
ton 6°C) would increase the coefficient of determination, r?2,
from 0.89 (linear model, Table 2) to 0.94 (degrees of free-
dom = 17, p < 0.001).

Spatiotemporal variation of resource signatures can have
profound implications for the study of spatially complex
food webs in streams. For instance, restricted knowledge on
the spatial resolution of food-web resource bases constrains
both our understanding of stream ecology and our ability to
understand and predict human impacts (cf. Finlay et al.
2002). Therefore, a better mechanistic understanding of spa-
tiotemporal resource variation is required to reliably use sta-
ble isotopes in food-web studies. Our results describe the
spatiotemporal variation of periphyton 6°C signatures as
caused by velocity changes and provide evidence toward in-
creased spatial variation caused by nutrient point sources.
This emphasizes the necessity for adequate sampling of tro-
phic resources in heterogeneous flow environments on both
a spatial and a temporal scale. For instance, §°*C signatures
of grazers often out-range resource signatures (G. A. Singer
unpubl. data), which likely is attributable to invertebrate mo-
bility (e.g., Finlay et a. 2002) or to poor coverage of the
spatiotemporal variation of periphyton (e.g., McCutchan and
Lewis 2001). Prediction of periphyton 6°C signatures from
past water velocity strongly suggests that flow history rather
than instantaneous flow is a more robust predictor in spatio-
temporally complex flow environments. Furthermore, it al-
lows the identification of distinct patch-scale and habitat-
scale flow environments with different resource signatures
and facilitates carbon tracking through spatially complex
food webs (cf. Finlay et a. 2002).
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