Ann. Limnol. - Int. J. Lim. 2006, 42 (2), 97-107

Effects of a waste water treatment plant on organic matter dynamics and ecosystem functioning in a Mediterranean stream
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We studied the effects of a waste water treatment plant on organic matter dynamics in Fosso Bagnatore, a Mediterranean
stream near Rome (Italy). Concentrations of dissolved organic carbon and seston, along with the standing crops of coarse benthic organic matter and fine benthic organic matter, were monitored monthly during 2002 in two reaches situated upstream and
downstream of a waste water treatment plant effluent. Additionally, we examined two stream functional characteristics: whole
stream metabolism, which was measured from diel changes in oxygen concentrations, and nutrient removal, which was studied
by experimental additions of NH4-N, NO3-N and PO4-P. The possible influence of WWTP organic matter alterations on ecosystem functioning was addressed by measuring epilithon characteristics (standing crop, C:N:P ratios and chlorophyll a content).
The WWTP effluent caused an increase (several-fold) of DOC and seston concentrations, and FBOM standing crop, moreover
it modified their temporal variation. Downstream of the wastewater treatment plant we detected an higher heterotrophic microbial biomass and a correspondent higher community respiration. The uptake of NH4-N, NO3-N and PO4-P was highly variable
probably as consequence of the high variability of the compartments involved (e.g. DOC, FBOM, community respiration). We
showed that WWTP effluent altered the organic matter dynamics of this Mediterranean-type headwater stream and that these
effects were reflected in its ecosystem functioning. Because of the linkage of headwaters to downstream ecosystems and due to
their significant role in landscape and catchment processes, the alterations of organic matter dynamics that we detected at a local
scale may have important consequences on a broader scale.
Keywords : DOC, seston, benthic organic matter, waste water treatment plant effluent, nutrient retention.

Introduction
River networks transport water and dissolved and
particulate matter, including organic matter, from
headwaters to downstream ecosystems. Thus they represent important dynamic components of landscapes,
which are intimately influenced by the nature of their
catchment (Tockner et al. 2003). Streams may constitute 85 % of total channel length in the network of fluvial ecosystems (Peterson et al. 2001). Both dissolved
and particulate forms of organic matter are considered
to be fundamentally important for stream functioning.
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Changes in the availability and quality of organic matter may affect stream metabolism, substrate stability,
primary and secondary production, nutrient dynamics,
and the abundance and composition of invertebrate
stream communities (Benke et al. 1984, Jones 1997,
Webster et al. 2000, Crenshaw et al. 2002, Fischer et
al. 2002, Acuña et al. 2004, Artigas et al. 2004, Robinson & Jolidon 2005). Humans may alter both temporal
and spatial patterns of organic matter availability in
streams. Timber harvest, wastewater disposal or removal of riparian vegetation are some examples of human
activities resulting in changes of organic availability in
streams (Golladay et al. 1989, Webster et al. 1990,
Merseburger et al. 2005). Knowledge on the effects of
human alterations on organic matter in streams, and its
possible impacts on downstream reaches, is critical.
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This is of particular interest in the Mediterranean area,
which is a densely populated region experiencing scarcity of water supply and forest (Cobelas et al. 2005).
Streams have also been shown to play a key role in
regulating the export of nutrients from catchments
(D’Angelo & Webster 1991, Elosegui et al. 1995, House & Denison 1997, Johnson et al. 2000, Perakis & Hedin 2002, Prior & Johnes 2002). Nutrient removal is an
important ecosystem service (sensu Costanza et al.
1997) ensured by streams, since it may influence the
ecology of higher order streams and downstream habitats. The removal of nutrient from the stream water column can be parameterized in three ways (Stream Solute Workshop 1990): (i) the uptake rate U (mg m-2
min-1) is the mass flux of nutrient from the water column to the stream bottom; (ii) the uptake length Sw
(m) is the average distance a nutrient atom travels in
the water column before it enters a streambed compartment; (iii) the uptake velocity Vf (mm min-1) is
the theoretical velocity at which a nutrient atom moves
from the water column to the stream substratum, as a
result of a biological demand or a sorption process.
In this study, we report effects of a wastewater treatment plant (WWTP) on the spatial and temporal availability of organic matter in Fosso Bagnatore, a third
order Mediterranean stream, and address the consequences of these effects on metabolism and nutrient removal efficiency in the stream. From January to December 2002, we conducted monthly samplings according to a fixed sampling protocol in order to estimate
the concentrations of dissolved organic carbon (DOC)
and particulate organic matter (seston) in the water column, and the standing crops of benthic organic matter
(fine and coarse) in an experimental reach situated
downstream of a municipal WWTP. The same protocol
was performed in a control reach situated upstream of
the WWTP. In these reaches we estimated uptake rates,
uptake lengths and uptake velocities for PO4-P, NH4-N
and NO3-N, too. The influence of organic matter alterations on the ecosystem metabolism and the nutrient
stream removal efficiency was addressed by measuring epilithon characteristics: standing crop, C:N:P ratios and chlorophyll a content.

Study area
Fosso Bagnatore (12°02’ E, 42°02’ N) is a third order stream (10 km long and 2-4 m wide) located 50 km
North-Est of Rome in Central Italy. Its headwaters are
situated at 828 m a.s.l., while its confluence with the
Aniene river is at 320 m a.s.l., which means an average slope of 72 m/km and a mean annual discharge of
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300-400 L s -1. The dominant substrates are rocks,
cobbles and coarse gravel, with large pool areas behind
dikes. Riparian vegetation is mainly constituted by Salix alba, Ulmus minor, Ranunculus spp, Urtica dioica,
Arundo donax, Petasites hybridus and Sambucus nigra. The catchment (19 km2) is mainly constituted by
limestone, dominant land uses are arable and grassland
(60%), forest and scrubland (36%) and urban areas
(4%). The wastewater treatment plants (WWTP) of
two villages (Riofreddo and Arsoli, 2318 inhabitants)
represent the main nutrient point sources. Climate of
the basin is of Mediterranean type, with rainfall mainly from September to December and annual precipitation ranging from 1000 to 1600 mm yr-1.

Material and methods
Organic matter
From January to December 2002 we sampled
monthly DOC, seston, BOM and epilithon in two
reaches situated upstream and downstream of the
WWTP of the Arsoli village (hereafter referred to as
UP and DW respectively). In addition, we installed an
automatic meter (Diver®, Van Essen Instruments) in
the downstream reach to monitor water level, water
temperature and air temperature at 4-h intervals throughout the year.
Six water samples for determination of DOC and
seston were collected in dark 500-ml polyethylene
bottles, immediately stored in refrigerator boxes, and
transported to the laboratory. On return to the laboratory, samples were filtered through pre-combusted glass
microfiber filters (Whatman GF/F, 0.7 (m) and the filtered water was then stored until the analysis of DOC
high-temperature catalytic oxidation (Shimadzu ®
TOC 5000 analyzer) (Wetzel & Likens 1991). The
samples from September to December are not available. The filters with retained material were dried
(60°C), weighed, combusted (500°C) and reweighed
to measure ash free dry mass (AFDM).
Six replicate samples of benthic organic matter
(BOM) were collected with a Hess sampler (20 cm
diameter), washed in a mesh (63 µm) and taken to the
laboratory in plastic bags. Within 24 hours, samples
were sorted under binocular microscope (10-50 x) and
macroinvertebrates removed. The remaining material
was poured through sieves to separate the coarse benthic organic matter (CBOM > 1 mm diameter) from the
fine benthic organic matter (FBOM in the size range of
> 0.3 mm to < 1.0 mm) and processed to determine the
AFDM as for seston.
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Additionally, we collected six cobbles from each
reach to measure the epilithon standing crop. On return
to the laboratory the cobbles were stored in the refrigerator and processed within 24 hours: we scraped the
cobbles surfaces, washed the material into a container,
and then filtered two subsamples of this slurry through
precombusted glass microfiber filters (Whatman GF/F,
0.7 µm). One subsample was processed to determine
the Chlorophyll a (Chla), after extraction in 90° acetone overnight, by following the Lorenzen’s method
(Wetzel & Likens 1991). The other subsample was
processed to determine the AFDM as for seston. The
area of each cobble was measured. Epilithon subsamples were collected over the whole study period to
determine its C:N, C:P and N:P ratios. These subsamples were dried, weighted and ground, and analysed for C and N with CarloErba elemental analyser,
while their P content was determined as TP after digestion with persulfate (Wetzel & Likens 1991).
Ecosystem metabolism
Gross primary production (GPP), community respiration (CR) and net ecosystem production (NEP) of the
two experimental reaches were determined within a
day of each addition experiment by the upstreamdownstream method (Marzolf et al. 1994). Dissolved
oxygen concentration and water temperature (WTW®
340i) were measured at 15-min intervals over a 24-h
period at the top end and at the bottom end of the experimental reach. The exchange of DO with the atmosphere was based on reaeration coefficients calculated
by Owens et al. (1974), as reported in Hauer & Lamberti (1996).
Nutrient retention
During 2002, we estimated stream nutrient removal
efficiency in UP and DW on 6 and 7 dates, respectively. Nutrient removal efficiency was estimated using the
slug addition technique (Gordon et al. 1994). A known
volume of solution (e.g., nutrients + conservative tracer) was added all at once from a carboy in the midchannel at the top end of the reach. Once the solution
was added, water samples were collected at regular intervals (about 1 every minute) at the bottom end of the
reach with an increase in frequency (up to 1 every 5 seconds) during the solution’s passage (which was detected by an increase of the stream background conductivity). The collection of samples stopped when conductivity values were at the same level as measured previous to the release. Concentration-time curve (mg L-1
x s) of nutrient (PO 4 -P, NH 4 -N and NO 3 -N) and
conservative tracer (i.e. Cl-) were then used to calcula-
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te the mass (mg) of nutrient retained (see details of addition experiment, chemical analyses and calculation
in Ruggiero et al. 2006). We calculated the nutrient uptake rate (U, mg m-2 min-1) by dividing the mass of nutrient removed from the water column during the addition experiment by the stream bottom area A (m2) of
the reach and by the time T (min) of the duration of the
addition. The nutrient uptake length (Sw, m) was then
estimated from:
Sw = ([Nut]b*Q)/(U*w)
Where [Nut]b is the nutrient background concentration (mg L-1), Q is the discharge (m3 s-1), U is the nutrient uptake rate (mg m-2 s-1) and w (m) is the average stream width of the reach. The nutrient uptake velocity (Vf, mm s-1) was estimated from:
Vf = U/[Nut]b
Where U is the nutrient uptake rate (mg m-2 s -1 ),
[Nut]b is the nutrient background concentration (mg L-1).

Statistical analysis
Differences in DOC, seston, CBOM, FBOM, epilithon and in Chla of the epilithon algal component between UP and DW were tested with Paired samples ttest. Differences in epilithon molar C:N and N:P ratios,
[Nut]b, U, Sw, Vf, GPP, CR and NEP between UP and
DW were tested with analysis of variance (ANOVA)
test. All data are presented as the mean ± SE.

Results
Climate setting
The annual precipitation of 2002 reached 1022 mm
in the area of Fosso Bagnatore, with almost the 50% of
the total rainfall occurring between August and November (Fig.1). Stream discharge ranged from 2.6 L s-1 to
26.7 L s-1 at the monitoring site, and averaged 9.9 ±
0.31 L s-1 (Fig.1); water and air temperature ranged
from 1.6°C to 22.8°C and from -0.2°C to 25.6°C respectively, averaging 13.0 ± 0.3°C and 13.6 ± 0.3°C
respectively, and peaking in July-August (Fig. 1).
Organic matter
DOC concentration ranged from 1.7 ± 0.1 (UP, June)
to 50.9 (DW, August) mg L-1 (Fig. 2a). The annual
mean was significantly higher in DW with 16.8 ± 5.8
mg L -1 than in UP with 2.8 ± 0.6 mg L -1 (Paired
Samples t-test, t = 2.674, p < 0.05). Seston concentration ranged from 2.2 (UP, October) to 83.6 ± 15.95
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Fig. 1. Mean daily discharge (Q), precipitation, air temperature (AT)
and water temperature (WT) record in Fosso Bagnatore over the
year 2002.

Fig. 3. Temporal patterns of coarse benthic organic matter (a) and fine benthic organic matter (b) (mean ± SE) from January to December 2002.
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Fig. 2. Temporal patterns of dissolved organic carbon (a) and seston
(b) (mean ± SE) from January to December 2002.

Fig. 4. Temporal patterns of epilithon (a) and chlorophyll a of the algal component within the epilithon (b) (mean ± SE) from January to December 2002.
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(DW, January) mg L-1(Figure 2b) and was significantly higher in DW with 46.0 ± 8.9 mg L-1 than in UP with 15.7 ± 4.6 mg L-1 (Paired Samples t-test, t = 3.959,
p < 0.005). The standing crop of CBOM ranged from
4084 ± 1064 (DW, March) to 29708 ± 5181 (DW, December) mg AFDM m-2 (Figure 3a), and values were
not significantly different between sites (Paired
Samples t-test, t = 0.384, p = 0.710). The standing crop
of FBOM ranged from 720 ± 283 (UP, October) to
12560 ± 655 (DW, February) mg AFDM m-2 (Figure
3b) and was significantly higher in DW with 5575 ±
1062 mg AFDM m-2 than in UP with 1800 ± 199 mg
AFDM m -2 (Paired Samples t Test, t = 3.636, P <
0.01). The standing crop of epilithon ranged from 3.9
± 0.2 (DW, October) to 25.3 ± 1.9 (UP, May) g AFDM
m-2 (Figure 4a) and differences were not significant
between reaches (Paired Samples t-test, t = -0.247, p =
0.810). On average the epilithon molar C:N ratio was
significantly higher at UP (21.6 ± 1.2) than at DW
(15.9 ± 1.9) (ANOVA, p < 0.05). On the other hand,
C:P ratios were similar in UP and in DW (164 ± 44 and
134 ± 16 respectively) and N:P (7.69 ± 2.16 and 8.42 ±
0.29 respectively) ratios (ANOVA, n.s.). Chla ranged
from 4.33 ± 1.46 mg m-2 (DW) to 142.19 ± 26.79 mg
m-2 (DW) mg m-2 (Figure 4b) and differences between
sites were not significant (Paired Samples t-test, t =
0.966, p = 0.359).
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Nutrient retention
Nutrient uptake lengths ranged from 360 m (NH4-N,
UP reach, June) to 20579 m (PO4-P, UP reach, March)
(Table 1). They were quite variable, as their coefficients of variation ranged from 48 % (NH4-N, DW) to
136 % (NO3-N, UP). On average the ammonium uptake length was estimated in the order of one kilometer
in UP and in the order of two kilometers in DW but
this difference was not statistically significant (ANOVA n.s.). The NO3-N and PO4-P uptake lengths were
in the order of kilometers in either UP and DW and
quite similar (ANOVA n.s.). NH4-N was removed more efficiently from the water column than NO3-N and
PO 4 -P in either UP and DW: the average ratio of
Sw(NH4-N) to Sw(NO3-N) and to Sw(PO4-P) was of 0.76
and of 0.19 respectively in UP, and of 0.82 and 0.86
respectively in DW. Stream efficiency in removing
NO3-N and PO4-P from the water column was similar
in either UP and DW with the ratio of S w(NO3-N) to
Sw(PO4-P) ranging from 0.04 (UP 14 March) to 7.38
(DW 04 June).
Uptake rates ranged from 0.001 (NH4-N, UP, June)
to 2.117 (NH 4 -N, DW, 29 April) mg m -2 min -1
(Table 1). They varied considerably with their coefficients of variation ranging from 47 % (NH4-N, DW) to
145 % (NO3-N, UP). On average, the NH4-N uptake
rate was higher in DW than in UP (ANOVA, p

Table 1. Uptake length (Sw), uptake rate (U) and uptake velocity (Vf) estimates for NH4N, NO3-N and PO4-P in the experimental reaches for each addition experiment date.
n.a. = not available.
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< 0.005) reaching the values of 1.345 and 0.007 mg m2 min-1 in the two reaches, respectively. The uptake rate value estimated in DW for PO4-P was twice the value estimated in UP, but this difference was not statistically significant (ANOVA n.s.). The NO3-N uptake
rates were similar in UP and DW. Most of the nitrogen
uptake was met mainly by NO 3 -N in UP (ratio of
UNH4-N to UNO3-N < 1), while it was met mainly by
NH4-N in DW (ratio of UNH4-N to UNO3-N > 1). Total
nitrogen uptake exceeded PO4-P uptake in either UP
and DW with an average ratio of U(NO3-N + NH4-N) to
UPO4-P of 102 and of 68 respectively. Phosphorus uptake exceeded ammonium uptake in UP where we calculated an average ratio of UNH4-N to UPO4-P of 0.79,
the contrary was detected in DW where the average
value of UNH4-N to UPO4-P was of 45.86.
Uptake velocities ranged from 0.008 (NO3-N, DW,
June) to 0.364 (NH 4 -N, UP, 05 April) mm min -1
(Table 1). They varied considerably as their coefficients of variation ranged from 38 % (NH4-N, DW) to
172 % (NO3-N, UP). On average, the Vf values estimated for NH4-N, NO3-N and PO4-P were not significantly different between the two reaches (ANOVA,
n.s.).
The background concentration of NH4-N was 100
times higher downstream of the WWTP (ANOVA, p <
0.001) (Table 2). On average, PO4-P and NO3-N background concentrations resulted 2 times higher in DW
than in UP but these differences were marginally significant (ANOVA, p < 0.1).
Ecosystem metabolism
GPP was generally low in UP and quite null in DW
(Table 2). CR values ranged from 2.1 (UP, 30 April) to
46.2 (DW, 29 April) g O2 m-2 d-1. On average, it was
higher in DW than in UP (ANOVA, p < 0.05) reaching
the value of 29.3 (± 6.1) and 5.4 (± 1.3) gO2 m-2 d-1 in
the two reaches respectively. NEP values ranged from 46.2 (DW, 29 April) to -1.4 (UP, 30 April) g O2 m-2 d-1.
On average, it was higher in UP than in DW (ANOVA,
p < 0.05) reaching the value of -4.1 (± 2.4) and -29.0 (±
15.1) gO2 m-2 d-1 in the two reaches respectively.

Discussion
Climate setting
The climatic and geomorphic setting strongly influences the structural and functional features of rivers
and streams. The annual discharge of Fosso Bagnatore
showed a quite evident seasonal variability which followed the rainfall pattern as expected for Mediterra-
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Table 2. Background concentrations of NH4-N, NO3-N and PO4-P
and ecosystem metabolism in the experimental reaches for each
addition experiment date. GPP = gross primary production; CR =
community respiration; NEP = net ecosystem production. n.a. =
not available.

nean-type streams (Resh et al. 1990, Cobelas et al.
2005). Even if seasonality seems rather weak and
floods small, when compared to data published for
other Mediterranean streams (Ahearn et al. 2004,
Acuña et al. 2005), the hydrograph of Fosso Bagnatore with its marked peaks is characteristic for stream
systems with small catchments (Gordon et al. 1994).
High discharge occurred mainly in late autumn/winter
and coincided with low temperatures and rainfall
events. Local geomorphology probably played a major
role in the hydro-dynamics of the stream, as the dominant karst geology of Fosso Bagnatore may cause loss
of stream water from the surface channel to the karst
aquifer.
DOC and seston
The DOC concentration in UP, our control reach,
was within the range found for other headwater Mediterranean streams (Vidal-Abarca et al. 2001, Meixner
& Fenn 2004, Butturini et al. 2006). In the same reach,
seston concentration ranged within the values reported
for a number of intensively studied streams (Golladay
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1997), with the exception of the first sampling day
when its concentration was particularly high. In Mediterranean-type streams, the variability of DOC and
seston concentrations can be explained by the number
and intensity of flood events. These may mobilize the
organic matter, stored in soil and ground water during
base flow and/or dry periods (Butturini & Sabater
2000, Ahearn et al. 2004, Belnap et al. 2005). Also for
this reason, organic matter forms such as DOC may be
only weakly related to the seasonality of variables such as discharge (Bernal et al. 2005). Accordingly, as
we collected our data on a monthly basis without
considering the flood events, we did not detect any
clear temporal pattern for DOC and seston concentrations in UP.
The WWTP effluent caused a several-fold increase
in the DOC concentration in the DW reach, with the
highest values during the summer. Seston concentration also increased (ca 4-fold) downstream of the Arsoli WWTP, this being particularly evident during the
summer period. Due to the tourism in this area an increment of inhabitants of Arsoli village occurs at this
time. This fact may in part explain the increase of
DOC and seston concentrations detected in DW. This
possibility is confirmed by an increase of DOC and
seston concentrations observed in the WWTP effluent
during the same period (unpublished data). A second
possible explanation, which is likely to be complementary to the previous one, is that a smaller dilution of the
WWTP effluent probably occurs during the summer.
This fact is a consequence of the lower discharge occurring in this season, and has been reported for other
similar situations (Martì et al. 2004).
CBOM and FBOM
In streams, the standing crop of benthic organic matter is a close function of the input from the surrounding
areas, and of the retention capacity of the stream
(Karlsson et al. 2005, Lepori et al. 2005, Golladay et
al. 1989). In Mediterranean-type streams, the input of
organic matter peaks in autumn with litter fall, but it
may continue throughout the year due to lateral input
of wood and leaf debris (Sabater et al. 2001, Bañuelos
et al. 2004). Yet it may be complicated to identify a
clear seasonal pattern of the benthic organic matter
standing crop in these streams due to the high inter-annual variability of their hydrological regime (Gasith &
Resh 1999). On the one hand, WWTP effluent did not
affect the standing crop of CBOM, as the two reaches
showed similar values and a similar temporal pattern.
The temporal variation indicates that, between April
and June, the accumulated CBOM showed values si-
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milar to those recorded in autumn. This is not surprising if we consider that during this period of low flow
the retention capacity of streams can be enhanced
(Acuña et al. 2004, Speaker et al. 1984). On the other
hand, our data show that the WWTP effluent caused an
increase in FBOM standing crop which was 3-fold higher in DW than in UP. Even if the temporal pattern of
FBOM standing crop was quite similar in the two
reaches, with a decreasing trend from winter to autumn
and an increase in December, its coefficient of variation was 58 % in DW and 35 % in UP. This result indicates a higher temporal variation of FBOM standing
crop downstream of the WWTP. Due to the fact that
WWTPs emit particulate organic matter (Rauter et al.
2005, Ulseth & Hershey 2005) an increase of FBOM
standing crop was expected in DW (but see Ortiz et al.
2005). The seston concentration reported above for
DW, and some very high seston concentrations (e.g.
daily mean calculated on 9 observations = 428 mg L-1)
that we have detected directly in the WWTP effluent
(unpublished data), support the idea that a huge
amount of fine particular organic matter was released
from the WWTP into the stream throughout the year.
According to the values of FPOM transport distances
reported for other streams (Paul & Hall 2002, Rauter et
al. 2005) we can assume that a significant part of the
seston released by the WWTP deposited and accumulated as FBOM in DW, which extended within the first
150 m below the WWTP. In fact, the huge FBOM standing stock in DW may also explain the higher temporal variation detected in this reach. Assuming a similar
efficiency in retaining FBOM between UP and DW,
the removal of stored organic matter which usually occurs at higher discharges (Brookshire & Dwire 2003,
Acuña et al. 2004) had more drastic effects in DW than
in UP, this being probably more evident during floods
events.
Epilithon
DOC, seston and FBOM represent sources of organic matter for heterotrophic microbes. We thus expected an increase in the epilithon standing crop below the
WWTP effluent. In fact, we did not observe any significant difference between the two reaches for this biological variable. However, we did find a significant
difference in the C:N ratio of epilithon between the
two reaches, which was higher in UP than in DW. On
the one hand, the low C:N ratio in DW may be a direct
consequence of the presence of organic particles washed out from the WWTP (Rauter et al. 2005). Indeed,
the suspended particulate matter just downstream of a
WWTP can become very rich in N (Ulseth & Hershey
2005) and low C:N ratios indicate an anthropogenic
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origin of the fine particulate matter downstream of urban areas (Krusche et al. 2002, Marshal 2004). On the
other hand, if we assume that the bulk of nitrogen in
the epilithon is mainly represented by living organic
matter (Dodds et al. 2000) we may conclude that despite no difference in the standing crop, the DW epilithon had a higher percentage of living organic matter.
In practice, these two possible explanations are likely
to be complementary rather than strict alternatives.
However, we think the latter would be dominant, as we
observed large filamentous bulking of Sphaerotilus sp.
in DW during each visit. Moreover, since the Chla of
the epilithon algal component does not change, we
suggest that this increment of living organic matter
was mainly due to heterotrophic organisms. This fact
would be a direct consequence of WWTP effluent since DOC, seston and FBOM represent easily degradable organic matter which have been shown to favour
the presence of high heterotrophic microbial biomass
(Munn & Mayer 1990, Mulholland et al. 2001).
Ecosystem metabolism
Taken together, the above facts suggest a possible higher heterotrophic microbial activity in DW than in
UP. Our data on metabolism indicate both reaches were mainly heterotrophic (NEP < 0) as expected for
headwaters stream in forested catchments (Vannote et
al. 1980). In comparison with other streams, GPP in
UP was low (Acuña et al. 2004 and references therein,
Gücker & Pusch 2006) with the highest value occurring in spring. In DW, we recorded the maximum value
of GPP in the same season, but it remained in practice
null on all other dates. Accordingly, the community
respiration dominated the ecosystem metabolism of
the two reaches. Particularly in DW, the values of community respiration were extremely high. Considering
the low values of GPP in UP and its almost null values
in DW, we may consider the NEP as an indirect measure of the heterotrophic microbial activity. Therefore,
we may conclude that downstream of the WWTP effluent, the heterotrophic microbial activity was 7-fold
higher than in the control reach UP.
Nutrient retention
Data on nutrient removal indicate that nitrogen uptake always exceeded phosphorus demand in Fosso Bagnatore. This higher nitrogen uptake was provided in
different ways in the two experimental reaches. It was
provided mainly by NO3-N in UP and mainly by NH4N in DW. However NH4-N was always removed more
efficiently from the water column than NO3-N (uptake
length ratio < 1). This fact confirmed NH4-N to be the
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preferred nitrogen form by bacteria, fungi and algae
(Wetzel 1983). The nutrient uptake rates measured by
slug addition experiments refer to gross uptake rather
than net retention (Stream Solute Workshop 1990).
Nutrient uptake rates are generally linked to local environmental characteristics such as streambed morphology, canopy development, organic matter standing
crop, biological community and relative importance of
autotrophic and heterotrophic processes (D’Angelo et
al. 1991, Martì et al. 1994, Webster et al. 2003, Guecker & Boëchat 2004). The WWTP effluent increased
the uptake rates of ammonium only, but this increase in
gross uptake by biota and abiotic sorption was not reflected in the stream nutrient retention efficiency (see
below). In fact, the maximum values reported for ammonium uptake rates in this study are much higher
than values reported in the literature (Webster et al.
2003, Simon et al. 2005 and references therein). Extremely high values were only detected in DW. In this
reach, corresponding NH4-N background concentrations were very high and the relatively low values of
uptake velocities, detected on the same dates, suggest
that uptake rates were low in relation to nutrient supply
(Gücker & Pusch 2006). Accordingly, Haggard et al.
(2005) found comparable areal uptake rates for ammonium below a WWTP, where NH4-N showed concentrations similar to those detected in this study in DW.
All this seems to corroborate that our estimates for ammonium uptake rates can be considered realistic.
Uptake lengths detected in this study were in the range of kilometres, with the exception of the ammonium
uptake lengths of April and June, and the nitrate uptake length of March, measured all in the control reach
UP. Long uptake lengths indicate a low nutrient removal efficiency of the stream (Stream Solute Workshop
1990) and are generally expected in urban and lowland
streams where a nutrient overload of the system occurs
along with modifications of compartments involved in
nutrient removal function (Haggard et al. 2001, Martì
et al. 2004, Merseburger et al. 2005, Meyer et al. 2005,
Gücker & Pusch 2006). We expected a lower nutrient
removal efficiency (i.e. longer uptake lengths) downstream of the WWTP effluent, but uptake lengths were
not significantly different between the two reaches. On
the other hand, we want to stress that values comparable to those found in pristine systems were detected
in UP only. The fact that DW values are quite similar
to those detected in UP may be explained by a potential adaptation of the biofilm to the heavier load of nutrients in DW (Teissier et al. 2002).
Uptake velocities are often preferred to make intraand inter-site comparisons to avoid variability due to
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discharge differences and to account more for possible
differences in biotic demand (Simon & Townsend
2005). Yet, in our case, uptake velocities were not significantly different between UP and DW for any of
the considered nutrients. The temporal and spatial variability of factors controlling nutrient removal in Mediterranean-type streams can be large (Martì et al.
1994, Martì & Sabater 1996, Merseburger et al. 2005)
and may be reflected in a certain difficulty in explaining the observed patterns. In fact, within-stream variation of nutrient uptake is an interesting issue only
recently investigated (Simon & Townsend 2005, Gücker & Pusch 2006). Among the potential determinants
of nutrient uptake in streams, concentrations of metabolic substrates (e.g. nutrients and DOC), FBOM and
rates of metabolism have been shown to be particularly important for the control of nutrient uptake in eutrophic/urban streams (Meyer et al. 2005, Gücker &
Pusch 2006). In this study, we have shown how much
these variables may naturally change during the year,
and in an unpredictable manner, in Fosso Bagnatore
(control reach). In addition, the presence of the WWTP
effluent contributed to increase the temporal and spatial variability of nutrients, DOC, and fine particulate
organic matter (seston and FBOM) in DW. If we consider the uptake velocities calculated in UP together with those from DW, and we calculate the coefficients of
variation, we obtain CV = 48 for NH4-N, CV = 147 for
NO3-N and CV = 81 for PO4-P. In a recent paper, Simon & Townsend (2005) reported the CVs of the uptake velocities measured for the same nutrients in a number of streams. The value we obtained for ammonium
is among the highest calculated for combination of
dates and sites in a total of 21 streams, while the CVs
calculated for NO3-N and PO4-P are higher than those
calculated for 32 and 16 streams respectively (Simon
& Townsend 2005). This comparison allowed us to
conclude that in Fosso Bagnatore the uptake of NH4N, NO3-N and PO4-P was highly variable, probably as
consequence of the high variability of the compartments involved in this important ecosystem function.

Conclusion
The influence of climate setting on the biophysical
structure of streams in the Mediterranean region (Gasith & Resh 1999) or in general in arid and semiarid regions (Martì et al. 2000, Meyer & Meyer 2000) has already been shown. In this climate, the hydrologic regime exerts a stronger control on the ecological functioning of lotic systems. For instance, floods can create a
temporal pattern of nutrient cycling, where spiralling
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lengths are long immediately after floods and then gradually shorten over successional time (Martì et al.
1997, Fisher et al. 1998, Grimm 1988). This study showed that a WWTP effluent can dramatically alter the
organic matter dynamics of a Mediterranean-type
headwater stream, and thus enhance the strong control
of climate on its functioning. We showed that the highly degradable forms of organic matter were affected in
particular. As these forms are easily utilized by the biota, WWTP effects on their dynamics were directly reflected in important ecosystem functions such as whole stream metabolism and nutrient removal. Due to the
linkage of headwaters to downstream ecosystems and
to their significant role in landscape and catchment
processes, the alterations of organic matter dynamics
that we detected at a local level may have important
consequences on a broader scale.
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