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1. General introduction
From their outset, humans have considerably modified their environment,
frequently with severe consequences in detrimental of themselves. The European
Environment Agency estimated that more than 50% of flowing freshwaters in the
European Union underwent significant eutrophication by the end of the 20th
century (Crouzet et al. 2000). The same applies for other rich countries like the
United States (USEPA 2002) or Japan (Water Environment Department 2001) and
lower, but increasing, for developing countries (Kivaisi 2001, Kambole 2003).
Since the Industrial Revolution, watercourses have been usually understood as
channels for transport of wastes down to the sea, the immense waste disposal
where everything is supposed to be diluted. Discharge of nutrients and organic
matter into freshwater ecosystems can lead to eutrophication, having adverse
effects on their ecology and limiting the suitability of water for human use (Paul
and Meyer 2001). In the European Union, point sources, mainly through urban
sewage, represent the second cause of water impairment after agriculture (Nixon
et al. 2003). However, point sources are of major relevance given that the
coverage of agricultural land is threefold the built-up area in Europe (EEA 2003).
In addition, urbanization is increasing at unsustainable rates predominantly at
expense of agricultural land.
Increasing the number of wastewater facilities and their operational
efficiency led to a significant amelioration of freshwater quality in European
countries during the last two decades (Nixon et al. 2003, EEA 2003). However,
demand for freshwater is rapidly increasing (Council of the European
Communities 2000) and the capacity of wastewater treatment plants (WWTPs) to
reduce nutrient inputs into aquatic ecosystems is constrained by technological and
economic limitations and the continuous growth of population and related
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activities. Moreover, the climate conditions of the Mediterranean region,
characterized by soft, wet winters and hot, dry summers, make it one of the areas
most appropriate for human settlement and concomitant consequences on natural
ecosystems. Mediterranean flowing ecosystems are particularly susceptible to
human impact because water resources are in short supply (Gasith and Resh 1999).
In addition, the strong seasonal variability in rainfall mostly occurs through
storms that often translates in flooding events and may have severe consequences
in stream ecosystems (Lake 2000).
The actual Framework Directive of the European Community highlighted
the need of considering biologic quality to provide information for the efficient
and effective design of future monitoring programs (Council of the European
Communities 2000). The first documented reference regarding the effects of
organic pollution on aquatic organisms was probably that of Aristotle (Margalef
1983), whereas the use of living organisms for biomonitoring was much earlier.
However, it was not until the beginning of the 20th century that the concept of
biological indicators of environmental conditions was developed for aquatic
ecosystems. In their interesting research, Kolkwitz and Marsson (1909) introduced
the Saprobien system in an attempt to provide a framework for the use of aquatic
organisms as indicators of organic pollution. They provided a large list of
organisms typically inhabiting in each trophic condition (oligosaprobic, α- and βsaprobic, and polysaprobic) including rotifers and macroinvertebrates that was
constantly lengthen and revised (Cairns and Pratt 1993). The idea of using streamdwelling organisms as indicators of water quality was extended to other
organisms, from bacteria to fish (Margalef 1955, Hynes 1978). However, of all
organisms that have been considered for bioassessment, algae, macroinvertebrates,
and fish offer the greatest feasibility, and macroinvertebrates are, by far, the most
frequently employed (Rosenberg and Resh 1993). The use of benthic
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macroinvertebrates for biomonitoring hold remarkable advantages relative to
other organisms, but certain difficulties must be considered (Table 1.1). Some of
these difficulties can, however, be overcome by considering a multimetric
approach. In this sense, Karr and Dudley (1981) underlined the need of attaining
biotic integrity in bioassessments to provide a broader understanding of the
processes controlling altered streams. They provided the now widely accepted
definition of biotic integrity as “the ability to support and maintain a balanced,
integrated, adaptive community of organisms having a species composition,
diversity, and functional organization comparable to that of natural habitat of the
region.” Following their multimetric approach, further research focused on the
examination of the effects of human impact on a wide range of structural and
functional characteristics of macroinvertebrate communities. Based on previous
research, Kerans and Karr (1994) proposed the hypothetic response that will have
several metrics of macroinvertebrate communities to human impact. The
continuous testing and modification of these hypotheses (e.g., Barbour et al. 1996,
Fore et al. 1996, Roy et al. 2003) allowed the establishment of several general
patterns concerning the use of integrated metrics for biomonitoring (Table 1.2).
The increase of nutrients and organic matter enhance respiration (Steinman and
Lamberti 1996, Miltner and Rankin 1998) and lead to low DO concentrations,
especially at night (Mulholland et al. 2001), that can be restrictive for some
macroinvertebrates (McCormick et al. 2004). Point source discharges not only are
known to increase nutrient concentrations into stream ecosystems but can also
raise water availability. The resulting increase of discharge may convert a
temporary stream into a permanent one (Gasith and Resh 1999) and have
consequences for the macroinvertebrate community (Dieterich and Anderson
2000).
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A number of studies have demonstrated the consistent variation of certain
structural metrics with increasing organic pollution (Wiederholm 1984, Suren
2000). However, the non-monotonic response of other metrics (e.g., total density)
to human impact (Odum et al. 1979) may lead to conflicting conclusions. The
functional organization of macroinvertebrates is known to reflect faithfully
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ecosystem processes (Vannote et al. 1980, Minshall et al. 1983, Merritt and
Cummins 1996a). However, clear patterns for the functional approach are not
established yet given its dependence to other environmental conditions not strictly
related to human disturbance such as riparian vegetation, seasonality, and
hydrology (Wallace and Webster 1996, Hart and Finelli 1999). Several studies
showed that human disturbance might also have detectable effects on
macroinvertebrate biochemistry, physiology, morphology, behavior, life history,
and bioaccumulation (Johnson et al. 1993). However, little attention has been paid
to potential effects of point sources on macroinvertebrate microdistribution and
elemental stoichiometry.
The general objective of this work is to assess how the macroinvertebrate
community of a Mediterranean stream responds to a point source input from a
multimetric approach. Moreover, unpredictable flooding events occurring during
the sampling period allowed us to examine the effects of nutrient enrichment and
its interaction with natural disturbance. The responses of macroinvertebrates to
such disturbances and its temporal variability is here analyzed from several
perspectives, including community structure and composition, functional
organization, microhabitat distribution, and elemental stoichiometry. This work
aim to contribute for a better understanding of the mechanisms that operate in
stream ecosystems exposed to human and natural disturbance in an attempt to
provide useful information for biomonitoring strategies and the development of
future management plants for stream restoration.
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2. Study site
The study was conducted in La Tordera stream in Catalonia (NE Spain;
Figure 2.1). We selected one reach upstream and one reach downstream of the
input of the wastewater treatment plant (WWTP) of Sta. Maria de Palautordera to
examine the effects of this point source and related outflows on several
descriptors of the benthic macroinvertebrate community.

Figure 2.1 Location of La Tordera stream in Catalonia, NE Spain (a), La Tordera catchment
and the subcatchment affecting the sampling site, highlighted in grey (b), land uses of the
subcatchment affecting the study reaches (c), and location of the study reaches in relation to
the wastewater treatment plant (WWTP) input (d). Data from the Catalan Cartographic
institute (ICC).
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At the sampling site (41º41’ N, 2º27’ E, 200 m a. s. l.), La Tordera is a
3rd-order stream draining a catchment of 80 km2 dominated by a sclerophyllous
forest of several species of Quercus (Figure 2.1). Small patches of irrigated crops
are present in the lower part of the catchment, surrounding the urban area. The
geology of the catchment is mainly siliceous, dominated by slates and phyllites.
The climate is Mediterranean, with mean air temperatures ranging from 5 ºC
(January) to 23 ºC (August). Mean annual precipitation is 575 mm, which mostly
occurs in spring and fall (Figure 2.2). Stream discharge is highly variable within
and among years. In dry years, most sections of the stream became isolated pools
in the summer, but below the WWTP input the effluent outflow was sufficient to
maintain continuous flow for hundreds of m of stream channel. Spates are
associated with rainstorms and usually occur in spring and autumn. Mean annual
discharge of the stream during the hydrologic year 2001-2002 (0.20 m3/s) was
three times lower than the mean discharge for the period comprised between 1923

Figure 2.2 Ombrothermic diagram of Sta. Maria de Palautordera. Data from the Catalan
Meteorological Service (SMC).
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and 2002 ( 0.77 m3/s; Figure 2.3a). The hydrologic year 2001-2002 was preceded
by four years of similar mean annual discharge (0.27 m3/s). However, during the
sampling period discharge peaked in spring while during the previous four years
the maximum occurred in winter. The upstream reach was dry from July to early
October 2001. The two reaches were affected by spates in the middle of
November of 2001, and early March, April, May and June of 2002 (Figure 2.3b).
The most significant spate during the sampling period was in May, when stream
discharge was over 7 m3/s.
The population of the catchment in 2001 was 8564 inhabitants, 93% of
which were concentrated in the lower part of the catchment, in the villages of Sta.
Maria de Palautordera and St. Esteve de Palautordera. The WWTP treats a
wastewater of 5808 inhabitant-equivalents1 that is mostly from urban origin. The
mean outflow of the WWTP effluent to La Tordera stream is 1300 m3/day, while
the discharge is highly variable both daily and seasonally (Figure 2.4). The
WWTP perform a biological treatment with activated sludge, but lack the
technology to actively remove nitrogen or phosphorus. In 2000, the mean
efficiency was 80% for nitrogen and 58% for phosphorus, but nutrient
concentrations were still much higher than in the receiving stream (Figure 2.5).
Diffuse sources from small-scale agriculture and small tributaries also affect La
Tordera stream, but they are located near the WWTP effluent input and were
considered together as a point source for the downstream reach. The point source
considerably increased nutrient concentrations in La Tordera stream and persisted
several hundred m below. Any tributary joints the stream between the WWTP
input and the downstream reach and there were not diffuse sources under dry
conditions (Merseburger et al., in press).

1

One inhabitant-equivalent is the biodegradable organic matter load equivalent to a BOD5 of 60 g
O2/day.
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Figure 2.3 Mean monthly discharges (m3/s) of La Tordera stream over the periods 1923-2002,
1997-2001, and 2001-2002 (a), and mean daily discharge during the sampling period (20012002; b) continuously measured two km below the downstream reach. The arrowheads
indicate sampling dates. Data from a gauging station maintained by the Catalan Water Agency
(ACA).
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Figure 2.4 Instantaneous discharge (L/s) of the WWTP effluent over a typical 24-h cycle
corresponding to March 2, 2001 (a) and mean monthly discharge (L/s) of the WWTP effluent
over the hydrologic year 2000-2001 (b). Data provided by Aigües de Catalunya.
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Figure 2.5 Mean concentrations (± SE) of dissolved organic carbon (DOC), dissolved
inorganic nitrogen (DIN), and soluble reactive phosphorus (SRP) in two sampling points above
the WWTP input, the WWTP effluent, and longitudinal variability over 541 m below the point
source from August 2001 to September 2002. Upstream sites and WWTP effluent: n = 8,
downstream sites: n = 12. The upstream reach was dry in four sampling dates. Unpublished
data from G. Merseburger.

12

3. Methods
Experimental setting
We selected two 100-m long run-riffle reaches with similar substrata type
and canopy cover located upstream and downstream of the wastewater treatment
plant (WWTP) effluent input. The upstream reach was located three km above the
WWTP effluent input and served as a reference reach. The downstream reach was
located 500 m below the WWTP effluent input. In each reach, we defined six
equidistant transects where we measured hydraulic parameters and collected
chemical and biological samples. We collected samples on six dates over the
hydrologic year 2001-2002: November of 2001 and January, March, April, June,
and September of 2002.

Physical and chemical parameters
We visually estimated substrata particle sizes along with each of the six
transects of each reach and sampling date according to a simplified Wentworth
scale (Allan 1995). In each reach and sampling date, we measured velocity using a
Neurtek Instruments® Miniair 2 flow meter, depths and width at each of the six
predefined transects. Discharge was calculated according to the velocity-area
method described in Gordon et al. (1992). Water temperature and dissolved
oxygen concentration (DO) were measured in each reach over 24 h cycles on each
sampling date with a WTW® Oxi 340-A oxygen meter. We measured specific
conductance using a WTW® LF 340 conductivity meter. We measured
photosynthetically active radiation (PAR) in each reach over 24 h cycles on each
sampling date using a spherical quantum sensor (Li-193SA, Lincoln, NB, USA)
located within 20 cm of stream water level on the middle of the reach at one
representative location.
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Water samples for nutrient analysis (18 replicates per reach and sampling
date), dissolved organic carbon (DOC), and major ions (six replicates per reach
and sampling date) were taken in each transect, filtered on site through preashed
Whatman® GF/F glass fiber filters and stored on ice. Ammonium (NH4+-N)
concentration was analyzed on a Bran-Luebbe® Technicon Autoanalyzer II.
Nitrite (NO2--N), nitrate (NO3--N), and soluble reactive phosphorus (SRP)
concentrations were analyzed on a Bran-Luebbe® TRAACS 2000 Autoanalyzer.
NO2--N and NO3--N were analyzed using the cadmium-copper reduction method,
and SRP was done using the molybdenum blue colorimetric method. Dissolved
inorganic nitrogen (DIN) was calculated by summing the concentrations of NH4+N, NO2--N, and NO3--N. DOC concentration was analyzed using high-temperature
catalytic oxidation (Shimadzu® TOC 5000 analyzer). Chloride (Cl-) and sulfide
(SO42-) concentrations were analyzed using the capillary electrophoresis technique
with a Waters® CIA-Quanta 5000. Cations (Na+, K+, Ca2+, and Mg2+) were
analyzed using the ICP-OES technique with a Thermo Optek® Polyscan 61 E.

Periphyton
We measured periphyton chlorophyll a and biomass by randomly
collecting four stones from each transect. We broke each collected stone and
selected flat pieces from the upper surface of approximately four cm2. Samples
were frozen until analysis. To determine periphyton chlorophyll a we selected
three replicates per transect (18 replicates per reach and sampling date). Pigment
extraction was performed with 90% acetone (4 ºC for 24 h) and processed
according to Steinman and Lamberti (1996). Absorbance was measured with a
Shimadzu double-beam spectrophotometer (UV-2100). To determine periphyton
biomass, we used one replicate of each transect (six replicates per reach and
sampling date). Samples were dried at 60 ºC until constant weight, weighed, ashed
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at 450 ºC for 4-5 h, and reweighed to obtain ash free dry mass (AFDM). We
measured the area of each rock piece using the computer program Scion Image
(for Windows release Beta 4.0.2, Scion Corp., Frederick, Maryland) through highresolution digital photographs of the stone pieces to determine pigment
concentration and AFDM per unit area.

Benthic macroinvertebrates
One modified Surber sample (625 cm2, 250 µm mesh size) was taken in
each transect (six replicates per reach and sampling date). Samples were preserved
in the field with 4% formaldehyde solution or frozen. In the laboratory, heavier
inorganic substrates were removed by elutriation. All large invertebrates (> 5 mm)
were hand-picked from the samples and then preserved in 70% ethanol. If
necessary, the smallest invertebrates (250 µm-5 mm) were subsampled on an area
basis (Moulton II et al. 2000). Invertebrates were counted by handpicking with the
aid of a dissecting microscope at 15x magnification, identified to the lowest
practical taxonomic level, enumerated, dried (60 ºC until constant weight) and
weighed to obtain dry mass. Taxa were assigned to their relative contribution to
each functional feeding group according to Moog (2002).

Benthic organic matter and primary producers
We quantified standing stocks of benthic organic matter (BOM) and large
primary producers from the macroinvertebrate samples. After macroinvertebrates
were removed, remaining organic matter was sorted into BOM, filamentous algae,
mosses, and vascular plants. BOM was separated into coarse particulate organic
matter (CPOM; > 1mm) and fine particulate organic matter (FPOM; 250 µm-1
mm) using nested sieves. Each fraction was dried at 60 ºC for one week, weighed,
ashed at 450 ºC for 4-5 h, and reweighed to obtain AFDM. Suspended particulate
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organic matter (SPOM) concentrations were obtained by filtering known volumes
of stream water. Water samples were obtained through a peristaltic pump from the
nearest four cm to the streambed and filtered with ashed and weighed Whatman®
GF/F glass fiber filters (pore size = 0.7 µm). Filters were dried at 60 ºC until
constant weight, weighed, ashed at 450 ºC for 4-5 h, and reweighed to obtain
AFDM.

Microhabitat variables
Prior to sample collection, we located a frame with the same sampling area
as the modified Surber sampler (625 cm2). We measured mean, maximum and
minimum water velocity, at near bed depth in three transects within the frame
with a Neurtek Instruments® Miniair 2 flow meter. We measured maximum and
minimum water depth within the frame. We visually estimated substrata particle
sizes, along with each macroinvertebrate sample according to a simplified
Wentworth scale (Allan 1995). We also visually estimated coverage of primary
producers. We estimated chlorophyll a concentrations of each sample by
multiplying the visually estimated coverage of periphyton by the mean
chlorophyll a concentration of each reach and sampling date. We quantified
standing stocks of BOM and large primary producers from the macroinvertebrate
samples as described above. Substrate roughness (kv), Froude number (Fr),
Reynolds number (Re), and roughness shear velocity (V*) were calculated from
measured microhabitat variables according to Doisy and Rabeni (2001).

Elemental analysis
We collected samples of macroinvertebrates, CPOM, FPOM, SPOM,
periphyton, filamentous algae, and mosses in each reach and sampling date when
present. Samples of SPOM, periphyton, filamentous algae, and mosses were dried
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at 60 ºC until constant weight and homogenized. Samples of macroinvertebrates,
CPOM, and FPOM were immediately frozen. When samples were thawed,
macroinvertebrates were identified, dried and homogenized. Remaining BOM was
sorted into CPOM and FPOM using nested sieves as described above, dried, and
homogenized. All samples were weighed on a microbalance to the nearest µg. For
C and N analysis, samples were weighed in tin capsules and analyzed with a Carlo
Erba NA 2100 CHN analyzer (Carlo Erba Instruments, Milan, Italy). For P
analysis, samples were oxidized with potassium persulphate in a microwave and
were analyzed using the malachite green colorimetric technique (Fernández et al.
1985). When sample biomass for elemental analysis was limited, we combined
macroinvertebrate taxa from different sampling dates. Mollusks were analyzed
including the shell, because the shell is an intrinsic part of mollusks and it was
virtually impossible to separate the shell from living tissue of certain taxa and
small individuals.

Data analysis
Structure and composition of the macroinvertebrate community
We calculated several macroinvertebrate community descriptors for each
reach and sampling date, including density (individuals/m2), biomass (g DW/m2),
taxa richness (S), rarefaction coefficient (ES100), as number of taxa expected for
100 individuals (Heck et al. 1975, Walsh et al. 2001), Shannon-Wiener diversity
(H’; Lloyd et al. 1968), Pielou’s evenness (J’; Clarke and Warwick 1994), and
Ephemeroptera, Plecoptera, and Trichoptera (EPT) richness (Lenat 1983, Barbour
et al. 1999). Rarefaction coefficient, Shannon diversity, and Pielou’s evenness
were calculated from averaged macroinvertebrate densities of each reach and
sampling date using the DIVERSE analysis routine of the computer package
PRIMER (for Windows, version 5.2.2, Plymouth Marine Labs, Plymouth, UK).
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We correlated the temporal variability of the considered community descriptors to
the effect of the relative contribution of the point source and environmental
conditions using two-tailed Spearman’s rank correlation (RS). The relative
contribution of the point source was determined in terms of discharge and
concentrations of DIN and SRP and was calculated as the difference between the
value at the downstream reach and that at the upstream reach standardized for the
value at the upstream reach in each sampling date. The considered environmental
conditions were mean water temperature and peak discharge during the previous
spate to each sampling date. The response of each community descriptor was
measured as the difference between the value at the upstream reach and that at the
downstream reach in each sampling date. We determined the weight of Pielou’s
evenness and taxa richness on Shannon diversity by using two-tailed Pearson’s
correlation (r). These analyses were performed using the statistical package SPSS
(for Windows, version 11.0.1, SPSS Inc., Chicago, Illinois).
Similarities in taxa composition between the upstream reach and the
downstream reach among sampling dates were measured using the Jaccard’s
index of similarity (Townsend et al. 1987). We compared individual
macroinvertebrate densities and biomasses between the two reaches for each
sampling date using the Bray-Curtis similarity (Bailey et al. 1998) included in the
SIMPER analysis routine of the computer package PRIMER (for Windows,
version 5.2.2, Plymouth Marine Labs, Plymouth, UK).
Graphical comparisons of community composition were made using
abundance/biomass comparison (ABC) plots, whereby the cumulative percentage
of total abundance and biomass accounted by each taxa is plotted on the y axis
against the rank order of taxa on the x axis in logarithmic scale (Clarke and
Warwick 1994). The shape and arrangement of the curves reflects community
responses to disturbance. Elevated abundance curves represent high dominance by
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few taxa, while a steeper slope indicates a more evenly structured community. In
undisturbed communities, the curve for biomass lays above the curve for
abundance for its entire length. In disturbed communities, the two curves are
closely coincident and may cross each other. As disturbance becomes more severe,
the abundance curve moves above the biomass curve.
We used ordination analysis to explore taxa and sample distribution within
reaches and sampling dates. Initial analysis using detrended correspondence
analysis (DCA) showed that the macroinvertebrate data set had a gradient length
shorter than two standard deviation units (SD). Hence, we used linear models such
as principal component analysis (PCA) for further analysis as recommended by ter
Braak and Šmilauer (1998). Macroinvertebrate densities were log10 (x + 1)
transformed to stabilize variances and normalize the data sets, and rare taxa were
not excluded from the analysis (Cao et al. 1998, Cao 1999, Cao et al. 2001,
Nijboer and Schmidt-Kloiber 2004). These analyses were conducted by the
computer program CANOCO (for Windows, version 4.5, Plant research
International, Wageningen, The Netherlands). The response of the PCA scores of
axis I to the relative contribution of the point source and environmental conditions
was measured as the difference between reach means of the first axis scores for
each sampling date.
Functional organization of the benthic community
We assessed the effect of the relative contribution of the point source on
the temporal variability of the difference in primary producers and organic matter
between the two reaches using two-tailed Spearman’s rank correlation (RS). We
compared macroinvertebrate densities and biomasses of each functional feeding
group between the two reaches for each sampling date using the Bray-Curtis
similarity (Bailey et al. 1998) included in the SIMPER analysis routine of the
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computer package PRIMER (for Windows, version 5.2.2, Plymouth Marine Labs,
Plymouth, UK). We used regression analysis to examine the relationship between
density and biomass of each FFG and their presumed food resources. In each case,
we tested linear, power, logarithmic and exponential regression procedures as
being the most common relationships in nature. We reported the results from the
procedure that best explained the relationship in each case. All analysis were done
by using the statistical package SPSS (for Windows, version 11.0.1, SPSS Inc.,
Chicago, Illinois).
Microhabitat distribution of benthic macroinvertebrates
Correlations

between

density,

biomass,

and

taxa

richness

of

macroinvertebrates with microhabitat variables were determined using two-tailed
Spearman’s rank correlation (RS) because data for many of the microhabitat
variables could not be normalized (Doisy and Rabeni 2001).
We used ordination analysis to explore relationships between taxa
distribution and microhabitat variables. Initial analysis using detrended
correspondence analysis (DCA) revealed that the macroinvertebrate data sets had
gradient length shorter than 2 SD. We used linear models for further analysis as
recommended by ter Braak and Šmilauer (1998) when gradient lengths are short
(< 3 SD). We obtained correlations of macroinvertebrate densities and biomasses
with microhabitat variables for each reach through redundancy analysis (RDA).
We used forward stepwise selection of the environmental variables that best
determined the distribution of taxa densities or biomasses in each reach. Variables
were tested through Monte Carlo permutation tests (9999 permutations) and only
significant variables (p < 0.05) were included in the analyses. Macroinvertebrate
densities and biomasses were log10 (x + 1) transformed to stabilize variances and
normalize the data sets and all taxa were included (Cao et al. 1998, Cao 1999, Cao
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et al. 2001). We considered separately the different live stages (larvae or nymph,
pupae, and adult) of the recorded macroinvertebrates because they are susceptible
to show different microhabitat requirements. Coverage of each substrata particle
size was arcsin-square root transformed and all other microhabitat variables were
log10 (x + 1) transformed. These analyses were conducted by the computer
program CANOCO (for Windows, version 4.5, Plant research International,
Wageningen, The Netherlands).
Elemental stoichiometry of macroinvertebrates
We compared %C, %N, and %P and C:N, C:P, and N:P ratios in taxa from
the two reaches with paired T-tests to examine differences in macroinvertebrate
elemental contents and elemental ratios between the two reaches. We compared
elemental contents and elemental ratios between the two reaches and among
taxonomic groups or functional feeding groups using two-way analysis of
variance (ANOVA) procedures. Pairwise comparisons among group means were
made using Tukey’s studentized range test (HSD). Data were either arcsin-square
root or log10 (x + 1) transformed prior to analysis. All analysis were done by using
the statistical package SPSS (for Windows, version 11.0.1, SPSS Inc., Chicago,
Illinois).
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4. Effects of the point source on composition and
structure of the macroinvertebrate community
Introduction
Human activity has long been known to have dramatic effects on stream
invertebrates (Hynes 1978, Wiederholm 1984, Rosenberg and Resh 1993, Suren
2000). Nutrient enrichment decrease macroinvertebrate richness (Paul and Meyer
2001) by elimination of sensitive taxa, mostly represented by the insect orders
Ephemeroptera, Plecoptera, and Trichoptera (Lenat 1983). Simultaneously, taxa
considered resistant to pollution and adapted to unstable habitats such as
Chironomidae and Oligochaeta are enhanced (Hynes 1978). This response to
nutrient enrichment is well established worldwide, in arctic (Milner and Oswood
2000, Benstead et al. 2005), tropical (Ometo et al. 2000, Thorne et al. 2000),
desert (Dor et al. 1976, Voelz et al. 2005), temperate (Roy et al. 2003), and
Mediterranean streams (Prat et al. 1984, Prenda and Gallardo-Mayenco 1996).
The effects of point source inputs on macroinvertebrate densities are not
consistent. Several studies found a decrease in total density while others noticed
an increase. Paul and Meyer (2001) attributed such incongruence to the separate
effects of toxic compounds and nutrient enrichment, respectively. However, high
nutrient concentrations can also result in a decreased density (Hynes 1978).
Wallace and Webster (1996) argued that when resource availability is high,
invertebrates invest less energy in searching for food resulting in an increase of
biomass. Although not difficult to test, few studies have examined changes in
macroinvertebrate biomass due to nutrient enrichment and common patterns
remain unclear. Biotic indices based on benthic macroinvertebrates are widely
used for bioassessments, but temporal variation of the benthic community is rarely
considered (however, see Sandin and Johnson 2000, Morais et al. 2004).
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Moreover, little attention has been paid to flow disturbance in polluted streams,
even though it is known to play a central role in determining the structure of
stream communities (Lake 2000).
We sampled the benthic macroinvertebrate community on six sampling
dates over the hydrologic year 2001-2002 in one reach upstream and one reach
downstream of a point source in La Tordera stream (Catalonia, NE Spain). Our
objectives were to assess the effect of the point source on the structure and
community composition of the benthic macroinvertebrate community in La
Tordera stream and to examine the temporal variability of the considered
community descriptors over a hydrologic year. We hypothesized that density and
biomass of macroinvertebrates would increase below the point source according
to previous studies conducted in stream ecosystems under moderate nutrient
enrichment. We also expected a decrease of taxa richness and an increase of
dominance by tolerant taxa below the point source that would translate into a
lower diversity and community structure.

Results
Physical and chemical parameters
Discharge was higher in spring and autumn in the two reaches (Table 4.1).
During the sampling period, discharge was on average 1.4 times higher at the
downstream reach than at the upstream reach. Water temperatures were slightly
lower in winter and higher in summer at the downstream reach than at the
upstream reach. The downstream reach also had a higher diel temperature range,
especially during the summer. Daily light was similar in the two reaches. Mean
DO concentration at the downstream reach was consistently lower (1.1 mg/L
lower on average) than at the upstream reach (Table 4.2). Specific conductance
was relatively low in the two reaches, but it was almost two times higher at the
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downstream reach than at the upstream reach. Nutrient concentrations were higher
at the downstream reach on all dates, but the effect differed among nutrients
(Table 4.2). On average, NO3--N concentration increased twofold below the point
source while NH4+-N and SRP concentrations increased 20-fold. The effect on
DOC concentration was less noticeable. Major ions concentrations were also
higher at the downstream reach than at the upstream reach, especially K+, Na+,
and Cl-. Substrate composition of the streambed was similar in the two reaches
and was dominated by boulders, cobbles, and pebbles (Figure 4.1).

Figure 4.1 Streambed substrate composition at the upstream reach (a) and at the downstream
reach (b) in La Tordera stream over the six sampling dates.
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Density and biomass of benthic macroinvertebrates
We collected over 150,000 benthic macroinvertebrates distributed in 90
taxonomic groups in the two reaches over the six sampling dates. The most
abundant taxon from November 2001 to March 2002 at the upstream reach was
the chironomid subfamily Orthocladiinae (Appendix 4.1). Water mites sharply
increased in April 2002 and Baetis rhodani was the dominant taxon in the samples
of June and September 2002. At the downstream reach, the most common taxa
were chironomids (Orthocladiinae and tribe Tanytarsini), tubificids, nematodes
and nematomorphs, but like in the upstream reach, B. rhodani became dominant
in June and September 2002. Several taxa were only found in the upstream reach
including the mayfly Epeorus torrentium, most stoneflies such as Capnioneura
mitis, Siphonoperla torrentium or Isoperla grammatica, and many caddisflies
such as Rhyacophila dorsalis, Mystacides azurea or Sericostoma personatum
(Appendix 4.1). However, after the spate of April 2002, some taxa that were
previously restricted to the upstream reach, such as Leuctra geniculata or
Ecdyonurus angelieri, appeared at the downstream reach. Other invertebrates such
as the clam Pisidium casertanum and the leech Glossiphonia sp. were found only
in the downstream reach. Jaccard’s index of similarity in community composition
revealed higher resemblances between the two reaches in summer samples (0.62
of similarity) than in the rest of the samples (from 0.44 to 0.51 of similarity; Table
4.3).
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At the upstream reach, Orthocladiinae, B. rhodani, and Hydracarina
represented, on average and in this order, the higher contribution to total
macroinvertebrate density. At the downstream reach, the most abundant taxa were
Tanytarsini and Orthocladiinae. Total macroinvertebrate density was consistently
higher at the downstream reach than at the upstream reach over the sampling
period (Figure 4.2a). However, the difference in total macroinvertebrate density
between the two reaches was lower in April and June 2002. Bray-Curtis index of
similarity in individual macroinvertebrate densities was more than two times
higher in June 2002 than in the rest of the samplings (Table 4.3).

Figure 4.2 Mean ± SE values of total macroinvertebrate density (a) and biomass (b) in the two
reaches of La Tordera stream over the sampling period.
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Total macroinvertebrate biomass was dominated by Eiseniella tetraedra,
Ancylus fluviatilis, and B. rhodani at the upstream reach, and by Erpobdella sp.,
Physella acuta, Tanytarsini, Orthocladiinae, and Simuliidae, at the downstream
reach. The temporal variability of total macroinvertebrate biomass was very
similar in the two reaches over the sampling period (Figure 4.2b). Total biomass
was only different between the two reaches in November 2001 and September
2002, when it was higher at the downstream reach. On most dates, the
downstream reach presented a higher ratio of total density to total biomass
indicating predominance of smaller body size of benthic macroinvertebrates
relative to the upstream reach. Bray-Curtis index of similarity in taxa biomass
between the two study reaches were quite low on all dates but increased in April
2002 and especially in June 2002 (Table 4.3).
The response of total density and total biomass of macroinvertebrates to
the point source was negatively correlated with the peak discharge of the previous
spate (RS = -0.812, p = 0.050 for the two descriptors; Table 4.4). The difference in
total macroinvertebrate biomass between the upstream and the downstream
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reaches was also negatively correlated with the relative contribution of DIN of the
point source (RS = -0.829, p = 0.042).
Diversity of benthic macroinvertebrates
Taxa richness was between eight and 18 units higher at the upstream reach
than at the downstream reach (Figure 4.3a). At the downstream reach, 24 taxa
present at the upstream reach were absent (Appendix 4.1). Only four taxa that
were present at the downstream reach were not found at the upstream reach. In the
two reaches, taxa richness was higher in winter and decreased in spring. The
rarefaction coefficient was higher at the upstream reach than at the downstream
reach on all sampling dates, but in June 2002 when it was similar in the two
reaches (Figure 4.3b). Shannon diversity was much higher at the upstream reach
than at the downstream reach on three of the six sampling dates (Figure 4.3c).
Values were very similar between the two reaches in November 2001, April and
June 2002. Similarly, the shapes of the Pielou’s evenness curves of the two
reaches through the sampling period followed the same pattern as Shannon
diversity (Figure 4.3d). At the upstream reach, Shannon diversity was strongly
correlated with Pielou’s evenness (r = 0.992, p < 0.0005), whereas the weight of
taxa richness was not significant (r = 0.384, p > 0.05). In contrast, at the
downstream reach the weight of the two components on Shannon diversity,
evenness and taxa richness, were similar (r = 0.998, p < 0.0005 and r = 0.832, p =
0.040, respectively). EPT (Ephemeroptera, Plecoptera, and Trichoptera) richness
was between six and ten units higher at the upstream than at the downstream reach
(Figure 4.4). The percentage of EPT taxa responsible for differences in taxa
richness between the two reaches ranged from 46% in March 2002 to 100% in
September 2002.
The response of taxa richness was negatively correlated with mean water
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temperature (RS = -0.926, p = 0.008), whereas the response of EPT richness was
higher with decreasing stream dilution of the point source (RS = 0.986, p <
0.0005; Table 4.4). On the other hand, our results did not show any significant
relationship between the response of Shannon diversity or Pielou’s evenness with
the relative contribution of the point source, water temperature or peak discharge
of the previous spate event.

Figure 4.3 Taxa richness (S), rarefaction coefficient (ES100), Shannon diversity (H’), Pielou’s
evenness (J’), and EPT richness (EPT) in the two reaches of La Tordera stream over the
sampling period.
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Structure of the benthic communities
In the abundance/biomass comparison (ABC) plots for the upstream reach,
the k-dominance curve of macroinvertebrate biomass lied above the curve for
abundance for its entire length in November 2001, January and March 2002
(Figure 4.4). After the spate of April 2002, the k-dominance curve of
macroinvertebrate biomass was placed below the curve for abundance. The lower
elevation of the k-dominance curve of macroinvertebrate abundance in March and
September 2002 relative to the other sampling dates revealed that the
macroinvertebrate community was more evenly structured. At the downstream
reach, the k-dominance curve of macroinvertebrate biomass lied below the curve
for abundance on all sampling dates but in November 2001 (Figure 4.5). In
addition, the k-dominance curve of macroinvertebrate abundance and the distance
between taxa indicate that the dominance was lower in November 2002.
Ordination analyses
The PCA performed for 72 samples and 104 taxa explained 40.5% of the
variance in the first two axes (axis I = 26.8%; axis II = 13.7%). Axis I was best
explained by a positive relationship with Erpobdela sp., Helobdella stagnalis,
Tubificidae, Nematoda, Nematomorpha, Tanytarsini, and Pisidium casertanum,
and by a negative relationship with Serratella ignita, Ecdyonurus angelieri and
Leuctra geniculata (Figure 4.6a). Axis II was positively related to Baetis fuscatus,
Tanypodinae, Hydropsyche instabilis, and B. rhodani, and negatively related to
Naididae, Cladocera, Potamopyrgus antipodarum, Agabus sp., Capnioneura mitis,
and Isoperla grammatica.
Distribution of sites along axis I of the PCA clearly separated the samples
from the two study reaches whereas axis II discriminates cases according to the
temporal pattern (Figure 4.6b). Samples of the upstream reach plotted to the left
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Figure 4.4 Abundance/biomass comparison (ABC) plots of benthic macroinvertebrates within
the upstream reach over the six sampling dates.
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Figure 4.5 Abundance/biomass comparison (ABC) plots of benthic macroinvertebrates within
the downstream reach over the six sampling dates.
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Figure 4.6 Principal component analysis (PCA) ordination of taxa composition (a) and
macroinvertebrate samples (b) of the two reaches of La Tordera stream over the sampling
period. See Appendix 4.1 for taxon codes.

36

Community composition and structure

while those of the downstream reach plotted on the right. Winter samples
remained at the bottom of the diagram and summer samples were located at the
top of the diagram.
No significant correlations were found between the relative contribution of
discharge, DIN or SRP by the point source input and the PCA site scores of axis I,
whereas mean water temperature explained a significant part of the variability of
this response (RS = -0.886, p = 0.019; Table 4.4).

Discussion
Effects of the point source on the benthic macroinvertebrate community
At La Tordera stream, degradation of water quality was moderate
compared to studies performed in nearby streams (Martí et al. 2004). However,
the effects of the point source were sufficient to lead to observable consequences
on the macroinvertebrate community. The conditions favored taxa with small
body sizes, short life spans, and high reproduction rates. As a result, total density
of macroinvertebrates was much higher at the downstream reach than at the
upstream reach. Several studies maintained that human impact decreased total
density of macroinvertebrates (Garie and McIntosh 1986, Kerans and Karr 1994,
Prenda and Gallardo-Mayenco 1996). In contrast, other studies found that total
density of macroinvertebrates was not affected by urbanization (Jones and Clark
1987, Roy et al. 2003), or even increase under certain nutrient enrichment
(Wiederholm 1984, Miltner and Rankin 1998, Morais et al. 2004). Such
contradictory results may be explained by the subsidy-stress hypothesis proposed
by Odum et al. (1979). According to this assumption, certain community
descriptors follow a response curve to usable inputs rather than a linear trend.
Thus, density of macroinvertebrates will increase under moderate nutrient
enrichment and decrease under high nutrient inputs. Therefore, linear trends might
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result from studies performed on narrow ranges of organic pollution or influenced
by other factors such as toxic compounds.
Total biomass of macroinvertebrates did not differ between the two
reaches. This result contradicts our initial hypothesis that total biomass would also
be enhanced with nutrient enrichment. An increase in food availability may allow
consumers to invest less energy in searching for food, thus increasing their
feeding efficiency (Wallace and Webster 1996). Similarly, a study in a plains
stream of north central Colorado observed an increase in biomass of
macroinvertebrates below point and diffuse sources (Shieh et al. 2003). Our
results indicate that macroinvertebrate biomass may have been limited by factors
other than nutrient concentrations.
The changes induced by the point source into the stream resulted in a
decrease in taxa richness. The decline in EPT richness was responsible for a high
proportion of the decrease in taxa richness at the downstream reach. Although
diversity indices were suggested as a useful metric to monitor water quality in the
middle of the 20th century (Pinder and Farr 1987, Lenat and Resh 2001), they
were rarely tested. A similar study in a southwestern Portuguese stream found that
Shannon diversity and evenness were rather stable and were always lower in a
reach affected by a wastewater treatment plant (WWTP) input relative to a nonimpaired reach (Morais et al. 2004). In our study, Shannon diversity and evenness
were highly variable and the differences between the two reaches were not
consistent over the six sampling dates. Our results support the criticisms made by
Lenat (1983) that diversity indices are not convenient for bioassessments because
can be highly dependent on factors other than organic pollution.
The point source input clearly affected taxa composition of the benthic
community of La Tordera stream. At the downstream reach, some taxa were
eliminated while other where subsidized. Stoneflies, mayflies, and caddisflies
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were the most sensitive groups to the point source, in agreement with previous
research (Lenat 1983, Roy et al. 2003). On the contrary, chironomids,
oligochaetes, and nematodes were favored by nutrient enrichment as other studies
have reported (Hynes 1978, Prenda and Gallardo-Mayenco 1996). The ambient
conditions at the downstream reach allowed the colonization of few taxa but were,
at the same time, restrictive for a number of taxa. Indeed, taxa that appeared only
at the downstream reach (e.g., Pisidium casertanum and Glossiphonia sp.) were
rather tolerant to pollution while the taxa eliminated (e.g., Epeorus torrentium,
Isoperla grammatica, and Sericostoma personatum) were considered sensitive to
pollution (Tachet et al. 2000).
Temporal variability
Our results show that community descriptors commonly used for
bioassessment might present a high temporal variability not directly related to
organic pollution. Therefore, results may lead to misguided conclusions. At the
downstream reach, total density of macroinvertebrates was higher for most, but
not all dates. Our results suggest that flooding can decrease macroinvertebrate
density. This is consistent with the findings of others (e.g., Grimm and Fisher
1989, Boulton et al. 1992, Townsend et al. 1998). Although detailed studies are
required, our research suggests that the community of the upstream reach was
more resistant and resilient to spates, in terms of total density, than the community
of the downstream reach. Such different response to natural disturbance led to
similar total density of macroinvertebrates in the two reaches after the spates of
April and May 2002. In this sense, the relatively low densities at the upstream
reach may allow a faster recovery of the benthic community. The higher relative
density of mayflies and stoneflies relative to dipterans and mollusks in the
upstream reach may also have supplied higher stability (Scarsbrook 2002). We
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also detected higher similarities in terms of individual biomass after spates but, in
contrast, total biomass of macroinvertebrates did not differ between the two
reaches for any sampling date. Total biomass of macroinvertebrates is not
commonly used in bioassessments because of the effort to obtain good estimates
(Bernardini et al. 2000) and the lack of clear patterns in response to organic
pollution. Flow disturbance occurring during the sampling period may play an
important role in biomass constraints as reported by Grimm and Fisher (1989).
However, the observed independence of macroinvertebrate biomass to nutrient
concentrations was not simply a consequence of flow disturbance or
macroinvertebrate biomass would have been higher at the downstream reach in
January and March 2002. On the other hand, even though the biomass of the two
reaches appeared to be equally affected by spates, at the downstream reach total
macroinvertebrate biomass increased faster than at the upstream reach. However,
the macroinvertebrate biomass of the two reaches seemed to be limited by the
same asymptote. The higher recovery of macroinvertebrate biomass below the
point source may result from an increase in productivity of nutrient enriched
ecosystems as seen in previous studies (Shieh et al. 2003).
Differences in taxa richness and EPT richness between the two reaches
were relatively invariable. Consistent with the findings of Gasith and Resh (1999),
at the upstream reach, taxa richness was higher in winter than in summer, and was
not affected by the spates of April and May 2002. At the downstream reach, taxa
richness was also relatively high in winter and decreased in March 2002, but
increased again in the summer. Similarities in taxa composition between the two
reaches were higher in the summer and the difference of taxa richness between the
reaches was significantly correlated with water temperature. These results
contradict the findings of Gasith and Resh (1999) that the effect of pollution will
be greater in the summer because stream dilution is lower in the Mediterranean
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climate. Such incongruence probably occurred because spates that occurred in the
spring of 2002 increased stream dilution improving water quality (Prenda and
Gallardo-Mayenco 1996), and because flooding may enhance drift from upstream
reaches (Gasith and Resh 1999). EPT richness was consistently higher at the
upstream reach than at the downstream reach and the variability was relatively
low in the two reaches. The difference in EPT richness between the two reaches
seemed to be directly related to the effect of the point source on the stream. The
high statistical power of taxa richness and EPT richness (Sandin and Johnson
2000) along with the ease of calculation makes these two indicators good
candidates for water quality assessments (Roy et al. 2003).
The variation of Shannon diversity revealed a higher dependence on the
evenness component than on taxa richness in the two reaches of La Tordera
stream. The decrease of taxa richness and the increase of dominance by few taxa
at the downstream reach resulted in a lower Shannon diversity than at the
upstream reach on three dates. Morais et al. (2004) found that Shannon diversity
and evenness increased at the impaired reach after flood disturbance. Our results
show that these metrics not only increased at the downstream reach but also
decreased at the upstream reach. In addition, the response was more noticeable,
probably because the flood event was more severe, indicating that flood
disturbance can homogenize the communities of impaired and pristine sites.
Previous studies in a nearby river found that Shannon diversity was not related to
pollution but with flow disturbance (Puig et al. 1987). A study in a chalk stream
in England (Pinder and Farr 1987) attributed an increase of Shannon diversity
below a WWTP input to a subsidy effect on oligotrophic waters. Although
nutrient concentrations in our stream were comparable to that of the streams
studied by Pinder and Farr (1987), we did not detect such a relationship. The
observed independence of the Shannon diversity response to the relative
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contribution of the point source suggests that it was driven by factors other than
the point source. In this sense, flow related disturbance and population dynamics
of certain taxa had important consequences on the structure of the benthic
community in this stream. From July to October 2001, the two reaches were
affected by a drought when the upstream reach completely dried. In November
2001, the increase of flow increased habitat suitability (Boulton 2003) and
translated to an unusually high evenness at the downstream reach. In April 2002,
water mites suddenly increased at the upstream reach and decreased evenness.
Previous studies reported relevant alterations of the community structure due to
population dynamics of water mites (Di Sabatino et al. 2000). The spate of May
2002 considerably decreased the abundance of all macroinvertebrate taxa in the
two reaches. This disturbance had harmful consequences on the structure of the
macroinvertebrate communities, as has been seen before in nearby streams
(Argerich et al. 2004). In June 2002, the communities of the two reaches were
dominated by a large number of young Baetis rhodani nymphs. This translated to
an important decay of evenness at the upstream reach, where the proportion of this
mayfly was much higher. The sudden dominance by B. rhodani may have simply
been to population dynamics (Humpesch 1979), or determined by the spate that
occurred one month prior (Boulton et al. 1992). Such erratic fluctuations in
evenness led many authors to question the reliability of diversity indices in
bioassessment (Lenat 1983), and locate richness measures among the best
indicators to detect water degradation (Sandin and Johnson 2000, Ofenböck et al.
2004).
The two reaches were clearly separated by community composition over
the sampling period. We expected to find higher differences in taxa composition
between the two reaches during the summer. The summer drought that
characterizes Mediterranean-type streams led to low stream dilution accentuating
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the effect of organic pollution. Contrarily, the differences between means of the
sample scores of the first axis in the PCA were lower in summer, when water
temperature was higher but also after major spates occurred. This supports our
hypothesis that flooding may modulate the effect of the point source. The second
axis of the PCA split the samples of the two reaches according to the same
temporal variability indicating that the point source did not modified the seasonal
patterns of the macroinvertebrate community.
Few studies considered potential effects of flooding in streams affected by
point sources. Although our study was not designed to assess the effects of flow
disturbance, we detected higher similarities in total and individual densities and
biomasses, taxa richness, EPT richness, and community composition after the
spates of April and May 2002. In addition, the response of total density and total
biomass were negatively related to the magnitude of the preceding spate. These
results suggest that intermediate frequencies and intensities of flooding
(Townsend et al. 1997) might act as a reset mechanism (Lake 2000). Flow
disturbance is probably the most important organizing factor for stream
ecosystems (Resh et al. 1988) that could contribute in restoring stream benthos to
a certain degree. Our findings lend support to the opinion of Collier and Quinn
(2003) that regular sampling is required to obtain valuable assessments.
Population dynamics, hydraulic regime, and natural disturbance may result in
marked changes in the macroinvertebrate community and lead to false conclusions
about the effects of human impact.

Conclusions
The WWTP effluent of Sta. Maria de Palautordera and related outflows
substantially increased nutrient concentrations, organic matter, and discharge into
La Tordera stream. As a result, sensitive taxa, mainly mayflies, stoneflies, and
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caddisflies, declined while tolerant taxa, mainly midges, blackflies, leeches, and
snails increased. This translated in an increase of total macroinvertebrate density
but did not altered total biomass. Calculation of different community metrics over
regular samplings in combination with detailed analysis of hydraulic regimes,
natural disturbances, and population dynamics provide valuable information for
stream bioassessments. There is now a substantial body of research on the effects
of different human impacts on stream ecosystems but the multivariate nature of
macroinvertebrate communities makes difficult to establish clear patterns for
density, biomass, and diversity indices. In contrast, the differences in taxa richness
and EPT richness were consistent over the sampling period lending support to
previous research that found these two indices as the most promising for
biomonitoring. Shannon diversity, evenness, and ABC plots supplied valuable
information about the structure of macroinvertebrate communities but were highly
dependent to factors other than nutrient enrichment.
The damaging effects of flooding and drying on macroinvertebrate
communities have been well documented. However, our results revealed that flow
disturbance could substantially contribute to amelioration of water quality in
human altered streams. The similarity between the two reaches, reference and
altered, was higher after flooding. This happened because flooding scoured out the
two reaches but also allowed certain taxa get to the downstream reach. We
suggest that further research should focus on the study of the use of drying and
flooding manipulations for future management plants understood as reset
mechanisms for stream ecosystems.
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Summary
Below the point source, discharge and specific conductance were higher than at
the upstream reach, dissolved oxygen decreased 1 mg/L, NH4+-N and SRP
concentrations were 20 times higher, and periphyton chlorophyll a was five times
higher. Total macroinvertebrate density was higher at the downstream reach than
at the upstream reach. The two reaches did not differ in macroinvertebrate total
biomass suggesting that macroinvertebrates may be constrained by factors other
than nutrient concentrations. On average, taxa richness at the upstream reach was
20% higher than at the downstream reach. Several taxa, especially mayflies,
stoneflies and caddisflies, were present only at the upstream reach. Shannon
diversity was similar between the two reaches on 50% of the dates. Ordination
analysis clearly separated the samples of the two reaches in the first axis and
corroborated the effect of the point source on the benthic community. The two
reaches followed a similar temporal pattern with respect to the distribution of taxa
along the second axis. Higher similarities between the two reaches in taxa
composition, densities and biomass after the spates of April and May 2002,
suggest that flooding events may act as a reset mechanism for benthic
communities and play an important role in stream restoration.
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5. Effects of the point source on the functional
organization of the benthic community
Introduction
The analysis of the trophic organization in benthic communities has been
successfully used as surrogates of ecosystem functional attributes (Vannote et al.
1980, Hawkins and Sedell 1981, Minshall et al. 1983, Merritt et al. 2002). Point
sources, among other human disturbances, may have lead to severe changes in the
trophic basis for production in stream ecosystems (Merritt and Cummins 1996a,
Paul and Meyer 2001). Thus, ecosystem analysis from a functional perspective
(Wallace and Webster 1996) may provide a complementary understanding of the
processes involved in the ecology of human-altered streams. Given the yielding
offered by taxonomic guides and traits (Merritt and Cummins 1996a, Merritt and
Cummins 1996b, Tachet et al. 2000, Moog 2002), the functional organization
approach provides a conceptual framework that made easy functional feeding
groups to have been widely used in bioassessments.
Based on previous research and reasoning, Kerans and Karr (1994)
hypothesized that human impact, including organic enrichment, would enhance
relative densities of gatherers and filterers, and decrease those of shredders,
scrapers, and predators. Subsequent studies demonstrated that changes driven by
human impact in macroinvertebrate functional organization are likely to be taken
as a trend (Hachmöller et al. 1991, Shieh et al. 1999, Roy et al. 2003). However,
the reliability of using the functional approach for biomonitoring purposes is not
free of controversy and specifications are not uncommon in literature (Barbour et
al. 1996, Fore et al. 1996, Delong and Brunsen 1998). Indeed, the effects of point
sources on relative density of functional feeding groups might not be consistent
everywhere, given the multivariate nature of human impacts and the habitat
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complexity of stream ecosystems. The response of macroinvertebrate functional
feeding groups to the conditions driven by point sources is often related to the
availability of food resources and the sensitivity to low dissolved oxygen
concentrations. Gatherers are generalist feeders that can tolerate a broad range of
food materials (Cummins and Klug 1979) and usually having specific
mechanisms to obtain oxygen under low oxygen concentrations given their
association with low-current depositional zones. Point sources are known to
increase suspended solid concentrations in stream ecosystems (Brunet et al. 2001,
Roy et al. 2003), which is known to enhance filterers (Wotton 1987, Wallace and
Webster 1996). However, filterers may also reach high densities in pristine
ecosystems under certain habitat conditions (Wallace and Merritt 1980, Smock et
al. 1985, Barbour et al. 1996). Most shredders are characteristic from headwater
streams, where leaf litter represents the main resource basis for heterotrophic
production (Vannote et al. 1980, Hawkins and Sedell 1981, Minshall et al. 1983,
Naiman et al. 1987). Such ecosystems are often characterized by steep slopes that
ensure sufficient water oxygenation while human impact is generally low.
Therefore, dwelling organisms, including shredders, are more susceptible to be
sensitive to pollution through low oxygen concentrations and changes on
microbial colonization in coarse particulate organic matter (CPOM). Little is
known about the effects of point sources on leaf litter (Paul and Meyer 2001) and
observed changes are hardly attributed to the point source but to changes on
riparian vegetation (Shieh et al. 1999). High levels of organic pollution may lead
to extremely low oxygen concentrations and limit autotrophic production and their
consumers (Ortiz et al., in press, Hynes 1978, Masseret et al. 1998). However,
several studies found that moderate nutrient enrichment can enhance periphyton
under sufficient light exposure (Biggs 2000, Suren 2000) and hence, enhance
scraper density in both field experiments (Elwood et al. 1981, Hart and Robinson
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1990) and human altered streams (Welch et al. 1992, Delong and Brunsen 1998).
Predators are expected to decrease in human altered streams even though the
abundance of potential prey may increase, because most invertebrates included in
this functional feeding group are highly sensitive to pollution (Moog 2002). The
term “strict” predators (Kerans and Karr 1994), which excludes taxa considered
resistant to pollution such as leeches and midges, has been used in search of clear
patterns. However, the relevance of predators is often left in a second term
because their response to nutrient enrichment may be variable (Barbour et al.
1996, Fore et al. 1996).
Relationships between consumers and their presumed resources are
commonly used to examine specific mechanisms leading changes on functional
organization (Hawkins and Sedell 1981). A number of studies examined
relationships between consumer density and standing stocks of their presumed
food resources (e.g., Delong and Brunsen 1998, Martinez et al. 1998, Shieh et al.
1999, Doisy and Rabeni 2001). However, the use of consumer-resource
relationships in bioassessment merging reference and altered sites may lead to
improper assessments because it assumes that the relationship between consumers
and their food is not altered by the disturbance. In addition, most studies were
restricted to macroinvertebrate density, while biomass may offer higher accuracy
(Hawkins et al. 1982).
We sampled biomass compartments including benthic macroinvertebrates
and their presumed food resources in one reach upstream and one reach
downstream of a point source in La Tordera stream on six sampling dates over the
hydrologic year 2001-2002. Our objectives were to examine the changes on the
potential food resources for macroinvertebrates below the point source, and assess
the effects of the point source on the functional organization of the
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macroinvertebrate community considering potential alterations in consumerresource relationships.

Results
Primary producers and organic matter standing stocks
Mean chlorophyll a concentration was, on average, five times higher at the
downstream reach than at the upstream reach and differences between the two
reaches were substantial in January and March 2002 (Table 5.1). The differences
in chlorophyll a concentration between the two reaches was positively correlated
to DIN concentration (linear regression, r2 = 0.495, p = 0.011, n = 12), but was not
correlated to the relative contribution of the point source to stream discharge (RS =
-0.200, p = 0.704, n = 6). On the other hand, the difference in chlorophyll a
between the two reaches was correlated to mean water temperature (RS = 0.886, p
= 0.019, n = 6), indicating higher disparities in winter than in summer. The two
reaches had the lowest values of chlorophyll a in June 2002, after the spate of
May 2002. Periphyton standing stocks differed little between the two reaches over
the sampling period (Table 5.1). Periphyton biomass was higher in March 2002 at
the downstream reach, and in March and September 2002 at the upstream reach.
Standing stocks of periphyton were lowest in November 2001 in the two reaches.
Standing stocks of filamentous algae (mostly Cladophora glomerata) and mosses
(mostly Amblystegium riparium) were substantially higher at the downstream
reach than at the upstream reach. At the upstream reach, biomass of filamentous
algae and mosses were very low over the sampling period. At the downstream
reach, the higher biomasses occurred in March and January 2002 and the lowest in
June 2002. The most common vascular plants found in the two reaches were
Apium nodiflorum, Ranunculus sp., and Callitriche spp. The two reaches had
similar standing stocks of vascular plants over the sampling period (Table 5.1).
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The highest standing stocks of vascular plants were in March at the downstream
reach and in April 2002 at the upstream reach. CPOM and FPOM did not differ
substantially between the two reaches over the sampling period (Table 5.1). Both,
CPOM and FPOM were lower in the two reaches in June and September 2002. At
the upstream reach, the CPOM:FPOM ratio was lower in November 2001 and
January 2002 and higher in April 2002 (Figure 5.1). At the downstream reach, the
CPOM:FPOM ratio decreased from November 2001 towards April 2002 and
increased again in June and September 2002. SPOM was, on average, more than
twofold below the point source input in relation to the upstream reach. At the
upstream reach, SPOM concentration was quite constant but lower in November
2001 and January 2002 than in the rest of the samplings. At the downstream
reach, the variability of the SPOM concentration was much higher than at the
upstream reach. Furthermore, the difference in SPOM between the two reaches
was significantly correlated with the relative contribution of the point source to
the stream discharge (RS = 0.886, p = 0.019, n = 6).

Figure 5.1 Coarse to fine particulate organic matter ratio (CPOM:FPOM) for the two reaches
in La Tordera stream over the sampling period (2001-2002).
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Functional organization of macroinvertebrates
In the two reaches, gatherers followed by scrapers were usually the most
abundant functional feeding groups (Figure 5.2). At the upstream reach, those two
functional feeding groups represented, on average, 42% and 38% of total
macroinvertebrate biomass, respectively. In contrast, at the downstream reach
macroinvertebrate biomass was mainly comprised by predators (38%, on average).
Shredders were the least abundant macroinvertebrates in the two reaches in terms
of both density (on average less than 3% at the upstream reach and 1% at the
downstream reach) and biomass (on average 8% at the upstream reach and 5% at
the downstream reach). Shredders density and biomass were similar in the two
reaches, but relative percentage was lower at the downstream reach for both
density and biomass (Table 5.2 and Figure 5.2). At the upstream reach, shredder
density was dominated by the stoneflies Leuctra geniculata and Capnioneura
mitis and shredder biomass by the family Tipulidae (Diptera). In contrast, at the
downstream reach shredder density and biomass were dominated by the snail
Physella acuta. Although density of scrapers was three times higher at the
downstream reach than at the upstream reach, the two reaches did not differ
greatly in relative density and neither biomass or relative biomass (Table 5.2 and
Figure 5.2). At the upstream reach, the limpet Ancylus fluviatilis constituted 65%
of scraper biomass, whereas at the downstream reach, biomass of scrapers was
dominated by P. acuta and A. fluviatilis. Density and relative density of gatherers
were much higher at the downstream reach than at the upstream reach. Contrarily
to density of gatherers, relative biomass of gatherers decreased at the downstream
reach. Biomass of gatherers was similar in the two reaches, indicating that
individual biomass of the macroinvertebrates included in this functional feeding
group was, on average, lower at the downstream reach than at the upstream reach.
At the upstream reach, Eiseniella tetraedra (Lumbricidae) contributed 64% of
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gatherer biomass, whereas at the downstream reach gatherer biomass was
dominated by the chironomid tribe Tanytarsini and P. acuta. The downstream
reach had higher density, relative density, and biomass of filterers than the
upstream reach (Table 5.2 and Figure 5.2). At the upstream reach, biomass of
filterers was dominated by the caddisfly Hydropsyche instabilis and blackflies in
second term, whereas at the downstream the reach was dominated by blackflies
and Tanytarsini. Differences in density and relative density of predators (mainly
water mites at the upstream reach and nematodes at the downstream reach) were
not substantially different between the two reaches. However, biomass of
predators at the downstream reach (mainly the leech Erpobdella sp.) was
sevenfold that at the upstream reach (mainly water mites and the stonefly Isoperla
grammatica). Relative biomass varied accordingly.

Figure 5.2 Relative contribution of density and biomass of macroinvertebrate functional
feeding groups in the two reaches in La Tordera stream over the sampling period (2001-2002).
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The temporal variability of the relative density of each functional feeding
group was relatively low in the two reaches. An exemption was predator density
in April 2002 at the upstream reach because of very high density of water mites
(Figure 5.2). Relative contribution of shredder biomass was higher from
November 2001 to March 2002 in the two reaches. At the upstream reach, the
relative percentage of gatherer biomass was especially high in November 2001
and January 2002. At the downstream reach, relative biomass of filterers was up
to 17 times higher in September 2002 than on the other sampling dates because of
blackflies. Bray-Curtis index of similarity in functional feeding group densities
between the two reaches was much higher in June 2002 (73.59%) than on the rest
of the sampling dates (from 32.30% to 47.08%; Table 5.3). Similarities in
functional feeding group biomass between the two reaches were higher than
similarities in functional feeding group densities but the highest similarity value
was also in June 2002 (73.91%).

Relationships between consumers and their food resources
The only significant relationship between consumer abundance and their
presumed food resources considering the two reaches combined was between
abundance of filterers and SPOM concentration (power regression, r2 = 0.513, p =
0.009, n = 12; Figure 5.3). The samples of the upstream reach had relatively low
SPOM concentrations and densities of filterers while at the downstream reach the
values were higher (Figure 5.3d). At the upstream reach, gatherer density
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decreased significantly when increasing standing stock of FPOM (linear
regression, r2 = 0.840, p = 0.010, n= 6), but the relationship was not significant for
the downstream reach (p > 0.05, n = 6; Figure 5.3c). On the other hand, regression
analyses between invertebrate functional feeding group biomass and food
resources were usually significant. Monthly biomass of scrapers was significantly
related to chlorophyll a concentration (power regression, r2 = 0.356, p = 0.040, n
= 12; Figure 5.4a). The relationship between shredder biomass and CPOM
standing stock was not significant for the two reaches combined (p > 0.05, n = 12).
At the downstream reach, biomass of shredders was strongly related to CPOM
(logarithmic regression, r2 = 0.870, p = 0.007, n = 6), whereas at the upstream
reach the relationship was not significant (p > 0.05, n = 6; Figure 5.4b). Gatherer
biomass for the two reaches combined was positively related to FPOM standing
stock (power regression, r2 = 0.483, p = 0.012, n = 12; Figure 5.4c). Filterer
density was significantly correlated to biomass of filterers (RS = 0.699, p < 0.0005,
n = 12) and, hence, regression analysis between filterer biomass and SPOM
concentration showed similar results than for density (power regression, r2 =
0.358, p = 0.040, n = 12; Figure 5.4d). The ratio predator to primary consumer
biomass was on average six times higher at the downstream reach than at the
upstream reach (Figure 5.4e). In consequence, the relationship between monthly
predators and primary consumer biomass for the two reaches combined was not
significant (p > 0.05, n = 12). However, the two reaches showed significant
relationships when analyzed separately. At the upstream reach, predators were
related to primary consumers through a linear regression characterized by a low
slope (r2 = 0.738, p = 0.028, n = 6). At the downstream reach, the relationship
between predator and primary consumer biomass was not statistically significant
(p > 0.05, n = 6) due to the relatively high biomass of blackflies in September
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2002. However, this relationship was clearly significant excluding the sample of
September 2002 (logarithmic regression, r2 = 0.933, p = 0.008, n = 5).

Figure 5.3 Relationship between mean densities of functional feeding groups and their
presumed food resources. Regression coefficients and trend lines denote significant
relationships. Dotted line = significant for the upstream reach, solid bold line = significant for
the two reaches combined.
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Figure 5.4 Relationship between mean biomasses of functional feeding groups and their
presumed food resources. Regression coefficients and trend lines denote significant
relationships. Dotted line = significant for the upstream reach, solid line = significant for the
downstream reach, solid bold line = significant for the two reaches combined. The data from
the downstream reach in September 2002 was not considered in the regression between
predators and primary consumers.
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Discussion
Primary producers and organic matter
The point source substantially increased chlorophyll a concentrations on
most dates. We observed that chlorophyll a concentrations were positively related
to nutrient concentrations (DIN) as seen before (Biggs 2000), but was not only
affected by this factor. Our results showed that chlorophyll a concentrations, as
well as filamentous algae and mosses, were much higher at the downstream reach
than at the upstream reach in early spring, when sun irradiation was high and
flood disturbance was low. A number of studies relate an increase of primary
producers to moderate nutrient enrichment, including periphyton (Welch et al.
1992) filamentous algae (Hynes 1978) and mosses (Lee and Hershey 2000). A
previous study in a small river in the east of France (Brunet et al. 2001) observed
that chlorophyll a was higher below a wastewater treatment plant (WWTP) input
in spring but lower in summer. They attributed such temporal variability to a
lower water velocity in summer that increased sedimentation and mineralization
above the WWTP input. In our study case, we think that this pattern indicated that
light levels in winter might result low enough to restrict production of primary
producers (Boston and Hill 1991, Hill et al. 1995). In addition, the extremely low
values of chlorophyll a and biomass of all primary producers in June 2002 in the
two reaches suggest that flood disturbance also played an important role (Biggs
2000). The lack of any effect of the point source on vascular plants contrast with
the findings of Carr et al. (2003) and lends support to the opinion of Allan (1995)
that rooted plants are not so dependent on water chemistry as they obtain nutrients
from the substrate.
Although nutrient concentrations may influence significantly on leaf litter
breakdown (Braioni et al. 1997, Paul and Meyer 2001), changes in CPOM
standing stocks below point sources were usually attributed to changes in riparian
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vegetation (Shieh et al. 1999, Shieh et al. 2003). Therefore, the similar riparian
vegetation in the two reaches may explain such similarity in CPOM standing
stocks over the sampling period. However, the two reaches showed clear
differences in the temporal variability of CPOM standing stock. At the
downstream reach, the standing stock of CPOM was higher in November 2001
and decreased towards the summer, reflecting the typical seasonal pattern of
riparian vegetation dominated by deciduous trees (Kaushik and Hynes 1971,
Webster and Benfield 1986, Pozo et al. 1997). At the upstream reach, in contrast,
the temporal variability of CPOM most likely fitted with that of an evergreen
forest (Campbell and Fuchshuber 1994), although riparian vegetation was so
similar in the two reaches. In this sense, differences between the two reaches in
hydrologic regime could pay to modify the typical pattern of riparian CPOM
standing stocks (Boulton and Lake 1992, Gasith and Resh 1999). The stream was
affected by a drought from July to middle October 2001 in which the upstream
reach was completely dry whereas the downstream reach was feed by the point
source. This meant that at the upstream reach most leaves felt in a dry streambed.
Therefore, leaf litter was exposed to wind transport and breakdown. In addition,
the first storms are also known to imply a higher CPOM export on dry channels as
a pulse (Boulton and Lake 1992). The increase of CPOM standing stock at the
upstream reach in April 2002 may be partially explained by an increase of lateral
inputs induced by rainfall (Pozo et al. 1997). Of major relevance was the higher
abundance of vascular plants that may act as retention structures (Koetsier and
McArthur 2000). As argued by Gasith and Resh (1999), flooding may also play an
important role on CPOM dynamics by increasing transport and reducing standing
stocks as observed in June 2002 in the two reaches.
Similar to CPOM, standing stocks of FPOM did not differ between the two
reaches either. It is well known that point sources can increase dissolved and
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particulate organic carbon concentrations (Paul and Meyer 2001). However, the
complexity of FPOM dynamics (Anderson and Sedell 1979, Allan 1995) and the
scarcity of published studies on that topic (Paul and Meyer 2001) makes difficult
to identify factors controlling FPOM standing stocks. A study in a north central
Colorado stream (Shieh et al. 1999) found an increase of FPOM below a WWTP
input. The higher FPOM standing stock could not be directly related to the point
source but to the increase in retention capacity provided by vascular plants and
macroalgae. In agreement with a number of studies (e.g., Petersen et al. 1989,
Boulton and Lake 1992), FPOM standing stocks were rather constant over the
sampling period at the upstream reach. We believed that only flow (Wallace et al.
1991, Martinez et al. 1998) and retention structures such as vascular plants,
filamentous algae, and mosses (Stream Bryophyte Group 1999, Koetsier and
McArthur 2000) were in charge of temporal changes in FPOM standing stocks.
We could not infer clear temporal patterns of the CPOM:FPOM ratio as
reported by Wallace et al. (1982). However, a previous study in this stream during
a dry year (Ortiz et al., in press) found a higher CPOM:FPOM ratio below the
WWTP input, presumably because of a decrease on shredder abundance. Many
studies reported a significant increase of the conversion rate of CPOM:FPOM by
shredders (Petersen and Cummins 1974, Cuffney et al. 1990). This lends support
to the hypothesis of Ortiz et al., (in press), because in the present study shredder
density and biomass did not differ between the two reaches.
Either from this study or from surveys in France (Brunet et al. 2001) and
in Georgia (Roy et al. 2003) it is demonstrated that WWTP effluents can
significantly increase SPOM concentrations. As Wallace et al. (1991) pointed out,
SPOM concentrations were poorly related to discharge. In contrast with the
findings of Wallace et al. (1982), SPOM concentration was not influenced by the
trend of the hydrograph in any of the two reaches, probably because of differences
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in hydromorphology. However, as have been seen with nutrient concentrations
(Gasith and Resh 1999), higher stream discharges can reduce SPOM
concentration by increasing dilution capacity.
Effects of the point source on functional organization
Overall, our results lent support to the expectations of Kerans and Karr
(1994). Relative density of shredders decreased while that of gatherers and
filterers increased. A similar response has been seen in related studies (Ortiz et al.,
in press, Hachmöller et al. 1991, Shieh et al. 1999, Roy et al. 2003). In our study
case, the decrease of shredder relative density below the point source was not due
to a decrease of shredder density but to the effect of the increase of gatherers and
filterers. The density of scrapers was also higher at the downstream reach, but it
was not reflected on relative density. In fact, the most important change in taxa
composition below the point source we could appreciate was an increase in
density of chironomids, as reported by studies from decades ago (Hynes 1978).
Most chironomids are not only pollution resistant but are also able to reach high
densities in nutrient enriched ecosystems (Hynes 1978, Paul and Meyer 2001).
Non-Tanypodinae chironomids are considered mainly gatherers and/or scrapers
(Moog 2002), and hence the observed increase of density of gatherers and
scrapers below the point source might be merely due to an increase in chironomid
abundance. The density of scrapers was consistently higher at the downstream
reach than at the upstream reach although chlorophyll a was similar in the two
reaches on some sampling dates. Similarly, the density of gatherers was also
consistently higher below the point source even though FPOM standing stock did
not differ between the two reaches. In this sense, we found the use of biomass
more reliable than density for bioassessments focused on functional aspects of
stream ecosystems. Nutrient enrichment may lead to morphological and
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behavioral adaptations that not necessarily reflect changes on resource availability
but have energetic implications (Benke et al. 1988). However, our results showed
that the hypotheses of Kerans and Karr (1994) could not easily be applied to
relative biomass. At the downstream reach, relative biomass of shredders was
lower than at the upstream reach, akin to relative density. On the contrary, relative
biomass of gatherers decreased and relative biomass of predators augmented
below the point source input. The decrease of shredder and gatherer relative
biomass below the point source was a consequence of the high increase of
predator biomass. The unexpected increase in relative biomass of predators may
be explained by the fact that leeches and Tanypodinae midges were not regarded
as “strict” predators by Kerans and Karr (1994) because they are considered
resistant to pollution (Moog 2002). At the downstream reach, the contribution of
leeches and midges represented the 94% of the biomass of predators whereas at
the upstream reach this group hardly reached the 16%. Changes on relative
biomass of a given functional feeding group did not always reflect a change on its
biomass but on the biomass of other groups, as seen for shredders and gatherers.
On the other hand, biomass of filterers was higher at the downstream reach, but
was not translated in a higher relative biomass. Changes on resources availability
lends to changes on functional organization (Cummins 1973) as a response of the
benthic community trend to obtain the greatest energy balance (Vannote et al.
1980, Hall et al. 1992). Thus, similarities in chlorophyll a, CPOM and FPOM
between the two reaches were translated in similar biomasses of scrapers,
shredders, and gatherers, respectively. The increase in SPOM concentrations at
the downstream reach relative o the upstream reach enhanced filterers, as has been
reported before (Wallace and Webster 1996). In contrast, predator biomass was
higher at the downstream reach than at the upstream reach although primary
consumers biomass was similar between the two reaches. The explanation of such
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incongruence might lie on changes in the characteristics of primary consumers. At
the downstream reach, chironomids comprised five times more biomass of
primary consumers than at the upstream reach. The higher relevance of
chironomids at the downstream reach meant that primary consumers not only had
higher biomass turnovers (Benke 1998) but also higher susceptibility to predation
(Wallace and Webster 1996), probably because of small body sizes and low
motility (Tachet et al. 2000).
Many studies showed that point sources might alter the functional
organization of the receiving ecosystems by modifying the relative importance of
feeding strategies, but of most relevance to the present study is that relationships
between consumers and resources are also susceptible to change. A similar study
performed on a north central Colorado stream (Shieh et al. 1999) found weak but
significant correlations for scrapers with periphyton biomass, shredders with
CPOM, and gatherers with FPOM. However, in pristine streams these
relationships are often not significant (Martinez et al. 1998, Doisy and Rabeni
2001) or habitat dependent (Barmuta 1988, Boulton and Lake 1992). Contrary to
the opinion of (Hawkins and Sedell 1981), relationships between density of
functional feeding groups and their presumed resources were generally not
significant in the present study, while biomass offered best relationships. The
wide range of body sizes within the taxa of each functional feeding group and
especially the high mortality of young individuals in natural population makes
biomass

more

reliable

than

density

to

explain

the

dependence

of

macroinvertebrates to their presumed food resources. However, production is
supposed to provide more reliable information because it includes all components
of success of macroinvertebrate communities (Benke 1993). In the two reaches,
biomass of scrapers, gatherers, and filterers were higher with increasing
chlorophyll a concentration, FPOM standing stock, and SPOM concentration,
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respectively. These relationships were suitable for the two reaches combined,
indicating that the response of consumer biomass to their presumed resources was
not significantly affected by the point source. However, the weakness of these
relationships might indicate: 1) improper functional feeding group classification
or inadequate resolution in characterization and/or quantification of food
availability (Hawkins and Sedell 1981), 2) variability of resource quality, 3) a
delayed response of macroinvertebrates due to colonization dynamics (Boulton
and Lake 1992), or 4) over-abundance of resources (Boulton and Lake 1992,
Martinez et al. 1998). At the downstream reach, shredders biomass was strongly
related to CPOM standing stock, whereas at the upstream reach this relationship
was not significant. Previous research showed that the relationship between
shredders and CPOM is not so consistent in non-altered streams (Martinez et al.
1998, Doisy and Rabeni 2001), although high shredder densities are usually
related to high BOM standing crops (Richardson 1991, Dobson and Hildrew 1992,
Wallace et al. 1999). At the downstream reach, shredders biomass peaked in
November 2001, when most leaf fall occurred, and then decreased towards the
summer. In contrast, at the upstream reach the lack of flow in the summer of 2001
altered the typical seasonal pattern of CPOM. In consequence, shredders showed a
delay relative to the expected synchronization of their live cycles to the typical
seasonal pattern of CPOM (Cummins et al. 1989). The relationship between
predators and consumers was also different between the two reaches. Not all taxa
and body sizes are equally susceptible to predation, small individuals may be not
considered depending on the used mesh-size in sample collection (Hawkins and
Sedell 1981), and cannibalism is not uncommon within macroinvertebrates
(Wallace et al. 1999). Regarding the difficulty to obtain realistic estimates, the
generalization of considering all primary consumers as potential prey usually
provides satisfactory relationships (Hawkins and Sedell 1981, Wallace et al.
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1999). Our results showed that the relationship between predators and primary
consumers could change according to the morphobehavior of prey. The point
source favored taxa that were best adapted to the mediated conditions according to
the energy balances theory of Hall et al. (1992). This translated in an increase in
chironomid biomass, which had a higher success under these conditions through
an R strategy (i.e., short live spans and high reproduction rates). The change of the
dominant prey also resulted in favoring those predators that could obtain the lower
cost-benefit ratio.

Conclusions
The point source moderately increased nutrient concentrations that
enhanced primary producers under sufficient light exposure and stable flow
conditions. Dynamics of benthic organic matter were also affected by the point
source through changes on flow regime. Changes on functional feeding group
biomass were probably more reliable for bioassessment because in this stream
they were best explained by the effects of the point source than density or relative
contributions. Our results demonstrated that the relationships between consumers
and resources might also be altered by point sources. Concretely, we detected that
shredder biomass was not related to CPOM standing stock above the point source
whereas below the point source the relationship was significant, apparently
because of changes in hydrologic regime. The relationship between predators and
primary consumers was steeper at the downstream reach than at the upstream
reach, presumably because of higher biomass turnover rates and susceptibility to
predation of primary consumers at the downstream reach.
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Summary
We monitored benthic macroinvertebrates and their potential food
resources for one year (2001-2002) to assess the effect of a point source input on
the functional organization in La Tordera stream (Catalonia, NE Spain). The two
reaches did not differ in standing stocks of periphyton, vascular plants, CPOM
and FPOM. Chlorophyll a concentrations, filamentous algae, mosses, and SPOM
concentrations were increased by the point source. Relative density of shredders
was reduced at the downstream reach, whereas gatherers and filterers were
enhanced. However, density of shredders was similar in the two reaches. Relative
biomass of shredders decreased below the point source as well, but gatherers
diminished and predators increased. Shredder biomass was similar in the two
reaches and only filterer and predator biomass increased below the point source.
Bray-Curtis similarities between the two reaches in terms of density and biomass
of functional feeding groups were higher in June 2002, after the spate of May
2002. The relationships between density of functional feeding groups and their
presumed food resources were rarely significant. The relation between functional
feeding groups and food resources was best explained through macroinvertebrate
biomass. The two reaches had the same relationship for scrapers, gatherers, and
filterers. At the downstream reach, shredders biomass was strongly related to
CPOM standing stock whereas at the upstream reach this relationship was not
significant. The relationship between predator and primary consumer biomass was
significant for the two reaches, but at the upstream reach had a low slope whereas
at the downstream reach was more steep.
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6. Microhabitat changes and the distribution of benthic
macroinvertebrates below the point source
Introduction
Human activities may alter the microhabitat conditions and have severe
implications on the structure and function of stream ecosystems (Hart and Finelli
1999, Harrison et al. 2004). The increase of nutrient concentrations and oxygen
demand induced by wastewater treatment plant (WWTP) effluents into stream
ecosystems generally enhance primary producers (Welch et al. 1992, Suren 2000,
Lee and Hershey 2000) and, subsequently, increase retention of particulate
organic matter (Stream Bryophyte Group 1999, Koetsier and McArthur 2000).
The distribution of macroinvertebrates in stream ecosystems is determined by the
energy balance resulting from the costs and benefits of food and oxygen
acquisition in their hydraulic environment (Benke et al. 1988, Hall et al. 1992,
Quinn and Hickey 1994, Doisy and Rabeni 2001). Therefore, changes in the
microhabitat conditions will result in adjustments of taxa composition and of the
subsequent functioning of the biological compartments.
The works of Percival and Whitehead (1929) symbolized the first
significant contribution to the study of macroinvertebrate-substratum relationships
and paved the way for posterior studies on invertebrate microdistribution in
flowing ecosystems. The relevance of microhabitat conditions has long been
studied in stream ecology (see reviews by Ward 1992, Minshall 1984, and Death
2000). Results from earlier studies concluded that although certain taxa may only
occur in particular substrata sizes, inorganic substrate exerted a lesser influence on
macroinvertebrate distribution (Statzner et al. 1988, Death 2000). Water velocity
is considered by far the best indicator of macroinvertebrate distribution in a
number of studies (Quinn and Hickey 1994, Bouckaert and Davis 1998, Fairchild
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and Holomuzki 2002). However, either water velocity itself or integrated in
complex hydraulic parameters remains insufficient to describe the distribution of
most taxa and it is usually confounded with other interacting variables. Studies at
reach and catchment scales also considered other environmental variables such as
nutrient and ionic concentrations, salinity, acidity, temperature, dissolved oxygen,
light exposure, riparian vegetation, geology, and pollutants (e.g., Rabeni and
Doisy 2000, Burgherr and Ward 2001, Parsons et al. 2003). Most of these factors
may also play an important role at the scale perceived by stream organisms, but
they are hardly considered in microdistribution studies given the actual
methodological constraints (Pringle et al. 1988).
Some studies examined the effect of pollution on macroinvertebrate
behavior, including mobility and feeding (Johnson et al. 1993). However, few
authors have stressed the importance of macroinvertebrate-microhabitat
relationships in human altered streams and only a small number of microhabitat
variables were contemplated. A study in a north central Colorado stream found
that total macroinvertebrate density was positively related to macroalgae, benthic
organic matter, and chlorophyll a, while taxa richness was negatively related to
the mentioned variables (Shieh et al. 1999). The correlations obtained by this
study derived from the combined results from reference and altered sites and
could not determine the most relevant variables in each site. In addition, only a
few studies dealt with relationships between community parameters and
microhabitat variables and patterns are less certain (Doisy and Rabeni 2001).
We collected macroinvertebrate samples and determined microhabitat
variables (including organic matter, primary producers, and hydraulics) on six
sampling dates over the hydrologic year 2001-2002 in one reach upstream and one
reach downstream of a point source in La Tordera stream (Catalonia, NE Spain).
Our objectives were to: 1) determine the microhabitat variables of major relevance
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for the macroinvertebrate community characteristics and macroinvertebrate
distribution, 2) assess the effect of the point source input on the dependence of
macroinvertebrates to microhabitat variables, and 3) compare the information
obtained from density data to that of biomass in taxa-microhabitat analyses. We
hypothesize that changes on taxa composition will result in a lower dependence of
macroinvertebrates to microhabitat conditions because of lower taxa richness and
higher dominance of generalist taxa below the point source input. However, the
study of the effects of nutrient enrichment on macroinvertebrate distribution is
beyond the scope of this research. Macroinvertebrate biomass is hardly used in
macroinvertebrate-microhabitat studies; we believe that biomass may provide
information of higher functional significance relative to macroinvertebrate density.

Results
Benthic macroinvertebrates
From the 91 taxa that were recorded over the sampling period in the two
reaches, 24 taxa were only found in the upstream reach (most of them mayflies,
stoneflies and caddisflies) and four in the downstream reach (e.g., Pisidium
casertanum and Glossiphonia sp.; Appendix 6.1). Sixteen taxa were present on all
samplings and in at least a 50% of the samples considering either all sampling
dates or just the four samplings before the spate of May 2002 in the two reaches
(e.g., Baetis rhodani, Orthocladinae, Simuliidae, Ancylus fluviatilis, Physella
acuta). On the other hand, 21 and 13 taxa appeared only in one sample at the
upstream reach and at the downstream reach, respectively (e.g., Coelostoma sp.,
Dixa sp., Dryops sp.).
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Microhabitat variables
Most considered microhabitat variables showed a similar range of values
in the two reaches (Table 6.1). FPOM standing stock showed a narrower range
than CPOM as well as a lower variability in the two reaches. Chlorophyll a
concentration, filamentous algae and, especially, mosses standing stock had
higher mean and maximum values at the downstream reach than at the upstream
reach. Mean and maximum water velocity were slightly higher at the downstream
reach (0.29 m/s and 0.56 m/s, respectively) than at the upstream reach (0.23 m/s
and 0.45 m/s, respectively). Minimum water velocity was close to 0 m/s in most
samples of the two reaches. The range of water depth was quite similar between
the two reaches over the sampling period and varied between 2.0 cm and 37.5 cm.
We estimated mean water depth from the average between maximum and
minimum water depth because these two variables were strongly correlated (r =
0.970, p < 0.0005, n = 72). The dominant substrata types were cobbles and
pebbles in the samples of the two reaches.
The two-tailed Spearman’s rank correlation performed for microhabitat
data from November 2001 to April 2002 revealed significant correlations between
certain microhabitat variables (Appendix 6.2 and 6.3). CPOM and FPOM were
positively correlated in the two reaches. Chlorophyll a was negatively correlated
to water velocity and Reynolds number in the two reaches. There was a positive
correlation among water velocities (V max, V min, and V mean) and complex
hydraulic parameters (Fr, Re, and V*). At the upstream reach, large substrata sizes
were positively correlated with minimum water velocity while small substrata
sizes were negatively correlated with maximum and mean water velocity. At the
downstream reach, substratum type was not significantly correlated with any
water velocity measurement.
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Community parameters in relation to microhabitat variables
Correlations of macroinvertebrate density, biomass, and taxa richness with
the microhabitat variables showed similar results for the two reaches (Table 6.2).
At the two reaches combined and per separate, density and biomass were
significantly, positively correlated with CPOM, FPOM, chlorophyll a,
filamentous algae, moss, water velocity, Froude number, Reynolds number, and
roughness shear velocity. Taxa richness was negatively correlated with water
velocity. At the two reaches combined, taxa richness was negatively correlated to
chlorophyll a, filamentous algae, and moss. However, at the upstream reach taxa
richness was positively correlated with chlorophyll a. Community parameters
were generally weakly correlated to any substrata type and to substrate roughness.

Taxa distribution in relation to microhabitat variables
The explained variance by the first three axes of the PCAs performed for
the macroinvertebrate data of the two reaches combined were a 49% for density
and a 50% for biomass (Table 6.3). In the PCAs performed for each reach
separately, the explained variance was slightly higher at the downstream reach
(54% and 53% for density and biomass, respectively) than at the upstream reach
(48% for density and 48% for biomass). The percentage of variance of taxa
explained by the three first axes of direct gradient analyses (RDA) were quite low
for the two reaches separately (between 24% and 25%) and, especially, combined
(17% for density and 18% for biomass, respectively). However, if data from June
and September 2002 (after the spate of May 2002) were excluded from the
analyses, the explained variance was higher (between 5% and 11% of increase).
The increase of the explained variance was mainly due to an increase of the
eigenvalues of the second axis at the upstream reach and of the first axis at the
downstream reach. In all RDA analyses, axis III explained a low percentage of the
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variance (< 8%). The forward selection procedure of the RDA performed for the
two reaches from November 2001 to April 2002 retained six microhabitat
variables (chlorophyll a, moss, maximum water velocity, CPOM, water depth,
and filamentous algae; Table 6.4). The retained variables were the same for
density and biomass but the canonical coefficients were slightly different. The
explained inertia (extra-fit) was quite low for most variables.
In the RDA performed for the upstream reach from November 2001 to
April 2002, the forward selection procedure retained five microhabitat variables
(chlorophyll a, filamentous algae, CPOM, maximum water velocity, and sand%;
Table 6.5). Although the explained inertia and the canonical coefficients of the
microhabitat variables were slightly different, the selected variables were the same
for density and biomass. In the RDA performed on taxa density of the upstream
reach, maximum water velocity was positively related to axis I, and chlorophyll a
concentration was negatively related to axis I (Figure 6.1a). CPOM standing stock,
filamentous algae, and sand% were positively related to axis II. In the RDA
performed on taxa biomass of the upstream reach, CPOM, filamentous algae, and
sand% were positively related to axis I, whereas chlorophyll a and maximum
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water velocity were respectively related to the positive and to the negative sides of
axis II (Figure 6.1b). In the two RDAs performed on taxa of the upstream reach
(density and biomass), few taxa were positively correlated to maximum water
velocity (Leuctra geniculata, Psychodidae, Pediciini) and the correlations were
weak in all cases. On the other hand, the strongest correlations of taxa with
maximum water velocity were negative (Digenea, Caenis luctuosa, Physella acuta,
Habrophlebia fusca, Potamopyrgus antipodarum, Chaetogaster spp., and Agabus
sp.). Most of the taxa that were negatively correlated to maximum water velocity
were at the same time positively correlated to chlorophyll a (Chaetogaster spp.,
Agabus sp., and Digenea) and vice versa (Leuctra geniculata). Most of the taxa
that were positively correlated to CPOM were also positively correlated to sand%
(Hydropsyche instabilis, Oecetis sp., and pupae of Sericostoma personatum,
Hemerodromiinae, and Tanypodinae). Although the correlation with canonical
axes was similar for CPOM, sand% and filamentous algae, the correlation was
higher between CPOM and sand% (r = 0.447, p = 0.028) than between any of
them and filamentous algae (r = 0.196, p = 0.360 and r = -0.002, p = 0.994,
respectively). Serratella ignita, Ecdyonurus angelieri and Lumbriculidae density
and biomass were positively correlated to filamentous algae but several taxa were
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Figure 6.1 RDAs performed on macroinvertebrate density (a) and biomass (b) for the upstream
reach. See Appendix 6.1 for taxon codes and Table 6.1 for acronyms.
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correlated to this variable only for density (Ancylus fluviatilis, Cladocera) or only
for biomass (Ostracoda, Ceratopogoninae, Chironomini, Tanytarsini).
In the RDA performed for the downstream reach from November 2001 to
April 2002, the forward selection procedure retained five microhabitat variables
(Table 6.6). Four of these variables were common with the analyses performed on
the upstream data (maximum water velocity, CPOM, filamentous algae, and
chlorophyll a) but moss standing stock was selected instead of sand. Similar to the
analyses performed for the upstream reach, the retained microhabitat variables
were the same between density and biomass and the explained inertia differed
little. In the two RDAs performed on taxa of the downstream reach (density and
biomass), maximum water velocity was positively related to axis I and negatively
related to axis II (Figure 6.2). CPOM, moss, filamentous algae, and chlorophyll a
were negatively related to axis I. Chlorophyll a was also positively related to axis
II, whereas moss and filamentous algae were negatively related to axis II. Only
Hydropsyche instabilis was positively correlated to maximum water velocity
whereas other taxa as Pisidium casertanum were negatively correlated to this
variable. Ostracoda, Simuliidae, and Erpobdella sp. were positively correlated to
CPOM standing stock. Similar to the upstream reach, the oligochaete family
Naididae, including the genus Chaetogaster spp., was positively correlated to
chlorophyll a. At the downstream reach, Hydra sp. and Chironomini were also
positively correlated to chlorophyll a, whereas Serratella ignita was negatively
correlated to this variable. Filamentous algae and moss showed a similar
correlation with canonical axes but were not significantly correlated (r = 0.275, p
= 0.193). However, Cladocera and the midges Tanytarsini and Orthocladiinae
(larvae or pupae) were strongly correlated with these two microhabitat variables.
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The upstream reach showed a higher number of significant correlations
between macroinvertebrate taxa and microhabitat variables than the downstream
reach (Table 6.7). The difference of significant correlations between the two
reaches was first explained by higher taxa richness at the upstream reach than at
the downstream reach (51% and 66% of difference explained for density and
biomass, respectively). The remaining difference was explained by differences on
the response of macroinvertebrate distribution to microhabitat variables between
the two reaches (49% and 34% of difference explained for density and biomass,
respectively). In the two reaches, the number of positive significant correlations
was two times higher than the number of negative significant correlations either
for density or for biomass. Most of the positive significant correlations of
macroinvertebrates occurred with variables related to food resources or structure
(CPOM, FPOM, filamentous algae, and chlorophyll a in the two reaches and moss
in the downstream reach). Tanytarsini, Cladocera, Copepoda, and Ostracoda
showed the strongest correlations with these microhabitat variables. Nearly all
negative significant correlations of macroinvertebrates with microhabitat variables
occurred with water velocity and complex hydraulic parameters in the two reaches
(e.g., Caenis luctuosa, Physella acuta). All the significant correlations between
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Figure 6.2 RDAs performed on macroinvertebrate density (a) and biomass (b) for the
downstream reach. See Appendix 6.1 for taxon codes and Table 6.1 for acronyms.
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macroinvertebrates and water depth were negative and were especially important
at the upstream reach (e.g., Orthocladiinae, Physella acuta). Overall, the number
of significant correlations between macroinvertebrates and substrata types and
substrate roughness was relatively low (Table 6.7). However, sand% was
especially relevant at the upstream reach mainly because of correlations of taxa
that were absent at the downstream reach (Caenis pusilla, Sericostoma
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personatum, Oecetis sp.). Naididae was significantly negatively correlated with
sand% in the two reaches for density and biomass. Boulder% was positively
correlated with a number of taxa in terms of biomass at the downstream reach
(e.g., Hydracarina, Baetis lutheri, Gyraulus sp.).
From the significant correlations between taxa present in the two reaches
and microhabitat variables (200 for density and 196 for biomass), a relatively low
percentage showed the same response in the two reaches (7% for density and 6%
for biomass). The percentage of correlations that were significant only at the
upstream reach (57% for density and 52% for biomass) was higher than those that
were significant only at the downstream reach (37% for density and 41% for
biomass). The correlation of density of Baetis fuscatus and substrate roughness
was positive at the upstream reach and negative at the downstream reach. The
correlations of biomass of Simuliidae, Orthocladiinae, and Chironomini with
CPOM, boulder% and chlorophyll a, respectively, were negative at the upstream
reach and positive at the downstream reach.
At the upstream reach, density and biomass showed a 55% of coincidence
in significant correlations between taxa and microhabitat variables. There were no
significant correlations with opposite response to microhabitat variables between
density and biomass of taxa. On the other hand, a 45% of the taxa were
significantly correlated to microhabitat variables only for density (e.g.,
Habrophlebia fusca, Potamopyrgus antipodarum) or only for biomass (e.g.,
Orthocladiinae, Tanypodinae). Similarly, at the downstream reach, there was a
55% of coincidence between significant correlations of density and biomass with
microhabitat variables. A 45% of correlations were significant only for density
(e.g., Caenis luctuosa) or only for biomass (e.g., Tanypodinae, Hydracarina) but
any taxa showed an opposite response for density and biomass to microhabitat
variables. The RDAs show that different life stages of certain taxa had similar
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microhabitat preferences (e.g., Hydroptila sp., Tanytarsini; Figures 6.1 and 6.2).
However, differences between life stages of most insect taxa could not be
established because of the low density and biomass of pupae and adults
(Appendix 6.1).

Discussion
Microhabitat variables of relevance for macroinvertebrates
Flow has been usually considered the most important structuring factor in
flowing ecosystems (Ward 1992, Allan 1995, Hart and Finelli 1999). The
hydrodynamic power of flow act as a direct mechanism that influences the
distribution of living organisms, but may also have indirect implications through
altering the structure and distribution of intermediate microhabitat variables (Hart
and Finelli 1999). At the same time, irregularities of the streambed (substrate,
BOM, vascular plants, etc.) alter current patterns and lead to complex interactions.
Many studies have been focused in the distribution of taxa according to their
environment, but much less is known about community parameters (Doisy and
Rabeni 2001). We found water velocity, chlorophyll a, CPOM, filamentous algae,
and mosses as the most relevant microhabitat variables for community parameters
(density, biomass, and taxa richness) and macroinvertebrate distribution. Our
results contrast with previous research that found complex hydraulic
characteristics (i.e., kv, Fr, Re, V*) more feasible than conventional ones (V, D) to
explain macroinvertebrate distribution (Statzner et al. 1988, Mérigoux and
Dolédec 2004). In our study, we found only negative correlations of depth with
total macroinvertebrate density and individual taxa. Many studies highlighted the
relevance of water depth and also found negative correlations with
macroinvertebrate density (Chutter 1969, Orth and Maughan 1983, Lencioni and
Rossaro 2005, Brooks et al. 2005). However, they did not offered any mechanistic
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explanation of its potential effects on stream organisms. Depth may influence
complex hydraulic parameters, but it is still closely related to water velocity
(Allan 1995). Therefore, unless water was turbid enough to reduce photosynthetic
production (Quinn and Hickey 1994, Masseret et al. 1998), significant
relationships may arise from the covariance with water velocity. Invertebrates can
also find refuges from flow in areas of high water velocity given the microhabitat
complexity of stream ecosystems, whereas only slowly moving water occurs in
areas of low water velocity (Ward 1992). Statzner (1981) suggested that, in spite
of this, water velocity restrict the distribution of certain taxa because during their
movements they have to pass through fast waters. Mérigoux and Dolédec (2004)
expected a dome-shaped relationship between taxa richness and water velocity
based on the capacity of invertebrates to resist hydraulic forces and low oxygen
supply. Their results showed a negative relationship between taxa richness and
flow in spring, but the opposite pattern in autumn. We found that taxa richness
decreased with increasing water velocity at the two reaches combined and at the
upstream reach, but did not at the downstream reach. In addition, our results show
that, although several taxa were positively related with flow, many were limited
by this factor. Our results contrast with the findings of Brooks et al. (2005) and
lend support to studies that found that total macroinvertebrate density was not
correlated with water velocity (Downes et al. 1995, Doisy and Rabeni 2001).
However, a study in a southern England stream found that density was higher in
flow refugia after periods of high and fluctuating flow (Lancaster and Hildrew
1993). The moderate increase of the explained variance when data collected after
the spate of May 2002 was excluded from the analyses suggest that flood
disturbance can affect the relationships between benthic macroinvertebrates and
their environment. Individual taxa are known to depend on current velocity given
their respiratory mechanisms (Allan 1995) or their resource acquisition (Wallace
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and Merritt 1980). We found that few taxa were positively related to water
velocity, from which only Hydropsyche instabilis can be easily justified. On the
other hand, a number of taxa, such as Caenis luctuosa, Physella acuta, Agabus sp.,
or Pisidium casertanum, were negatively correlated with water velocity. Our
results, together with previous studies, seem indicate that community parameters
are not directly driven by microhabitat variables. Furthermore, the overall
response of macroinvertebrate communities seems to be determined by the
response of individual taxa and, therefore, vary according to the spatial and
temporal distribution of taxa.
Either from this study or from previous research, results show that high
resources availability lead to high macroinvertebrate densities and biomass (Culp
et al. 1983, Suren and Winterbourn 1992, Shieh et al. 1999). In addition, several
food resources may also act as structures and increase the complexity of
microhabitat architecture (Sheldon and Haick 1981, Robson and Barmuta 1998).
Vascular plants and mosses are rarely used for food by macroinvertebrates (Ward
1992), but provide them a colonizable surface (Suren 1991) and a source of
epiphytes and BOM (Minshall 1984, Humphries 1996, Ságová-Marecková 2002,
Fairchild and Holomuzki 2002). On the other hand, leaf litter acts not just as
substrate but as food source too (Winterbourn 1978, Linklater 1995). In any case,
the discrimination between purely physical and biotic influences is still a difficult
task for stream ecologists. In the two reaches combined and per separate, moss
and filamentous algae increased density and biomass of macroinvertebrates
accordingly, as said before. We also found a decrease in taxa richness in the two
reaches combined as found in a similar study in north central Colorado (Shieh et
al. 1999). However, this relationship was not significant if the two reaches were
analyzed per separate, suggesting that it becomes an artifact because at the
downstream reach moss and filamentous algae were more abundant than at the
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upstream reach while taxa richness was lower. At the upstream reach, taxa
distribution was more influenced by BOM, chlorophyll a, and filamentous algae,
whereas at the downstream reach the pervasive effect of mosses prevailed over the
other biotic variables.
Despite some taxa only occur on particular substrate types, specificity
among stream invertebrates is usually weak (Death 2000). Reice (1980)
established that macroinvertebrates have strong substratum preferences in absence
of current variability, but posterior studies lessen the relevance of substrate
particle size for macroinvertebrates (Statzner et al. 1988, Doisy and Rabeni 2001,
Mérigoux and Dolédec 2004). Apparent correlations of macroinvertebrate density
with substratum may be explained by the different retention capacity of detritus of
each substrata size (Culp et al. 1983). Large substrates seem to be more
productive than small-sized ones because larger substrates are more stable and
accumulates more periphyton and BOM (Death 2000). However, this pattern is
not consistent (Minshall 1984). In this sense, we found that boulders supported
higher macroinvertebrate densities and biomasses and that a number of taxa were
positively correlated with this substratum type, but only at the downstream reach.
Few invertebrates are able to dwell in sandy substrates because its instability and
low BOM retention (Ward 1992). However, this substrata size may become of
special relevance for certain psammophilous taxa, such as Oecetis sp. and
Sericostoma personatum, as seen at the upstream reach. Hydraulic and food
requirements may vary through the different life stages of the same species
(Rabeni and Minshall 1977, Hart and Finelli 1999). Our results show that certain
taxa had a similar distribution for their different life stages, but firm conclusions
cannot be drawn because of low density and biomass of certain live stages.
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Effects of the point source on macroinvertebrate distribution
Little attention has been paid to the effects of nutrient enrichment on the
dependence of macroinvertebrate distribution to microhabitat variables. Improper
analysis of taxa-microhabitat relationships considering reference and altered sites
combined may lead to confusing conclusions. Shieh et al. (1999) found positive
significant correlations of macroinvertebrate density with macroalgae, CPOM,
FPOM, and chlorophyll a. Our research in La Tordera stream demonstrates that
the microhabitat variables overriding the macroinvertebrate community may differ
among reaches. Certain community descriptors and microhabitat variables are
susceptible to covariate and therefore, provide casual significant correlations. In
our study, most of the retained microhabitat variables by forward selection
procedures in RDAs were the same in the two reaches (CPOM, chlorophyll a,
filamentous algae, and V max). However, sand coverage was only retained at the
upstream reach while moss was only retained at the downstream reach. The range
of sand% was slightly higher at the upstream reach, but of major relevance was
the presence of psammophilous taxa, such as Oecetis sp. and Sericostoma
personatum, both also considered sensitive taxa. Mosses, conversely, were
relatively unimportant at the upstream reach but dominated the streambed at the
downstream reach because of high nutrient concentrations (Lee and Hershey
2000). Mosses increased the complexity of habitat architecture and provided
shelter and food (Glime and Clemons 1972, Suren 1991) to a number of
macroinvertebrates, prevailing over the other variables. The differences in taxamicrohabitat relationships between the two reaches were mainly explained by
differences in taxa composition. The higher taxa richness at the upstream reach
was undoubtedly the major difference in charge of the higher number the
significant correlations. However, important differences were also observed
between taxa present in the two reaches. Such differences in taxa-microhabitat
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relationships may be explained by: 1) different ranges of macroinvertebrate
densities and biomasses, 2) different ranges of microhabitat variables, 3)
behavioral changes that lead to different responses of macroinvertebrates to
microhabitat variables (Statzner et al. 1988, Hart and Finelli 1999), 4) differences
on species composition of higher taxonomic groups, and 5) increase of relative
abundance of generalist taxa. Controlled laboratory studies will be necessary to
determine better the effect of nutrient enrichment on taxa-microhabitat
relationships and to identify factors that may indicate potential pathways by which
it affects macroinvertebrate distribution.

Differences and similarities between macroinvertebrate density and
biomass
Given the relevance of the distribution and adaptations of invertebrates on
the functioning of lotic ecosystems (Allan 1995), special effort has been focused
to the study of taxa-microhabitat relationships (e.g., Percival and Whitehead 1929,
Glime and Clemons 1972, Statzner et al. 1988, Suren and Winterbourn 1992,
Doisy and Rabeni 2001). However, little attention has been paid to
macroinvertebrate biomass while most studies only considered density of
individuals. In our study, density and biomass supplied similar information. The
explained variability by the studied microhabitat variables was slightly higher for
macroinvertebrate biomass. Similarly, the explained inertia of the retained
microhabitat variables in RDAs varied little between density and biomass. These
observations imply that the extra effort made to obtain macroinvertebrate biomass
was not balanced by additional information. The convenience of using
macroinvertebrate biomass has been established in a study relating functional
organization of macroinvertebrates to their presumed food resources (see Chapter
5). Therefore, we believe that under certain conditions biomass could provide
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more reliable relationships as it incorporates information about body size thought
hydraulic and food requirements may shift through life stages (Rabeni and
Minshall 1977, Hart and Finelli 1999).

Conclusions
Either from our research or from previous studies, results indicate that
microhabitat conditions are not directly influencing the macroinvertebrate
community but individual taxa. Of the considered microhabitat variables, water
velocity, chlorophyll a, CPOM, filamentous algae, and moss had the greatest
influence on macroinvertebrate distribution in our study reaches. Most
macroinvertebrates preferred areas with high complexity of habitat architecture,
availability of food resources and low current velocity. Substrate and complex
hydraulic parameters exerted a lesser influence on macroinvertebrate distribution.
The microhabitat variables of relevance for macroinvertebrate distribution were
similar in the two reaches. However, our study demonstrated that the microhabitat
variables prevailing over macroinvertebrate distribution might be modified by
human disturbance. At the upstream reach, substrate was relatively relevant
whereas at the downstream reach the high abundance of mosses overwhelmed the
other variables. In La Tordera stream, the point source input altered taxamicrohabitat relationships by changing taxa composition and microhabitat
conditions. Clearly, there is a need for more comprehensive studies on
microhabitat distribution of macroinvertebrates influenced by human disturbance
before firm conclusions can be drawn. In our study case, the results obtained from
macroinvertebrate biomass were not appreciably different from those obtained
from macroinvertebrate density.
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Summary
We examined how community measures (density, biomass, and richness)
and community composition were related to microhabitat variables (including
hydraulic parameters, substrate, and food resources) in La Tordera stream in
Catalonia (NE Spain). We collected macroinvertebrate samples on six dates
between November 2001 and September 2002 upstream and downstream of a
point source input. Macroinvertebrate density and biomass were positively
correlated with food resources and complexity of habitat architecture (benthic
organic matter, chlorophyll a, vascular plants, and mosses) while taxa richness
was negatively correlated with conventional (water velocity and depth) and
complex hydraulic parameters (Froude number, Reynolds number, roughness
shear

velocity).

Inorganic

substrate

exerted

a

lesser

influence

on

macroinvertebrate distribution. Ordination analysis revealed that the microhabitat
variables of major relevance at the two reaches were CPOM, chlorophyll a,
filamentous algae, and maximum water velocity. Sand coverage was only retained
at the upstream reach and moss, at the downstream reach. The number of
significant correlations between macroinvertebrates and microhabitat variables
was higher at the upstream reach than at the downstream reach mainly because of
higher taxa richness. We also demonstrated that macroinvertebrate biomass
provided similar information to that obtained from density in our study case.
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7. Variability of consumer-resource stoichiometry below
the point source
Introduction

There is no coming into being of aught that perishes, nor any end for it...
but only mingling, and separation of what has been mingled.
Empedocles of Acragas (492-432 B.C.)

Ecological stoichiometry is a conceptual framework that provides an
integrative approach for the analysis of the balance among chemical elements in
ecological interactions and links their cycling in ecosystems (Reiners 1986, Elser
et al. 1996, Sterner and Elser 2002, Frost et al. 2002, Moe et al. 2005). Elements
cannot be synthesized or interconverted by organisms, and must therefore be
acquired in quantities sufficient to attain their requirements for maintenance,
growth, and reproduction (Anderson et al. 2004, Frost et al. 2005). In opposition
to autotrophic organisms, metazoans are often realized as being stoichiometrically
homeostatic, namely having a relatively constant body nutrient proportions
regardless of the chemical composition in their food (Elser et al. 1996). This
implies that differences in nutrient proportions between consumers and their food
resources may lead to stoichiometric constraints. Recent research have shown that
elemental imbalances between consumers and their food resources can impinge on
ecosystem processes, such as population dynamics (Burkhardt and Lehman 1994,
Loladze et al. 2000), trophic interactions (Sterner et al. 1997, Elser et al. 1998),
and community structure (DeMott and Gulati 1999, Grover 2002).
Frost et al. (2003) presented a pioneer research examining the elemental
composition of lake benthic macroinvertebrates across a wide range of dissolved
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nutrient concentrations that lent support to the hypothesis of homeostatic
regulation. However, in a likewise interesting study, Cross et al. (2003) found that
some stream insects did not exhibit strict homeostasis in a detritus-based stream.
Homeostatic regulation has been established for lake zooplankton (Hessen and
Lyche 1991) and Elimia snails (Stelzer and Lamberti 2002) through manipulations
of food elemental composition. On the other hand, an experiment where mayfly
nymphs were grew under different quantities and qualities of food supply
demonstrated that body stoichiometry is susceptible to change under high
elemental mismatches between consumers and their food resources (Frost and
Elser 2002a). Similar results have been also obtained in lake planktonic
ecosystems for Daphnia (DeMott et al. 1998).
After

the

works

of

Redfield

(1958),

who

demonstrated

that

biogeochemical cycles of C, N, and P are strongly coupled in pelagic oceanic
ecosystems, ecological stoichiometry has been extensively studied in marine and
lake planktonic ecosystems (e.g., Stauffer 1985, Andersen and Hessen 1991,
Sterner et al. 1997, Elser and Urabe 1999, Urabe et al. 2002). These works
provided valuable outcomes that supposed the starting point for further
development

of

stoichiometric

theory.

The

establishment

of

a

more

comprehensive framework encouraged researchers to set up the study of
biological systems with increasing degrees of complexity, from benthic and
terrestrial autotrophs (Enríquez et al. 1993, Kahlert 1998) to terrestrial insects
(Schade et al. 2003) and vertebrates (Schindler and Eby 1997, Sterner and George
2000, Vanni et al. 2002). Simultaneously, the implementation of laboratory and
field experiments (e.g., Urabe and Watanabe 1992, Sterner 1997, Elser et al. 1998,
Stelzer and Lamberti 2002, Frost and Elser 2002a) increased the understanding of
processes and patterns involving nutrient cycling in ecosystems and generated
valuable hypotheses for future research addressing elemental stoichiometry.
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However, there is yet little empirical support for stoichiometric theory in benthic
ecosystems, because the elemental content of many biomass compartments (i.e.,
autotrophs, organic matter, macroinvertebrates, etc.) remain largely unknown.
Within this framework, we determined the C, N, and P contents in coarse,
fine, and suspended particulate organic matter (CPOM, FPOM, and SPOM),
periphyton, filamentous algae, mosses, and benthic macroinvertebrates upstream
and downstream of a point source input in La Tordera stream. Our objectives were
to: 1) examine potential differences in stoichiometric ratios of autotrophs and
organic matter, with a special insight on potential food resources for
macroinvertebrates, 2) determine the degree of homeostatic regulation in stream
macroinvertebrates, 3) contrast the elemental stoichiometry between consumers
and their potential food resources, 4) asses the variability in stoichiometric
relationships among macroinvertebrate taxa, and 5) identify major food resources
for heterotrophic production in the stream ecosystem.

Results
Food resources
Elemental contents for periphyton and mosses were similar in the two
reaches (Figure 7.1). Periphyton contained less C than filamentous algae and
mosses, which had in turn the highest N and P contents. Filamentous algae had
similar %C and %N in the two reaches but at the downstream reach %P was, on
average, two times higher than at the upstream reach. The differences in elemental
content of autotrophs between the two reaches were reflected in the respective
elemental ratios (Figure 7.1). CPOM and FPOM contained less C and more P
below the point source than in the upstream reach. In consequence, C:N, C:P, and
N:P ratios of CPOM and FPOM were substantially higher in the upstream reach
than in the downstream reach. We observed no important differences in elemental
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contents for SPOM between the two reaches, but C:P and N:P ratios for the
upstream reach were almost twofold those for the downstream reach. The P
content for SPOM was between three and seven times lower than that observed
for CPOM or FPOM.

Figure 7.1 Mean elemental contents of C, N, and P (% of dry mass) and their molar elemental
ratios C:N, C:P, and N:P of primary producers and organic matter in the upstream reach and
the downstream reach in La Tordera stream. Peri = periphyton, Fil = filamentous algae.

Benthic macroinvertebrates
We analyzed the nutrient content of 58 and 46 macroinvertebrate taxa
from the upstream reach and the downstream reach, respectively. Three taxa from
the upstream reach and five from the downstream reach were analyzed as larvae
and as pupae. At the upstream reach, Anthomyidae was analyzed only as pupae.
All beetles were analyzed as larvae but Scarodytes sp., which was analyzed as
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adult at the upstream reach. At the upstream reach, Esolus sp. was analyzed as
larvae and as adult.
Elemental contents varied considerably among the macroinvertebrates
sampled in the two reaches (Table 7.1 and Figure 7.2). Macroinvertebrate C
content varied more than 15-fold from 16.43% in Ancylus fluviatilis at the
downstream reach to 58.99% in Elmis sp. and Esolus sp. at the upstream reach.
The macroinvertebrate %N was also highly variable and ranged from 1.06% in
Pisidium casertanum at the downstream reach and 14.65% in Erpobdella sp. at
the upstream reach. Macroinvertebrate P varied from 0.18% in Ancylus fluviatilis
at the downstream reach to 2.76% in Polycentropus sp. at the upstream reach.
Mean elemental contents of macroinvertebrates were slightly higher at the
upstream reach than at the downstream reach. The macroinvertebrate %C
distribution was considerably different between the two reaches. In contrast, the
distribution of macroinvertebrate N and P contents and elemental ratios differed
little between the two reaches. The coefficient of variation for %P was higher than
those for %N and %C, but did not differ greatly between the two reaches. High
variability of %P was reflected in elemental ratios, where the coefficient of
variation was much higher in C:P and N:P ratios than in C:N ratios for the two
reaches, but especially for the upstream reach. The mean ratios for
macroinvertebrates found in our study were slightly higher than those previously
reported for stream and lake macroinvertebrates and were more similar to those
for terrestrial invertebrates or lake zooplankton (Table 7.1).
Variation in macroinvertebrate nutrient contents was relatively high among
taxa phylogenetically related (Figure 7.3). However, mollusks generally had the
lowest C, N, and P contents. Leeches were among the taxa with highest %N while
elmid beetles had a very low P content. Paired comparisons between the two
reaches revealed that most taxa had a similar elemental content in the two reaches.
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Macroinvertebrate C, N, and P contents were not significantly different between
the two reaches (paired T-test, p = 0.092, p = 0.267, p = 0.778, respectively).
However, the elemental content of some macroinvertebrates, such as Serratella
ignita, Calopteryx virgo, Helobdella stagnalis, Eiseniella tetraedra, and Leuctra
geniculata, varied greatly between the two reaches. The C, N and P content of the
snails Physella acuta and Radix sp. reach were higher at the downstream than
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Figure 7.2 Frequency histograms of body C, N, and P content (% of dry mass) and their molar
elemental ratios C:N, C:P, and N:P of macroinvertebrates in the upstream reach and the
downstream reach in La Tordera stream.

at the upstream reach, whereas the %P of Orthocladiinae, C. virgo, and S. ignita
were much higher at the upstream reach than at the downstream reach. Overall,
mollusks showed the highest C:N ratios while midges and microcrustaceans
generally had the lowest C:P and N:P ratios (Figure 7.4). Although several taxa
differed greatly in C:N, C:P, and N:P ratios in the two reaches, differences were
not significant among paired taxa between the two reaches (paired T-test, p =
0.408, p = 0.637, p = 0.866, respectively).
We found no significant differences in any elemental content or elemental
ratio between the two reaches with regard to the dominant taxonomic groups
(two-way ANOVA, reach and reach x taxonomic group interaction: p > 0.05;
Figure 7.5). However, differences

among major taxonomic

groups were
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Figure 7.3 Mean %C, %N, and %P of paired macroinvertebrate taxa from the upstream reach
and the downstream reach in La Tordera stream. P. antipodarum = Potamopyrgus
antipodarum, P = pupae.
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Figure 7.4 Mean C:N, C:P, and N:P ratios of paired macroinvertebrate taxa from the upstream
reach and the downstream reach in La Tordera stream. P. antipodarum = Potamopyrgus
antipodarum, P = pupae.
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Figure 7.5 Mean %C, %N, and %P (± SE) of dominant taxonomic groups in the upstream
reach and the downstream reach in La Tordera stream. D = Diptera, C = Coleoptera, T =
Trichoptera, E = Ephemeroptera, M = Mollusca. Results of two-way ANOVA: taxonomic
group factor significant for all variables (%C, p < 0.005; %N, p < 0.005; %P, p = 0.001; C:N, p
< 0.005; C:P, p < 0.005; N:P, p < 0.005), reach factor not significant for any variable (p >
0.05), taxonomic group x reach not significant for any variable (p > 0.05). Different capital
letters indicate significant differences (Tuckey’s HSD) based on data from the two reaches
combined. For all elemental contents and ratios in the upstream reach and the downstream
reach, respectively: D (n = 15, 15), C (n = 8, 4), T (n = 7, 4), E (n = 6, 5), and M (n = 6, 7).

significant when data from the two reaches were combined (two-way ANOVA,
taxonomic group: p < 0.001). Dipterans, caddisflies, and mayflies had similar
nutrient contents and stoichiometry. Mollusks had the lowest C and N content and,
consequently, the highest C:N ratio. The %P of beetles was significantly lower
than that of the other insect orders and resulted in significantly higher C:P and
N:P ratios than those for the other groups.
Similar to taxonomic groups, functional feeding groups (FFG) did neither
show significant differences between the two reaches (two-way ANOVA, reach
and reach x FFG interaction: p > 0.05) but, differences among FFGs were
significant when data from the two reaches were combined (two-way ANOVA,
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FFG: p < 0.009; Figure 7.6). The C and N content harbored by predators were
significantly higher than those for the other FFGs. On average, filterers had the
highest %P, but was significantly higher only to that for scrapers (Tukey’s HSD, p
= 0.009). Consequently, filterers had the lowest C:P and N:P ratios.

Figure 7.6 Mean %C, %N, and %P (± SE) of functional feeding groups in the upstream reach
and the downstream reach in La Tordera stream. SH = shredders, SC = scrapers, GC =
gatherers, FC = filterers, PR = predators. Results of two-way ANOVA: functional feeding
group factor significant for all variables (%C, p < 0.005; %N, p < 0.005; %P, p = 0.009; C:N, p
= 0.004; C:P, p = 0.003; N:P, p = 0.001), reach factor not significant for any variable (p >
0.05), taxonomic group x reach not significant for any variable (p > 0.05). Different capital
letters indicate significant differences (Tuckey’s HSD) based on data from the two reaches
combined. For all elemental contents and ratios in the upstream reach and the downstream
reach, respectively: SH (n = 9, 6), SC (n = 22, 19), GC (n = 24, 24), FC (n = 4, 5), and PR (n =
24, 17).

Consumer-resource stoichiometry
Overall, elemental imbalances between consumers and their presumed
food resources were higher at the upstream reach than at the downstream reach
(Figure 7.7). All FFG tended to have a lower C:N ratio than their presumed food
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resources, indicating that consumers accumulated N. Predators and filterers had
C:N ratios close to the 1:1 line that represents identical stoichiometry in
consumers and resources, indicating that their C:N ratios were similar to those for
prey and SPOM, respectively. At the upstream reach, in contrast, shredders and
gatherers were far out of balance from their food resources for C:N ratios.
Filterers had a positive imbalance between their C:P and N:P ratios and those for
their food resources (i.e., consumer ratio lower than the ratio for its food resource),
indicating that their relative P content was higher than that in their food resources.
At the upstream reach, shredders showed the same pattern as filterers for the C:P
ratio. Predators were generally closer to be stoichiometrically balanced with their
food, based on consumption of N and P-rich prey. All other consumer-resource
relationships for C:P and N:P ratios were located above the 1:1 line, indicating
that the relative P contents in food resources were higher than in their respective
consumers.

Figure 7.7 Stoichiometric relationships between consumers and their presumed food resources
for the two reaches in La Tordera stream. Points on the 1:1 line (slope 1, intercept 0) represent
identical stoichiometry in consumers and resources. All ratios are molar.
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Elemental distribution among biomass compartments
Although standing stocks of all biomass compartments tended to be higher
at the downstream reach than at the upstream reach on all sampling dates (see
Chapter 5), the differences in benthic elemental content between the two reaches
were not consistent through time (Table 7.2). The nutrient contents of all biomass
compartments in the benthos were higher at the downstream reach than at the
upstream reach in November 2001 and March 2002, but the opposite in January
and April 2002. Total nutrient standing stocks for all benthic biomass
compartments together were, on average, 17528 mg C/m2, 1453 mg N/m2, and
470 mg P/m2 at the upstream reach, and 16937 mg C/m2, 1808 mg N/m2, and
1436 mg P/m2 at the downstream reach. This indicates that while C and N
standing stocks were similar in the two reaches, P was more than threefold at the
downstream reach.
Overall, C and P storage in benthic macroinvertebrates relative to nutrient
budgets retained in the ecosystem was rather low in the two reaches (on average,
7% and 9% for C and 8% and 3% for P at the upstream reach and the downstream
reach, respectively; Table 7.2). However, this biomass compartment showed a
relatively high N retention within the ecosystem (on average, 15% and 16% of the
ecosystem at the upstream reach and at the downstream reach, respectively).
Nutrients stored on macroinvertebrates were lower in June 2002 in the two
reaches, according to their biomass standing stock. C and N stored in
macroinvertebrates were slightly higher at the downstream reach, while P budget
in macroinvertebrates was more important at the upstream reach. Similar to
biomass (see Chapter 5), the major pool of nutrients were not evenly distributed
among functional feeding groups. At the upstream reach, scrapers and gatherers
stored the higher amount of nutrients while filterers were irrelevant. At the
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downstream reach, predators were by far the most important functional feeding
group in nutrient storage followed by scrapers, and gatherers.
On average, the contribution of in-stream primary producers (periphyton,
filamentous algae, and mosses) to C and N bulks of the ecosystem was slightly
higher than that for CPOM in the two reaches (Table 7.2). The trend was similar
for P at the upstream reach but opposite at the downstream reach, where the P
budget was higher for CPOM than for the other biomass compartments. This
indicates that at the upstream reach, autochthonous production represented, on
average, the major input of C, N, and P into the stream food web. At the
downstream reach, the main source of C and N to the ecosystem was also derived
from in-stream production but, in contrast, most P entered into the ecosystem via
allochthonous sources. Temporal variability of standing stocks of CPOM and
periphyton revealed that those two biomass compartments were alternated over
time in the two reaches. The C, N, and P standing stocks of CPOM (and FPOM)
were substantially higher than for periphyton in November 2001 and January
2002, after major leaf fall occurred. On the other hand, periphyton was the main
potential resource for macroinvertebrate production from March to September
2002 when, although foliage was denser, sun irradiation was more intense because
channel with was enough to avoid light limitation (see Table 4.1 in Chapter 4).
Filamentous algae and mosses were especially abundant from November 2001 to
March 2002 but overall, nutrient budgets on them were relatively low in the two
reaches. Similar to AFDM, the nutrient content in SPOM was higher at the
downstream reach than at the upstream reach on all sampling dates (see Chapter
5). However, differences were particularly relevant for P because %P for SPOM
at the downstream reach was twofold that at the upstream reach.
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Discussion
Differential susceptibility in the stoichiometry of food resources to the
point source
Overall, food resources in La Tordera stream tended to be P-rich both
upstream and downstream of the point source input. Based on studies from a wide
range of freshwater ecosystems from worldwide, Kahlert (1998) proposed the
C158:N18:P1 ratio as the optimal median value and for freshwater algae in
opposition, but close, to the Redfield theoretical ratio of C106:N16:P1 based on
oceanic systems. In addition, she concluded that the optimal ratio may largely
vary among algal communities and provided optimal ranges for C:N (8-11), C:P
(99-369), and N:P ratios (11-32). The C, N, and P contents for periphyton were
similar in the two reaches, indicating a potential homeostatic regulation (Sterner
and Elser 2002). This result disagrees with the findings of Stelzer and Lamberti
(2001) and Cross et al. (2003), who found that %N and %P in stream periphyton
increased after an addition of N and P. In the two reaches, periphyton C:N ratio
was within the Kahlert optimal range for freshwater algae. However, C:P and N:P
ratios in periphyton were extremely low compared to previous studies (Kahlert
1998, Stelzer and Lamberti 2002, Kahlert et al. 2002, Cross et al. 2003),
indicating P accumulation. At the downstream reach, C:N:P ratios for filamentous
algae were similar to those for periphyton. At the upstream reach, in contrast, C:P
and N:P ratios for filamentous algae were twofold those at the downstream reach
and where located within the optimal range proposed by Kahlert (1998). The
higher P content relative to C and N indicates that filamentous algae were
potentially N-limited at the downstream reach even though such differences may
also be due to differences on species composition (Sterner and Elser 2002) or
growth rates (Agren 2004). Although nutrient concentrations were much higher at
the downstream reach than at the upstream reach, the low DIN:SRP ratios at the
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downstream reach (see Table 4.1 in Chapter 4), especially from April to
September 2002, lends support to the assumption that autotrophs were N-limited.
The C:x ratios (where x is either N or P) in mosses was much higher than in
periphyton or filamentous algae because of a higher content in phenolic
compounds (Stream Bryophyte Group 1999). The C:N ratios for mosses were
slightly lower than those previously reported in a forested stream in eastern
Tennessee (Mulholland et al. 2000). In our study, however, N and P contents for
mosses were, respectively, two and 40 times higher than those previously reported
for aquatic bryophytes in North America (Bedford et al. 1999). We expected that
N:P ratios should be higher at the downstream reach than at the upstream reach,
since aquatic mosses are known to take up P rapidly (Meyer 1979, Steinman
1994). However, elemental contents, and consequently elemental ratios, in mosses
were similar above and below the point source in discrepancy with the findings of
Christmas and Whitton (1998), probably because nutrient concentrations in the
two reaches were much higher than those considered in previous studies.
CPOM and FPOM represent the major C pathway in most ecosystems
(Wallace et al. 1997), and were the dominant food resources in La Tordera stream
in November 2001 and January 2002. Below the point source, C:N, C:P, and N:P
ratios for CPOM and FPOM decreased relative to those at the upstream reach.
Cross et al. (2003) and Kaushik and Hynes (1971) obtained similar results,
apparently because microbes growing on BOM can uptake N and P from
dissolved pools (Suberkropp 1998, Robinson and Gessner 2000, Frost et al. 2002).
In addition, CPOM and FPOM were higher in N content at the upstream reach
than at the downstream reach, but the contrary occurred for P. This pattern was
closely related with differences in DIN:SRP ratios between the two reaches. The
C:N content for CPOM and FPOM in La Tordera stream were lower than those
previously reported (Mulholland et al. 2000, Cross et al. 2003), but the C:P ratio
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was one order of magnitude lower than those provided by Cross et al. (2003),
probably because of differences in stream water concentrations. Research from a
15

N tracer addition in a forested stream (Mulholland et al. 2000) found that SPOM

was not generated only by entrainment of FPOM but also from other biomass
compartments such as periphyton or consumer feces. This may explain the
observed differences in nutrient contents between FPOM and SPOM in La
Tordera stream. Differences in nutrient contents of SPOM between the two
reaches were not as high as the observed for FPOM or CPOM. However, N and P
were slightly higher at the downstream reach and, combined with a lower C
content, resulted in C:P and N:P ratios almost two times lower at the downstream
reach than at the upstream reach. Similar to CPOM and FPOM, such differences
may also be explained by differences in water chemistry. Few publications
supplied elemental analysis for SPOM, among them the C:N ratio provided by
Mulholland et al. (2000) was twofold those found in our study, probably because
of differences in material composition.

Homeostatic regulation of consumer stoichiometry
Although stoichiometric ratios may largely vary in autotrophic organisms
(Kahlert 1998, Bedford et al. 1999), metazoans have been seen as having
relatively invariant elemental ratios (Sterner and Elser 2002). The number of
published studies is scarce, but stoichiometric homeostasis has been demonstrated
for freshwater and marine zooplankton (Andersen and Hessen 1991, Anderson et
al. 2004) and also for macroinvertebrates (Stelzer and Lamberti 2002, Frost et al.
2003). We found no significant differences in elemental content between the taxa
collected above and below of the point source. However, certain taxa showed
important differences in nutrient content between the two reaches. Indeed,
variability in elemental contents and stoichiometry within high taxonomic groups
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(i.e., family or higher) between the two reaches may have been due to differences
on species composition in the two reaches. Cross et al. (2003) found that stream
macroinvertebrates might not be strictly homeostatic in a detritus-based stream.
They suggested that their study streams were strongly limited by P and that and
that their fauna were adapted to such nutritional constraints as seen before (Fagan
et al. 2002). This may indicate that stream macroinvertebrates have varying
degrees of homeostasis according to the stoichiometry of their food resources
(Sterner and Elser 2002). In natural ecosystems, macroinvertebrates may
experience nutritional constraints that lead to suboptimal growth conditions (Elser
et al. 1996). An increase of the DIN:SRP ratio in stream water translated in higher
N:P ratios in food resources that could increase consumer P accumulation (Woods
et al. 2002) and growth rates (Frost and Elser 2002a).

Elemental imbalances between consumers and resources
The calculation of elemental imbalances provides a measure of the
dissimilarity in relative supply of an element between consumers and their
presumed resources (Sterner and Elser 2002) and has direct effects on nutrient
cycling (Vanni 2002) and growth (Söderström 1988, Stelzer and Lamberti 2002,
Frost and Elser 2002a). The elemental imbalances in C:N between scrapers and
periphyton were similar to those previously reported for lake zooplanktonphytoplankton (Sterner and Hessen 1994, Elser et al. 2000) and lake benthic
invertebrates-algae (Frost and Elser 2002b), but stand out against those found
between terrestrial insects and leaves (Elser et al. 2000). Overall, our results lends
support to the findings of Cross et al. (2003) in a detritus-based headwater stream
that consumer-resource elemental imbalances were more relevant for shredders,
less severe for scrapers and gatherers while predators were the least out of balance
with their food. However, they found that imbalances in elemental composition
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between consumers and resources were much higher than for La Tordera stream,
probably because of very low SRP concentrations in their stream. Overall, nutrient
enrichment below the point source tend to amend elemental imbalances between
the requirements of consumers and the consumed food in agreement with previous
research (Stelzer and Lamberti 2002, Frost and Elser 2002a, Cross et al. 2003).
Such changes may have severe consequences on stream processes (Newbold et al.
1982, Fisher et al. 1998) through changes on population dynamics (Burkhardt and
Lehman 1994, Loladze et al. 2000), trophic interactions (Sterner et al. 1997, Elser
et al. 1998), and community structure (DeMott and Gulati 1999, Grover 2002).

Variability in stoichiometric relationships among macroinvertebrate taxa
Mean stoichiometric ratios of macroinvertebrates were slightly higher than
those previously reported for stream invertebrates (Cross et al. 2003) and lake
littoral invertebrates (Frost et al. 2003), and similar to those found for terrestrial
invertebrates or zooplankton (Elser et al. 2000). The differences in C, N, and P
content among macroinvertebrate taxa were noticeable. The high content in
crystalline calcium carbonate of mollusks shell translates in a lower C, N, and P
content relative to insect orders. The high N content in leeches has been attributed
to high concentrations of structural proteins (Frost et al. 2003). Similarly, the low
P content in beetles may result from their hard chitin-rich exoskeleton. On the
other hand, the high P content in midges or microcrustaceans may be explained by
their high growth rates (Main et al. 1997, Benke 1998) and consequent high
content in ribosomal RNA (Vrede et al. 2004, Sterner and Elser 2002). Although
differences in nutrient contents were considerable among insect taxa, we found no
significant differences among insect orders. The number of studies considering
stoichiometric differences among taxonomic groups is scarce and patterns are
inconsistent. For example, Cross et al. (2003) found that dipterans harbored the
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highest amount of P, while Ephemeroptera was the most P-poor insect order. In
contrast, Frost et al. (2003) found mayflies among the taxa with higher P content.
Such incongruence may be merely due to the high intra-group variability
explained by differences in species composition and ontogeny, lessen the sense of
making comparisons among high taxonomic groups.

Trophic basis for heterotrophic production
Although macroinvertebrates often represent little biomass storage relative
to the ecosystem, their rapid growth rates (Huryn and Wallace 2000) may make
them an important component of nutrient cycling (Grimm 1988, Mulholland 1992,
Vanni 2002). The percentage of N stored in macroinvertebrates relative to the
ecosystem was similar to that previously reported in a forest stream in eastern
Tennessee (Mulholland et al. 2000), although only common taxa was considered
in their study. In contrast, we found that the %C stored in macroinvertebrates was
more than four times higher. Unfortunately, we found no published work
regarding P distribution among biomass compartments.
The alternation between leaf litter and periphyton likely controlled the
functional organization of benthic macroinvertebrates as seen before (e.g., Hall et
al. 2001). The relative importance of basal food resources in streams with riparian
vegetation dominated by deciduous forests may vary seasonally because of
differences in light attenuation derived from tree phenology (Hill et al. 2001).
However, in the two reaches channel width and latitude were enough to permit
higher sun irradiation in summer than in winter. Therefore, in the two reaches
CPOM and FPOM were the main basis for heterotrophic production in autumn
and winter whereas periphyton was more important in spring and summer. The
alternation from light-repletion to light-limitation combined with the processes of
leaf abscission and breakdown, and flow disturbance in La Tordera stream caused
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important changes in trophic interactions (as seen in Chapter 5). Such changes
may have implications in trophic relationships (Benke and Wallace 1997, Wallace
et al. 1999, Huryn and Wallace 2000) and, therefore, in nutrient cycling
(Mulholland 1992, Vanni 2002).
Overall, our results show that the point source input did not alter to a great
extent the total C and N standing stock of the benthic ecosystem in La Tordera
stream, whereas P standing stock was more than threefold. Elemental contents of
the biomass compartments presented in this study derive from averaged values of
samples collected over the sampling period and, therefore, temporal patterns could
not be examined. Future research addressing the variability in the relative
importance of basal food resources will significantly contribute towards a better
understanding of the effects of stoichiometric constraints on in-stream processes
and will provide valuable information that could pay for future management plans.

Conclusions
Our results show that the point source altered the elemental composition of
several food resources for macroinvertebrates, including CPOM, FPOM, and
SPOM, by increasing the storage of phosphorus. Nutrient content and elemental
ratios of macroinvertebrates were not significantly influenced by the point source
input in La Tordera stream, providing support to the hypothesis that homeostatic
regulation can be extended to stream macroinvertebrates. In contrast, elemental
imbalances between consumers and their presumed resources were amended
below the point source. Major differences among macroinvertebrate taxa can be
explained trough differences in taxonomy and food intake.
Overall, storage of C and N in the benthic ecosystem was similar between
the two reaches, but P storage was higher below the point source. In La Tordera
stream, macroinvertebrates represented little C, N, and P storage relative to the
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nutrient bulk in the whole ecosystem but N retention was especially important.
CPOM and periphyton represented the main food resources for heterotrophic
production in the two reaches. These two basal resources were alternated
according to seasonal variability of leaf abscission and light attenuation.

Summary
Patterns regarding elemental stoichiometry in stream ecosystems remain
largely unknown. We analyzed C, N, and P contents in benthic macroinvertebrates
and their potential food resources in two reaches located upstream and
downstream a point source in La Tordera stream (Catalonia, NE Spain).
Periphyton and mosses had similar nutrient contents in the two reaches. The %C
and %N filamentous algae was also similar in the two reaches, but %P below the
point source was two times higher than that at the upstream reach. Stoichiometric
ratios for CPOM, FPOM, and SPOM decreased considerably below the point
source.

Elemental

contents

and

ratios

were

highly

variable

among

macroinvertebrate taxa but did not differ significantly between the two reaches,
indicating homeostatic regulation. Dipterans, caddisflies, and mayflies had similar
elemental contents and stoichiometry, whereas C and N were lower in mollusks
and P in beetles. Predators had the higher C and N contents, while %P was higher
in filterers and lower in scrapers. Elemental imbalances between consumers and
resources were amended at the downstream reach relative to the upstream reach.
Macroinvertebrates represented, on average, relatively low nutrient storage in the
ecosystem. At the upstream reach, autochthonous production represented the
major input of nutrients into the ecosystem food web, whereas the major source of
P for heterotrophic production at the downstream reach was represented by
allochthonous inputs.
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8. Concluding remarks
Effects of the point source
The wastewater treatment plant (WWTP) effluent of Sta. Maria de
Palautordera and related outflows substantially increased nutrient concentrations,
organic matter, and discharge of La Tordera stream. The increase of nutrient
concentrations and organic matter enhanced autotrophs, including periphyton,
filamentous algae, and mosses, under sufficient light exposure and stable flow
conditions. The increase of production driven by the higher nutrient availability
downstream of the point source also caused depletion of dissolved oxygen in
stream water. During the sampling period, however, the reduction in dissolved
oxygen concentrations was not as prominent to cause oxygen limitation for living
organisms at reach scale. The point source input also increased SPOM
concentrations but did not alter standing stocks of benthic organic matter (i.e.,
CPOM and FPOM), which seemed to be conditioned mainly by riparian
vegetation. However, nutrient enrichment led to higher N and P contents in
CPOM, FPOM, and SPOM, probably because nutrients uptake from dissolved
pools by the associated microorganisms. The cited changes in primary producers
and organic matter meant that quantity and quality of food resources, and
streambed microhabitat conditions were considerably modified by the point
source. Undoubtedly, these changes favored certain macroinvertebrate taxa in
detriment of some other. The community composition was adjusted by the
conditions derived from the point source towards a less diverse and structured
community. Tolerant taxa, such as midges, blackflies, leeches, and snails, were
enhanced below the point source while sensitive taxa, especially mayflies,
stoneflies, and caddisflies, were reduced or even eliminated. Indeed, the
conditions at the downstream reach allowed the colonization of several taxa, such
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as the clam Pisidium casertanum or the leech Glossiphonia sp., but the balance
was rather negative as losses in taxa richness were much higher than gains. At the
downstream reach, midges were especially enhanced because the large amounts of
filamentous algae and mosses provided shelter to their small body sizes and their
generalist feeding behavior allowed them to exploit the high quantities of
periphyton

and

nutrient-rich

detritus.

These

macroinvertebrates

were

characterized by having small body sizes and high turnover rates that can have
consequences on the ecosystem nutrient cycling through nutrient export derived
from emergence. The success of midges was evidenced by their high densities,
which were noticeably reflected in the total density of the macroinvertebrate
community. However, where there is something that can be eaten, someone will
eat it and as midges became dominant, their predators, mainly leeches, had
increasing

possibilities.

Although

total

macroinvertebrate

density

was

substantially increased below the point source, total biomass was similar between
the two reaches over the sampling period. This indicates that total
macroinvertebrate biomass was constrained by factors other than resources
availability. C and N standing stocks stored in the benthos, including
macroinvertebrates, autotrophs, and benthic organic matter, were quite similar
between the two reaches. However, P standing stock was much higher at the
downstream reach than at the upstream reach, mainly because P-enrichment of
CPOM and FPOM. Nutrient storage in macroinvertebrates was slightly higher at
the downstream reach than at the upstream reach, but the increase of nutrient
storage in macroinvertebrates at the downstream reach relative to the upstream
reach was substantially higher for P than for C or N.
The changes in flow regime driven by the discharge of the point source
into the stream ecosystem also had implications for the benthic macroinvertebrate
community. The variable but continuous release of water from the WWTP
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effluent and related outflows into the stream increased base flow discharge,
especially during low flow periods. The direct effects of increasing discharge on
community dynamics are obvious, especially in the Mediterranean region where
temporary streams can be converted into permanent ones. However, additional
water supply can also have indirect implications for macroinvertebrates through
alteration of their food resources. Our results showed how at the upstream reach
the dynamics of leaf litter could be affected by summer drought and the
subsequent decoupling with shredders. However, the continuous discharge of the
point source allowed shredders to be synchronized with CPOM standing stock at
the downstream reach.

Interaction between the effects of the point source, seasonal
variability, and flood disturbance
The effects of point sources on macroinvertebrate communities have been
discussed extensively in the literature, but they can also be influenced by factors
that are not necessarily inherent to such disturbance. Our results show how the
seasonal alternation between CPOM and periphyton as main basal food resources
can control the functional organization of benthic macroinvertebrates. In this
sense, the seasonal alternation between leaf abscission and light exposure in
combination with flow disturbance prevailed over the continuous discharge of the
point source in determining the food base for heterotrophic production. In the two
reaches, CPOM and FPOM were the main basis for heterotrophic production in
autumn and winter whereas periphyton was more important in spring and summer.
The flooding events occurring during the sampling period decreased
macroinvertebrate density and biomass in the two reaches, but did not represent
losses of richness or changes in functional organization. The decrease of density
was more accentuated at the downstream reach than at the upstream reach, where
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macroinvertebrate density was usually higher. In contrast, the effect of flooding
on macroinvertebrate biomass was similar for the two reaches. However, the
recovery was faster at the downstream reach than at the upstream reach,
presumably because of higher nutrient supply and the reproductive strategy of the
dominant taxa.
Our results revealed that flow disturbance could substantially contribute to
amelioration of water quality in human altered streams. Flooding events increased
the resemblance between the two reaches in terms of primary producers, benthic
organic matter, and macroinvertebrates, including community composition,
structure, and functional organization. These results highlight the need of
considering potential effects of seasonal variability and natural disturbances in
biomonitoring plans to obtain valuable assessments. Moreover, flow disturbance
can act as a reset mechanism in human altered streams and play an important role
against eutrophication. Therefore, the development of future management plants
should consider the use of flow disturbance manipulations for stream restoration
purposes.
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