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Abstract. Periphyton distribution is affected by various physical, chemical and biological factors at different scales.
In the present study, a cheap and rapid method of measurement was used to obtain the many samples necessary for
spatial analysis of periphyton along an altitudinal gradient in a low-order stream in south-east Brazilian Atlantic rain-
forest. Fluorescence and turbidity were measured using a hand-held fluorometer and calibrated to the chlorophyll and
dry mass of periphyton. Periphyton on the horizontal and vertical surfaces of different boulders was examined and
shading and water current were measured as covariables. The three upstream sites with higher abundances of potentially
grazing and bioturbing shrimps and mayflies had significantly less periphyton dry mass than the three downstream sites.
Chlorophyll was positively related to water current, but not to shading. Variabilities in the dry mass and chlorophyll
among boulders within sites were not associated with the distribution of shrimps and mayflies. The in vivo measurement
was cheap, rapid, sensitive and reasonably precise compared with standard methods. The necessary sacrifice of detail
of pigments (different chlorophylls and pheophytin) and dry mass (organic and inorganic constituents) and probably
precision was compensated for by the insights gained from the ability to obtain a large number of samples in a hierarchical
design.

Additional keywords: biofilm, current, epilithon, hierarchical design, nested analysis, shade.

Introduction

Periphyton is the material that grows on largely submerged sur-
faces in aquatic environments. It comprises unicellular algae and
cyanobacteria, small filamentous and turf-forming algal species,
bacteria, fungi and other microorganisms. Much of the material
is extracellular and forms a matrix within which the organisms
are imbedded (Roemer et al. 1984). Organic and inorganic mate-
rials are incorporated into the matrix by metabolic processes and
sedimentation.

In the present study, we examined periphyton on a rock sub-
strate, which is synonymous with epilithon, and is also termed
biofilm and aufwuchs (Stevenson et al. 1996). Here we shall not
be troubled by the boundary between periphyton and macroalgae
and other macrophytic plants – the substrates that we sampled did
not contain long filamentous algae and could be sampled with
a conventional periphyton sampling device, such as a syringe
sampler (Loeb 1981).

Periphyton is the primary food source within the food webs of
a large range of streams and rivers. Its quantification is an impor-
tant task for almost all conceivable studies of stream ecosystem
functioning (Steinman and Lamberti 1996). The algal compo-
nent appears to be particularly important in certain tropical
streams, and recent studies have shown that microalgae rather
than allochthonous material forms the basis of the food web
(March and Pringle 2003; Mantel et al. 2004; Brito et al. 2006).

Periphyton is commonly quantified by its chlorophyll content
and dry mass.The organic matter content is commonly estimated
as ash-free dry mass (AFDM).The methodologies for these anal-
yses are well established, although, particularly in the case of
chlorophyll, there is controversy about the best procedure (Nusch
1980; Sartory and Grobbelaar 1984; Ridley-Thomas et al. 1989;
Steinman and Lamberti 1996). Periphyton analyses are routinely
made in environmental assessments, studies of stream communi-
ties and ecosystems and research on periphyton itself. The costs
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of the analyses in terms of the materials, equipment and labour
can form a substantial part of the budget of such studies.

In the present study, we detail analyses based on in vivo
fluorometry of the chlorophyll of the periphytic algae using a
hand-held fluorometer (Aquafluor 8000; Turner Designs, Sun-
nyvale, CA, USA). The fluorometer also reads the turbidity of
the sample by nephelometry and we calibrated this to the dry
mass of periphyton in the sample. Turbidity also formed a poten-
tial correction to the fluorescence measurement for chlorophyll.
The method provides an on-the-spot reading of the sampled
periphyton and requires no consumable supplies.

In vivo fluorescence measures light re-emitted from the
chlorophyll within the algal cells (Falkowski and Kiefer 1985).
This varies with the physiological state of the cells and to some
extent among algal species. Factors external to the cell, par-
ticularly other particles, can interfere with the measurement.
Breakdown products of chlorophyll, particularly pheophytin,
also fluoresce in the same range as chlorophyll and interfere
with the measurement. These drawbacks are compensated for
by the ease, rapidity and cheapness of the in vivo measurement.
More advanced and expensive methods are being developed to
differentiate the fluorescence spectra of different algal groups
and breakdown products (Beutler et al. 2002), but in the present
study we used the inexpensive hand-held instrument.

Fluorescence is often used for surveys and monitoring of
freshwater and marine phytoplankton (Falkowski and Kiefer
1985; Salonen et al. 1999). The sampled water can be pumped
past the fluorescence detector to generate spatially or temporally
related data of chlorophyll concentrations. Sampling of periphy-
ton implies removing it from a surface, which obviates the use
of such flow-through systems (but see Aberle et al. 2006 for a
recently developed direct-reading probe). Even with the neces-
sity of removing the periphyton, the in vivo method is much more
rapid than the equivalent in vitro method.

Patterns of periphyton in a stream
We used this cheap and rapid method to answer a question that
required many samples – the distribution of periphyton at differ-
ent scales along an altitudinal gradient. Periphyton is distributed
unevenly and we sought to quantify this variability at the scales
of individual boulders, boulders within sites and the inclination
of the sampled surface. Periphyton can vary with available light
and with the water current of the microhabitat in which it occurs
(Steinman and McIntire 1986; Hill 1996; Stevenson 1996). We
measured the water current and canopy cover to investigate any
potential patterns associated with these parameters and also to
remove their effect as covariates of the spatial patterns. These
patterns have intrinsic interest and the analysis also provides
data on how sites could be sampled less intensively, but more
efficiently.

We expected changes along the altitudinal gradient. The
lower sites have several abundant fish species that are excluded
from the upper sites by a steep waterfall. We had noticed that
the amount of periphyton and sediments diminished with the
absence of fish (Souza et al. 2001, 2007), and we hypothesised
that this difference was mediated by the grazing and bioturbation
of atyid shrimps and mayflies at the sites without fish. As well
as reducing the amount of periphyton, grazing and bioturbation

might affect the spatial variability of periphyton. Pringle (1996)
found that atyid shrimps reduced the spatial heterogeneity of
periphyton in areas in which they grazed heavily, but increased
the vertical banding of algae. By sampling at different scales
(sites, boulders within sites and samples within boulders), we
sought to reveal these patterns.

Materials and methods
Study area
Córrego daAndorinha is a third-order stream in a well-preserved
dense rainforest within the State Park of Ilha Grande Island
(23◦04′–23◦14′S, 44◦05′–44◦23′W) in Rio de Janeiro State,
Brazil. The total catchment area of the stream is ∼1260 ha and
the highest point is at 1030 m a.s.l. The stream is ∼7 km long
and, for most of its course, it has a steep slope. The substrate is
generally well embedded, with large boulders and some sandy
stretches. The geology is principally Pre-Cambrian granite; the
water chemistry is oligotrophic (total N, 180 µg L−1; total P,
10 µg L−1; pH, 6.6; conductivity, 25 µS cm−1).The stream emp-
ties abruptly into a small tidal estuary without a meander or
transition zone. Discharge at base flow is ∼200 L s−1 and no
tributaries entered the stream along the stretch that we examined.

We selected six sites (Table 1), each with a well-defined pool.
The four lower sites were relatively open and the two upper sites
were more shaded. The steep waterfall occurs between sites 3
and 4. Details of the periphyton and organic matter along this
gradient can be found in Brito et al. (2006); exclusion experi-
ments have been carried out at site 4 (Moulton et al. 2004; Souza
et al. 2007) and a short distance above site 6 (Souza and Moulton
2005).

Periphyton sampling
We sampled the periphyton using an apparatus consisting of a
kitchen sink plunger with a brush attached to the handle inside
the plunger cup and a 60-mL plastic syringe inserted into the side
of the plunger (cf. Loeb 1981). We collected samples by pressing
the plunger firmly onto the substrate, scrubbing the substrate
with the brush, and then filling the syringe with the contents of
the plunger cup. The volume of the syringe was larger than that
of the plunger, so all of the material suspended by the scrubbing
was retrieved.The plunger sampled 40.6 cm2 of the rock surface.

At each site, we haphazardly chose 10 near-horizontal sur-
faces and 10 near-vertical surfaces on different boulders and
sampled each surface at two positions using the periphyton sam-
pler. The horizontal surfaces varied in depth, which we recorded.
The vertical samples were taken 15 cm from the surface. At each
sampling point, we measured the water current at the rock surface
with a meter (Teledyne Gurley ‘Pygmy’, Troy, NY, USA) and
the canopy cover using a concave-mirror spherical densiometer
(Forest Densiometer, Bartlesville, OK, USA).

Use and calibration of the fluorometer
We measured the fluorescence and turbidity of the sample at
the time of sampling using a hand-held fluorometer (Aquafluor
8000, Turner Designs). The fluorometer measures the fluores-
cence of the sample at >665 nm of an excitation beam of 430 nm.
It also measures the intensity of a 515-nm beam at 90◦ of scatter
as a measure of turbidity (i.e. by the nephelometric principle).
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Table 1. Characteristics of the sites
Water current and canopy cover were from the 20 sample positions at each site

Site Site name Coordinates Distance from Altitude Water current (m s−1) Canopy cover (%)
number mouth (m) (m a.s.l.) Mean Range Mean Range

1 Capivara 23◦11.175′S, 44◦11.928′W 497 36 0.10 0–0.29 27.1 4–93
2 Lambari 23◦11.062′S, 44◦12.040′W 913 43 0.10 0–0.70 19.5 1–100
3 Bagre 23◦10.990′S, 44◦12.041′W 1046 56 0.12 0–0.40 14 2–41
4 Mãe D’água 23◦10.970′S, 44◦12.078′W 1117 70 0.12 0–0.48 19.1 4–60
5 Characidium 23◦10.933′S, 44◦12.137′W 1240 83 0.13 0–0.40 55.3 12–93
6 Silvia 23◦10.918′S, 44◦12.168′W 1298 91 0.09 0–0.37 75.8 58–95

We standardised the fluorescence measurement using distilled
water and a solid-state standard (part number 8000-952; Turner
Designs), which we arbitrarily set to 400. We standardised the
turbidity with distilled water and a 100-NTU (Nephelometric
Turbidity Unit) solution. We read each sample three times for
each measurement as follows: we mixed the sample well by
inverting it in the sampling syringe several times, we then placed
the sample into the cuvette, read the two measurements, dis-
carded the contents of the cuvette and refilled it after further
mixing in the sampling syringe.

We calibrated these in vivo fluorescence readings to in vitro
extracted chlorophyll in a separate experiment, for which sam-
ples were collected during the same field trip as the main
experiment (July 2004). At three sites, we chose four rocks
and took three samples with the syringe sampler and read
them in the fluorometer as described above. Immediately after
sampling we filtered 5 mL of each sample through a 25-mm
diameter GF/D glass fibre filter (Whatman, Maidstone, Kent,
UK) using a syringe and an in-line filter holder (Swinnex;
Millipore, Billerica, MA, USA). We pushed extra air with the
syringe through the filter to partly dry it, removed it from
the holder, wrapped it in aluminium foil and placed it in
a container with liquid nitrogen. These samples were trans-
ported to the laboratory (Laboratório de Hidrobiologia, Depar-
tamento de Biologia Marinha, UFRJ, RJ, Brazil) and stored
in a freezer until processing. The filters were macerated in
5 mL of acetone in subdued light and left to extract overnight
in a refrigerator. Chlorophyll a and pheophytin were measured
in a fluorometer (modelTD-700;Turner Designs) calibrated with
a pure chlorophyll a standard (Sigma C-6144; Sigma, St Louis,
MO, USA). Extracts were read in the fluorometer, acidified and
read again to discriminate between chlorophyll a and pheophytin
(Parsons et al. 1984).

We summed the chlorophyll and pheophytin values for
comparison with the in vivo fluorescence and weighted the
pheophytin by 0.7 to allow for its expected lower fluorescence
(Parsons et al. 1984). We based the comparison on the analysed
concentration of pigments in the 60-mL syringe sample. In this
way, the calibration was universally applicable for converting
fluorescence readings to expected chlorophyll concentration in
samples from different-sized sampling devices.Thus, depending
on the area of the sampler and the volume taken up by the syringe,
an estimate of chlorophyll per area of the sampled substrate can
be calculated.

We calibrated turbidity to the dry mass of the sample using
samples from other experiments that were carried out at one

site (Krsulović 2004). The samples were read in the fluorom-
eter in the standard manner. Appropriate volumes were then
filtered onto pre-weighed, pre-ashed, 47-mm glass-fibre filters
in a filter holder in the laboratory. The filters were dried at 60◦C
and weighed to determine the dry mass of the periphyton. The
filters were then ashed at 550◦C and re-weighed to calculate
AFDM. We used total dry mass, which included inorganic mate-
rial, rather thanAFDM for the calibration of the turbidity because
inorganic particles as well as organic particles would be expected
to contribute to turbidity.

Statistical analysis
The relationship between pigments (combined chlorophyll and
pheophytin; the dependent variable) and fluorescence (the inde-
pendent variable) was analysed by linear regression. We first
tested a multiple regression using both fluorescence and tur-
bidity to examine whether turbidity modified the relationship
(as suggested by the instruction manual of the Aquafluor
8000, Turner Designs). We compared this with a simple lin-
ear regression of combined chlorophyll and pheophytin on
fluorescence. Both regressions were constrained to have no
constant term because we expected no fluorescence in the
absence of chlorophyll. The relationship between periphyton
dry mass and turbidity was analysed by linear regression with-
out a constant. For all regressions, we examined the residuals
for linearity of the relationship and homoscedasticity of the
variances.

The main experiment provides a hierarchical design in which
the three readings are nested within two samples, which are
nested within the 10 boulders of each site. We analysed the vari-
ance at each level in the nested ANOVA (Underwood 1997).
Horizontal and vertical surfaces were analysed separately, as
were the two dependent variables, chlorophyll and dry mass.
The homogeneity of the variances was tested by Levene’s proce-
dure and the data transformed to common logarithms. We also
analysed the variance of the periphyton on the boulders within
each site and the variance of the samples within the boulders at
each site to reveal patterns among sites (e.g. potentially caused
by grazing and bioturbation).

The relationships between the sites, the inclination of the
surfaces and the continuous variables (i.e. current and shading)
were analysed by two-way ANCOVA (six sites, two inclinations
and current and shading as covariates); the mean chlorophyll
or dry mass of each boulder provided the 10 replicates. The
homogeneity of the variances was tested by Levene’s procedure
and the data transformed to common logarithms. All analyses
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Table 2. Calibration of the fluorescence and combined chlorophyll and pheophytin (µg L−1)
Multiple and linear regression without constant (n = 34)

Effect Regression s.e. t P (two-tail) R2

coefficient

Multiple regression 0.85
Fluorescence 0.146 0.027 5.431 <0.001
Turbidity (NTU) 1.824 0.693 2.633 0.013

Simple linear regression 0.81
Fluorescence 0.204 0.017 12.034 <0.001
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Fig. 1. Relationship between in vitro chlorophyll and in vivo fluorescence
with the hand-held fluorometer. Sites 4 and 5 as inTable 1, site 7 was upstream
of site 6.

were carried out using SYSTAT version 11 (SYSTAT Software,
Chicago, IL, USA).

Results
Calibration of the fluorometer
There appeared to be a linear relationship between combined
chlorophyll and pheophytin and fluorescence (Table 2; Fig. 1).
Including turbidity in the relationship improved it somewhat;
the term for turbidity in the multiple regression was significant
(Table 2). However, we decided to use the simple linear rela-
tionship to reduce the risk of spurious results that could occur
with samples of high turbidity and low chlorophyll, in which
the turbidity might falsely be confused with chlorophyll. Thus,
the equation for calibration for the chlorophyll (undifferentiated
chlorophyll and pheophytin) in the sampled slurry of periphy-
ton in water was: Chlorophyll (µg L−1) = 0.204 × Fluorescence
(standardised to a value of 400 with the solid state standard).

The relationship between dry mass and turbidity also
appeared linear and well correlated (Fig. 2). The calibration
was: Dry mass (g L−1) = 0.0098 ×Turbidity (NTU) (R2 = 0.93,
n = 61).
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Dry mass (g L�1) � 0.0098 � Turbidity (NTU);
R 2 � 0.93

Fig. 2. Relationship between in vitro periphyton dry mass and in vivo
turbidity.

Variance at different scales
The nested ANOVA showed significant differences in both peri-
phyton chlorophyll and dry mass for both surface inclinations at
all hierarchical levels (Table 3). Boulders did not, however, show
any distinct patterns of variability among sites; they were not,
for instance, more variable at the lower sites than the upper sites.
In addition, samples within boulders did not show differences in
variability among sites, although samples from sites 5, 6 and 3
appeared distinctly more variable than samples from the other
sites for dry mass of the vertical surfaces. The untransformed
data generally showed a correlation between the variance and
the mean at each site; when the data were transformed (by log)
to comply with the assumptions of the ANOVA, this correlation
was removed.

As expected, the major source of variability for each param-
eter was among the sites. However, the 10 boulders also con-
tributed substantially, particularly in the case of chlorophyll
(31% on horizontal and 26% on vertical surfaces). The two
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Table 3. Nested ANOVA of chlorophyll and dry mass on the horizontal and vertical surfaces of sites, boulders within sites, samples within boulders
within sites and readings

The variances of boulders and samples within boulders for individual sites are ordered in decreasing magnitude and the F-ratio and probabilities between
pairs were calculated. The variances attributable to sites, boulders, samples and readings are shown in the last two columns

Source of variation Site no. d.f. Mean square F-ratio P Variance associated % of the total
with source variance

Chlorophyll (log), horizontal
Site 5 6.117 18.3 <0.001 0.096 60.3
Boulder (Site) 54 0.335 8.1 <0.001 0.049 30.6

Boulders 3 9 0.465 1.0 0.47
Boulders 6 9 0.445 1.0 0.50
Boulders 5 9 0.444 1.3 0.36
Boulders 4 9 0.346 1.4 0.30
Boulders 2 9 0.242 3.6 0.04
Boulders 1 9 0.068

Sample (Boulder (Site)) 60 0.041 50.2 <0.001 0.014 8.6
Sample (Boulder) 6 10 0.080 1.4 0.29
Sample (Boulder) 3 10 0.056 1.4 0.29
Sample (Boulder) 4 10 0.039 1.4 0.32
Sample (Boulder) 2 10 0.029 1.2 0.37
Sample (Boulder) 1 10 0.023 1.1 0.43
Sample (Boulder) 5 10 0.021

Reading 240 0.0008 0.0008 0.5
Chlorophyll (log), vertical

Site 5 9.653 20.5 <0.001 0.153 62.0
Boulder (Site) 54 0.470 5.6 <0.001 0.064 26.1

Boulders 6 9 1.349 2.3 0.12
Boulders 5 9 0.594 1.7 0.23
Boulders 4 9 0.356 1.8 0.19
Boulders 2 9 0.196 1.2 0.41
Boulders 3 9 0.168 1.1 0.47
Boulders 1 9 0.159

Sample (Boulder (Site)) 60 0.084 64.9 <0.001 0.028 11.4
Sample (Boulder) 6 10 0.191 1.3 0.36
Sample (Boulder) 5 10 0.150 2.3 0.10
Sample (Boulder) 3 10 0.066 1.5 0.27
Sample (Boulder) 4 10 0.044 1.3 0.36
Sample (Boulder) 1 10 0.035 1.8 0.18
Sample (Boulder) 2 10 0.019

Reading 240 0.0013 0.0013 0.5
Dry mass (log), horizontal

Site 5 10.321 44.1 <0.001 0.168 78.1
Boulder (Site) 54 0.234 6.0 <0.001 0.033 15.1

Boulders 5 9 0.467 1.2 0.39
Boulders 6 9 0.386 2.1 0.14
Boulders 3 9 0.185 1.1 0.46
Boulders 2 9 0.174 1.0 0.48
Boulders 4 9 0.168 6.6 0.00
Boulders 1 9 0.026

Sample (Boulder (Site)) 60 0.039 23.8 <0.001 0.013 6.1
Sample (Boulder) 6 10 0.089 2.1 0.13
Sample (Boulder) 5 10 0.042 1.1 0.43
Sample (Boulder) 4 10 0.037 1.3 0.35
Sample (Boulder) 2 10 0.029 1.3 0.33
Sample (Boulder) 1 10 0.022 1.4 0.30
Sample (Boulder) 3 10 0.016

Reading 240 0.0016 0.0016 0.8

(Continued)
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Table 3. (Continued)

Source of variation Site no. d.f. Mean square F-ratio P Variance associated % of the total
with source variance

Dry mass (log), vertical
Site 5 12.792 54.3 <0.001 0.209 81.5
Boulder (Site) 54 0.235 6.0 <0.001 0.033 12.7

Boulders 2 9 0.436 1.2 0.40
Boulders 6 9 0.366 1.6 0.26
Boulders 5 9 0.235 1.5 0.28
Boulders 3 9 0.158 1.2 0.38
Boulders 1 9 0.128 1.4 0.30
Boulders 4 9 0.089

Sample (Boulder (Site)) 60 0.039 23.4 <0.001 0.013 5.1
Sample (Boulder) 5 10 0.093 1.7 0.22
Sample (Boulder) 6 10 0.056 1.2 0.41
Sample (Boulder) 3 10 0.048 3.2 0.04
Sample (Boulder) 1 10 0.015 1.1 0.42
Sample (Boulder) 4 10 0.013 1.1 0.44
Sample (Boulder) 2 10 0.012

Reading 240 0.0017 0.0017 0.7

samples of each boulder contributed between 11 and 5%. The
three readings contributed less than 1% in all cases.

Differences between sites and surfaces with
water current and shading
Periphyton chlorophyll, as measured by the fluorometer in vivo,
varied greatly among sites (Fig. 3; Table 4). It was generally
more concentrated on the vertical surfaces than on the horizon-
tal surfaces, although this relationship varied between sites (as
seen by the significant interaction between site and inclination
in the ANCOVA; Table 4); at site 4 the relationship appeared
inverted (Fig. 3). Chlorophyll appeared unaffected by shading
of the sampled point (Table 4), but was positively affected by
water current (Table 4; Fig. 4). The slope of chlorophyll with
current was positive for both horizontal and vertical surfaces at
all sites; the slopes appeared to vary among sites and inclination,
but the interaction terms of the ANCOVA were not significant
(last ANCOVA in Table 4).

Periphyton dry mass, as measured by turbidity, varied greatly
among sites and showed a distinct pattern of higher concentra-
tions in the three sites below the waterfall (sites 1–3) compared
with the three upper sites (Fig. 3; Table 4). There were con-
sistently higher concentrations on horizontal surfaces compared
with vertical surfaces (Fig. 3;Table 4), in contrast to the result for
chlorophyll. There were no significant relationships with water
current or shading (Table 4).

Discussion
Altitudinal and within-site patterns
The patterns of periphyton distribution were quite distinct
as revealed by the intensive sampling. We expected a large
difference between the three lower sites and the three upper sites,
which were separated from each other by a steep waterfall (Souza
et al. 2001). Atyid shrimps, Potimirim glabra, are much more
common above the waterfall, where they appear to be free from
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Fig. 3. Periphyton chlorophyll and dry mass of vertical and horizontal
surfaces.
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Table 4. ANCOVA of periphyton chlorophyll and dry mass among sites,
between vertical and horizontal inclination of the substrate, and with

water current and shading at the sampling point
The statistically significant relationship of chlorophyll with current was

further tested for interactions with site and inclination

Source d.f. Mean square F-ratio P

Chlorophyll (log)
Site 5 2.37 56.0 <0.001
Inclination 1 0.55 13.0 0.001
Site × inclination 5 0.14 3.3 0.008
Current 1 2.04 48.2 <0.001
Shading 1 0.0046 0.1 n.s.
Error 105 0.0423

Dry mass (log)
Site 5 2.47 67.5 <0.001
Inclination 1 1.80 49.3 <0.001
Site × inclination 5 0.10 2.7 0.025
Current 1 0.0009 0.02 n.s.
Shading 1 0.0092 0.3 n.s.
Error 105 0.0366

Chlorophyll (log)
Site 5 1.5323 38.3 <0.001
Inclination 1 0.114 2.8 0.09
Site × inclination 5 0.1381 3.5 0.006
Current 1 2.0822 52.0 <0.001
Site × current 5 0.0639 1.6 0.17
Inclination × current 1 0.0772 1.9 0.17
Error 100 0.04

potential predation by the fishes that inhabit the stream below
the waterfall. (There is one fish (Characidium) that occurs above
the waterfall, but it does not appear to interfere with the activi-
ties of the shrimps.) Potimirim was shown to reduce the quantity
of periphyton on hard substrates at a site 120 m upstream from
site 6 (Souza and Moulton 2005). The fishes possibly also neg-
atively affect baetid mayflies, which have also been shown to
graze heavily on periphyton at site 4 (Silveira and Moulton 2000;
Moulton et al. 2004). We have no direct evidence that fish cause
the reduction in Potimirim and mayflies in the lower sites, but the
patterns of distribution are highly correlated – sites 3 and 4 are
immediately below and above the waterfall (Table 1) and the dry
mass of periphyton changes abruptly at this point (Fig. 3), and
this appears to be associated with the exclusion of fish from the
upper sites. In an aquarium, a common active fish of the lower
sites, Bryconamericus, was seen to eat Potimirim and mayflies
and Potimirim was seen to huddle in an upper corner of the
aquarium in an apparent attempt to flee predation (T. P. Moulton,
unpubl. data).

The pattern within sites of chlorophyll and dry mass with
water current and shading was interesting and not entirely
expected. Apparently there was no limitation of algal growth by
shading at the points that we sampled; chlorophyll and dry mass
were not affected by shading (Table 4). Shading varied between
sites, but there was sufficient variation of sampling points within
sites to extract this factor as a covariate (Tables 1 and 4).The lack
of a significant effect of shading is somewhat surprising given
the basic importance of light (Hill et al. 1995; Hill 1996) and
the various studies that show a negative correlation of periphyton
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Fig. 4. Periphyton chlorophyll in relation to water current on horizontal
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biomass and canopy (Hill and Knight 1988; Wellnitz et al. 1996),
including in subtropical streams (Mosisch et al. 2001). Other
studies have shown that grazing can mask this effect (Hill and
Knight 1987; Hill et al. 1995), and perhaps this was the case
in our study, where grazing and bioturbation have been shown
to be very strong at site 4 and upstream of site 6 (Silveira and
Moulton 2000; Moulton et al. 2004; Souza and Moulton 2005).

In contrast, periphyton algae responded positively to water
current, judging from the positive correlation of chlorophyll
with water current (Fig. 4; Table 4). Apparently, in the range of
velocities we sampled, the positive effects of current in renew-
ing stagnant surface layers outweighed its potentially negative
effects of attrition (Steinman and McIntire 1986; Steinman and
Lamberti 1996; Stevenson 1996; Ghosh and Gaur 1998; Ryder
et al. 2006). We expected that the correlation would also be
positive between periphyton dry mass and water current, but it
was not (Table 4). We were surprised by this result because we
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expected more accumulation of material in still conditions than
in flowing conditions. However, it appears that the stimulation of
algal growth with current (as seen in the increased chlorophyll)
might compensate for the expected increased loss of material
with increased current.

In general, vertically inclined surfaces had more chlorophyll
and consistently less dry mass than horizontal surfaces. The
greater dry mass might be expected simply from the effect of sed-
imentation of material on horizontal surfaces, and perhaps this
material inhibited the growth of periphytic algae. We observed
grazing shrimp and mayflies on both surfaces and doubt whether
differential grazing would account for the difference between the
horizontal and vertical surfaces.

We were interested to see which surface inclination better rep-
resented the periphyton assemblage because one of the potential
uses of the present study is to define the baseline conditions
for future sampling of periphyton for evaluating polluted condi-
tions. We reasoned that algal and bacterial growth might be better
observed on vertical surfaces than on horizontal surfaces, which
might suffer more from non-biological, passive accumulation of
material. Our results support this idea.

Variability at different scales and recommendations
for future sampling
As expected, differences among sites provided the largest
source of variability in the present study. Variability among the
10 boulders at the sites contributed between 13 and 30% of
the total variance. Chlorophyll appeared distinctly more vari-
able than dry mass among boulders. If chlorophyll is consistently
related to algal mass, this implies that another source of mass was
less variable than algae. Assuming that chlorophyll comprises
1% of the dry mass of algae, algae comprised on average 4%
(s.d. 4.8%, n = 240) of the total periphyton dry mass. The peri-
phyton organic matter content at site 4 was measured as 69% (s.d.
17%, n = 60; F.A. M. Krsulović, unpubl. data). Thus, algae com-
prised ∼6% of the organic matter. This quantity is similar to the
mean of 8.4% found in a large survey of periphyton composition
by Frost et al. (2005). It appears that this organic matter, which
is not directly associated with algae, and the inorganic compo-
nent of the periphyton are less variable within sites. The cause
of this is not apparent, although as chlorophyll varied with the
water current and dry mass did not, differences in current among
boulders could account for some of the observed difference in
variance between chlorophyll and periphyton dry mass.

We did not find patterns of difference in the variance among
the boulders at the different sites that could be associated with
the supposed action of grazing and bioturbation (Table 3). Based
on findings of atyid activity in Puerto Rico (Pringle 1996), we
expected that the sites with high densities of Potimirim and other
potential bioengineers (sites 4, 5 and 6) would have less variance
among boulders and between samples within boulders, but this
was not the case.

An analysis of the sources and scales of variability in the mea-
surements should help plan future sampling of periphyton. We
did not apply a formal optimisation of cost and effort allocation,
although this is often an objective of hierarchical designs and
nested ANOVA (Underwood 1997). We can, however, qualita-
tively assess the sampling design from the variances associated

with the different levels of the nested ANOVA (Table 3). The
differences between sites obviously contributed most of the
variability, and we can conclude that more sites would prob-
ably improve the interpretation. This is commonly the case in
ecology, and the cost of time and effort in moving between sites
and even in discovering new sites is often a major limiting fac-
tor. In our case, we were limited by the availability of pools in
the stretch that we studied; an obvious extension of this line of
investigation would be to seek sites in other streams.

The replication within sites in our study (20 boulders of
two types) was sufficient to show the major pattern associated
with sites with different faunas above and below the water-
fall. Notwithstanding the relatively high percentage of variance
among boulders within sites (up to 30%), the discrimination
between the upper and lower sites could have been achieved
with the sampling of five boulders. The replicate samples from
boulders contributed relatively little variance. In practice, it is
not difficult to take samples with the syringe device, and we
could recommend taking two or more syringe samples and com-
bining them to give a composite sample of each boulder. The
replicate fluorometer readings of the one sample provided little
variability, but because they are easy to do and free of material
costs, we recommend that the three replicates be taken to capture
spurious readings.

As well as questions about replication and hierarchical sam-
pling, we note the importance of sampling covariates. In the
present context, the strong relationship between chlorophyll and
water current was biologically interesting and the lack of a cor-
relation with shading was unexpected and interesting. In other
contexts, where differences between sites are the prime con-
cern, covariates could be important for removing sources of
extraneous variance (e.g. Elsdon and Limburg 2008).

Patterns revealed by extra sampling
It is likely that we sacrificed precision in the analysis of individ-
ual samples in the present study by using the in vivo technique
compared with the possible use of standard methods of extracted,
in vitro, chlorophyll pigments and weighed mass determination.
Certainly we could not distinguish between the different chloro-
phylls and pheophytin with the in vivo fluorescence, and we
could not measure the organic and inorganic components of the
dry mass. In contrast, by allocating time and effort and cost to
the gathering of many samples, we were able to reveal patterns of
distribution that would not have been revealed at a less intensive
degree of sampling.

Recommendations for the use of the Aquafluor
Calculation of cost saving
We took a total of 720 readings of chlorophyll and turbidity

in the present study and used almost no consumable supplies
(apart from a small amount of turbidity standard). The equiv-
alent standard methods of extracted filters for chlorophyll and
weighed filters for dry mass would have used 1440 glass-fibre
filters and 3.6 L of extraction solvent. We could realistically
cut this to one-third because it was not necessary to triplicate
the readings of each sample. Nevertheless, 480 glass-fibre fil-
ters cost approximately $US480 in the country of manufacture
and approximately five times this cost in Brazil (i.e. $US2500).
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Acetone (for extraction) costs approximately $US100 per litre;
alternatively high-grade ethanol costs $US50. The capital costs
are more difficult to evaluate because the hand-held fluorometer
is an instrument dedicated to the task of in vivo chlorophyll
measurement (it retails for approximately $US2000), whereas
the spectrophotometer, precision balance and drying oven could
be considered standard laboratory equipment with multiple uses
and users. Moreover, the in vivo method requires standard meth-
ods for calibration. We did not estimate the time necessary for
the in vivo method, but it might only extend the time taken at a
sampling station by a factor of three compared with the alterna-
tive of merely bagging the samples for subsequent filtering. Of
course, the total time for processing the in vitro chlorophyll and
dry mass by the standard methods would be very much longer
than the in vivo fluorometric method. It took between 2 and 4 h
per site to sample the 20 boulders, read the fluorometer and
measure the depth, shade and current.

Precision and sensitivity
The in vivo measurement of chlorophyll is quite sensitive

compared with the standard spectrophotometric method. As a
rough calculation: if an area of substrate (40.6 cm2 in our case)
is sampled into a syringe of 60 mL, we either read this sample
in vivo using the fluorometer or filter it and extract it into 5 mL. If
we assume that we can read one unit of the fluorometer scale, this
is a concentration of 0.204 µg L−1 chlorophyll or 0.012 µg in
the 60-mL sample. If we read the extract in a spectrophotometer
and assume a minimum reading of 0.1 of absorbance, this is
1.1 µg mL−1 in the extract or 5.5 µg total in the sample. Thus
the in vivo fluorometric reading is ∼500 times more sensitive
(0.012 cf. 5.5 µg). If we were more conservative about the ability
of the fluorometer and took 10 units as the minimum reading,
and assumed a greater ability to read 0.01 of absorbance in the
spectrophotometer, the fluorometric measurement is still five
times more sensitive.

Many a slip twixt the cup and the lip
Another practical advantage of the in vivo method is that one

obtains the data on the spot and is unlikely to lose them. The
procedure for in vitro determination involves either filtering the
sample in the field and storing the filters, or storing the sam-
ples for filtration in the laboratory. The samples for chlorophyll
have to be kept cold. The extraction of chlorophyll has to be per-
formed carefully, and the weighing of dry mass also requires
careful procedures. All of these steps are subject to error or
calamity, whereas the immediate results from the in vivo mea-
surement imply much less likelihood of loss of data and one can
immediately repeat the measurement if something goes wrong.

Applicability of the method
We envisage that the in vivo method should be applicable to

analyses of periphyton chlorophyll and dry mass in many stream
ecosystems. It would have to be calibrated for each system using
standard methods. The question of interference of turbidity on
the fluorescence should be addressed for each system. We were
agreeably surprised that the method could reasonably accurately
detect the algal chlorophyll of periphyton with a low proportion
of algae compared with other material. We are investigating the

use of the fluorometer in environmental assessment. It could pos-
sibly serve to measure the larger quantity of samples necessary
to quantify the variability of sites in which one or a few sam-
ples were taken for analysis with more precision using standard
methods.
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