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ABSTRACT: Tinodes rostocki larvae (Trichoptera: Psychomyiidae) cover large proportions of stream
hard substrata with retreats constructed of mineral particles and larval silk. We consider these
retreats as 3-dimensional extensions of the epilithic biofilm that may possess a distinct microenviron-
ment, community metabolism and composition. Therefore, we compared the photosynthetic/respira-
tory activities (O, and pH microsensors) and the photopigment composition (HPLC) of larval retreats
and the surrounding epilithic biofilms. In retreats, pigment contents and photosynthetic/respiratory
activities were highest in sections with a visible microphytobenthic biofilm that were mostly the older
parts of the retreats. In contrast, newly constructed sections of the retreats and the surrounding
epilithic biofilm had approximately 5-fold lower values. The fucoxanthin-to-chlorophyll ratio of the
retreat biofilm was high (fuco/chl a = 1.27) and indicated diatom dominance, which was not evident
in the surrounding epilithic biofilm (fuco/chl a = 0.15). Experimental transplantation of larval retreats
to microscope slides allowed microsensor measurements through the 500 to 700 pm-thick wall and
inside the lumen. In the light, O, concentration and pH values increased significantly across the wall
and remained high in the lumen of the retreat, whereas in darkness O, and pH depressions in both
wall and lumen were moderate or even absent. Our data suggest that T. rostockilarvae construct and
maintain retreats with a particular physico-chemical microenvironment that favours a distinct micro-
bial community. Thereby, abundant T. rostocki larvae might significantly influence benthic primary
production and heterotrophic metabolism in small streams.
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INTRODUCTION

Epilithic biofilms cover solid surfaces in running
waters and harbour taxonomically and functionally
diverse assemblages of bacteria, microalgae, and other
organisms (Lock et al. 1984, Biggs & Smith 2002, Araya
et al. 2003). Aside from abiotic factors (e.g. light, tem-
perature, current velocity, and nutrients) biotic inter-
actions among the organisms determine the complex-
ity of biofilm communities (Lock 1993). Macrofaunal
activities, in particular, can shape epilithic biofilms
macroscopically by producing grazing tracks (Lowe &
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Hunter 1988, Becker et al. 1997) or by constructing
retreats that are rapidly overgrown by microorganisms
(Leff & McArthur 1989, Bergey & Resh 1994, Kahlert &
Baunsgaard 1999). Thus, epilithic biofilms are not
organised as homogeneous microbial layers, but are
rather characterised by a mosaic-like appearance. The
altered geometry has major consequences for the
abundance, composition, and metabolic activity of the
biofilm community. In intensely grazed areas, micro-
phytobenthic biomass may be reduced (Rosemond et
al. 1993, Becker et al. 1997, Peterson et al. 2001), but
productivity may be increased due to reduced compe-
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tition for light and nutrients (Lamberti & Resh 1983).
Eventually, intense and selective grazing may de-
crease microphytobenthic diversity and bring about a
community at an early successional stage (e.g. Stein-
man 1996).

Animal retreats overgrown by biofilms deserve par-
ticular attention because of their distinct internal
microenvironment. For instance, nutrients might be
efficiently recycled within the retreats (Hasselrot 1993,
Kahlert & Baunsgaard 1999) and macrofaunal inhab-
itants may favour the dominance of certain taxonomic
groups of microphytobenthos in their territory (Hart
1985, Hershey et al. 1988). Thereby, the metabolic
activity and abundance of a few taxonomic groups can
increase locally on the retreats. It can be assumed that
at great animal densities these structurally and func-
tionally distinct biofilm patches will significantly in-
fluence the carbon and nutrient dynamics of small
streams. Prominent examples are the central European
species of the genus Tinodes (Trichoptera: Psychomyii-
dae) that are abundant in a variety of aquatic habitats.
The larvae build oblong, tunnel-shaped retreats on
stone surfaces. These are constructed of mineral parti-
cles held together with larval silk, and measure be-
tween 3 and 7.5 cm in length in 5th instar larvae of dif-
ferent psychomyiid species (Hickin 1967). For the
inhabiting larva, the retreat functions as an efficient
protection against predators, desiccation, and acciden-
tal displacement by currents. Consequently, the larva
spends most of its time inside the retreat and as a
necessity feeds on the biofilm growing on the retreat
wall rather than on the surrounding epilithic biofilm
(Hasselrot 1993, Hasselrot et al. 1996). The latter ob-
servation has also been made for Tinodes rostocki, a
highly abundant caddisfly in small upland streams
(Becker 1993), and is congruent with the higher per-
centages of ingested diatoms and mineral particles in
T. rostocki compared to coexisting mobile trichopteran
scrapers like Agapetus fuscipes and Apatania fimbri-
ata (Becker 1990). Between November and May, the
mean length and width of the retreats of the 5th instar
larvae of T. rostocki in the Breitenbach, Germany,
measured 4.5 and 0.4 cm, respectively (n = 430,
G. Becker unpubl. data).

In this study, we addressed the following questions:
Do the larval retreats of Tinodes rostocki with their
3-dimensional architecture differ significantly from the
overall epilithic biofilms, e.g. concerning photosyn-
thetic/respiratory activity and microphytobenthic com-
munity composition? Does the macroscopically visible
gradient of pigmentation along the retreats mirror the
longitudinal gradient of microphytobenthic activity
and biomass? Do the larval retreats enclose an internal
water body with a particular chemistry to which both
the retreat biofilm and the larva are exposed? Conse-

quently, we quantified on a microscale the photosyn-
thetic/respiratory activities of natural retreat and epi-
lithic biofilms with microsensors and determined their
contents and relative composition of photopigments
with HPLC. The distinct microenvironment of the
retreat wall and lumen was investigated using retreats
experimentally transplanted onto microscope slides
(Hasselrot 1993), which allowed microsensor measure-
ments in an otherwise non-observable compartment.

MATERIALS AND METHODS

Origin of animals and retreats. The Breitenbach, a
first-order upland stream in central Germany, is 4.5 km
in length and rarely exceeds 1 m in width. The stream
is fed by several springs and is mostly not shaded by
trees, flowing through a grassland valley before enter-
ing the River Fulda. The prevalent geology in the area
is Bunter Sandstone and the stream is poor in dissolved
nutrients and carbonate. The average pH is approxi-
mately 7.1 and conductivity approximately 160 pS cm™!
(25°C). The long-term averages of nutrient concentra-
tions are: orthophosphate 40 ug I"!, ammonium 20 ng
I}, nitrate 0.85 mg 17, silicate 4.5 mg 1. The averaged
concentrations of metal ions are: Na* 4.5 mg 1!, K*
3.5 mg I'', Mg** 4.0 mg 1!, Ca** 16.0 mg I"! (H. H.
Schmidt pers. comm.).

Retreats together with the inhabitants were sampled
between November 22 and December 10, 2002, in the
middle reach of the Breitenbach where stones are
densely covered with larval retreats (Fig. 1) of the uni-
voltine species at least from August till May (Becker
1993). Average water temperature during the sam-
pling period was 7.1°C and underwater light intensity
varied between 23 (cloudy sky) and 263 pmol photons
m~2s7! (clear sky).

Fig. 1. Tinodes rostocki. High density of retreats on Bunter
Sandstone substratum of the Breitenbach, Germany
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Preparation of retreats. We used non-manipulated
retreats on freshly collected stones from the Breiten-
bach to compare biofilms on the retreats with those on
the surrounding stone surface and to investigate the
biofilm heterogeneity within the retreats (‘non-trans-
planted retreats’). Second, we transplanted retreats
taken from the Breitenbach to microscope slides,
which allowed the observation of larvae and microsen-
sors positioned inside the retreat lumen (‘transplanted
retreats’). For the latter approach (Hasselrot 1993),
retreats and inhabitants were carefully separated from
the stones and transferred to microscope slides that
were submersed in a compartmented plastic box filled
with stream water. Retreats of 5th instar larvae, identi-
fied by head capsule width (Becker 1993), were used
for the experiments. Between 30 and 40 % of the larvae
attached at least a part of their retreat to the slide
within 2 d. These individuals were placed in a wheel-
driven laboratory channel filled with stream water.
Water temperature and light/dark cycle were adjusted
to ambient field conditions and the current velocity
was approximately 5 cm s!. After several days larvae
had attached the rest of the retreat to the slides and
were ready for experiments. Thus, transplanted
retreats have been cultured 7 to 14 d under laboratory
conditions before they were used for experiments,
while non-transplanted retreats on stones were left in
the laboratory stream channel for only 2 to 48 h prior to
the experiments.

Experimental procedure. Non-transplanted and
transplanted retreats were transferred to an aquarium
filled with aerated stream water with a temperature
range of between 7.2 and 7.8°C. Stones with non-
transplanted retreats were lain evenly on a concrete
slab that was fixed horizontally inside the aquarium
about 5 cm below the water table. In contrast, slides
with transplanted retreats were fixed in vertical posi-
tion to the front window of the aquarium about 3 cm
below the water table. Samples were illuminated at an
angle of 45° with a fibre-optic halogen lamp (Schott
KL-1500). Underwater scalar irradiance was measured
right above the samples with a quantum scalar irradi-
ance meter (QSL 101, Biospherical). Aeration created a
unidirectional water current near the retreats of 1 to
2 mm s~! (as quantified by observing particles drifting
in the water column). In this set-up photosynthetic/res-
piratory activities were measured with O, and pH
microsensors above and within the biofilms at different
light intensities. Afterwards, photopigments were
extracted from the biofilms of retreats and stones and
analysed with HPLC.

Microsensor measurements. O, microsensors with a
tip diameter of 15 pm were 2-point calibrated before
use in Nj-flushed and aerated stream water (0 and
100 % oxygen atmospheric saturation, respectively) at

7.5 10 8.0°C (Revsbech 1989). O, concentration profiles
were recorded with a spatial resolution of 25 or 50 pm
by means of a computer-controlled micromanipulator.
Positioning of the microsensor tip relative to the retreat
or stone surface was accomplished by viewing sensor
and sample through the aquarium wall with a dissec-
tion microscope (Leica M 651). In the case of non-
transplanted retreats, linear O, gradients within the
diffusive boundary layer (DBL) were measured above
retreats and the stone surface. In the case of trans-
planted retreats, O, profiles were recorded beginning
at the centre of the retreat lumen, retreating the sensor
backwards through the retreat wall, and then further
backwards through the DBL surrounding the retreat.
All O, profiles were recorded after allowing adaptation
to new light conditions for at least 30 and up to 120 min
to guarantee steady state distribution of O,. The linear
O, gradient within the DBL was used to calculate the
flux of O, into or out of the sample according to Fick's
law:

Jo, = Dyx AC/Ax

where Jo, is the flux of O,, D is the diffusion coeffi-
cient of O, in water (1.47 x 10° cm? s™! at 7.5 to 8.0°C),
and AC is the concentration gradient across the dis-
tance (Ax) from the surface. Jo, corresponds to the net
areal conversion rate of O, of the sample. The effect of
photosynthetic/respiratory activities of the biofilms on
the pH value was measured using LIX-type pH
microsensors with a tip diameter of 5 to 15 pm (re-
viewed in de Beer et al. 1997). These sensors were cal-
ibrated after every third profile in standard solutions of
pH 7.0 and 10.0 at 7.5 to 8.0°C.

Non-transplanted retreats: O, microprofiles were
measured above 14 randomly chosen sections of Tin-
odes rostocki retreats and above 8 randomly chosen
patches of stone biofilm. The 14 retreat sections were
further categorised into those with a poorly developed
biofilm (i.e. 8 'poor’ sections) and those with a rich
biofilm (i.e. 6 'rich’ sections). All sampled retreats had
a 'poor’ section at one end and a ‘rich’ section at the
opposite end. Within each retreat section and patch of
stone biofilm the profiles were repeated 3 to 5 times.

Transplanted retreats: Microprofiles of O, concen-
tration and pH were recorded in the central part of 4
transplanted Tinodes rostocki retreats. Three retreats
were inhabited by a T. rostockilarva, while one retreat
had been left by the larva immediately prior to the
measurements. Within each retreat, light intensity and
parameter, the profiles were repeated 3 to 5 times. For
the compartments ‘external water body' (consensus
distance: —1000 to —600 pm), ‘wall of retreat’ (consen-
sus distance: +200 to +400 pm), and ‘lumen of retreat’
(consensus distance: +750 to +1000 pm) average O,
concentrations and pH values were calculated.
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Photopigment analysis. After the microsensor mea-
surements, retreats were photographed, cut into 2 to 4
longitudinal sections while still on top of the stone or
slide and then cut off the surface with a scalpel and
immediately frozen at -85°C (Fig. 2). Biofilm covering
defined areas of the stone surface was also scratched
off with a scalpel and deep-frozen until further pro-
cessing. Photopigments were extracted by adding
2.4 ml of 96% cold methanol to each retreat section
(Buffan-Dubau & Carman 2000). Samples were soni-
cated for 20 s at 140 W with a sonication probe (Lab-
sonic U, B. Braun) and then stored on ice for 2 h. After
centrifugation 1 ml of the supernatant was filtered
(0.45 pm Versapor membrane, Gelman Laboratory)
and collected in 2 ml vials (Zinsser Analytik). HPLC
analysis was carried out with a Waters 2690 Separa-
tions Module and equipped with a PDA 996 Photodi-
ode Array Detector (Waters). Pigments were identified
according to their retention time and absorption spec-
trum using a library of photopigments of benthic
microphytobenthos. The absolute content of the identi-
fied pigments was obtained from the peak area and the
calibration curves of methanol-diluted pigment stan-
dards (Danish Hydraulic Institute). Digital in situ
images of the retreats were used to determine the sur-
face area of the retreat sections by image analysis
(Nikon, Lucia G). Areal pigment contents were deter-
mined for 14 retreat sections and 4 patches of stone
biofilm. To test for statistical significance of the differ-
ent relative pigment composition, the mean ratio of the
2 mass pigments fucoxanthin-to-chlorophyll was cal-
culated.

Statistical analysis. A 1-way ANOVA was used to
reveal significant differences of O, production, O, con-
sumption, and chl a content between the 3 sample
types. A 2-way ANOVA was used to examine the influ-
ence of light intensity on oxygen atmospheric satura-
tion and pH of external medium, gallery wall, and
gallery lumen in transplanted retreats. For this analysis

Fig. 2. Tinodes rostocki. Sections (S1-S3) of a retreat as used
for pigment analysis

the biofilm compartment was treated as a between-
subjects factor and light intensity as a within-subjects
factor (repeated measurements in identical retreats).
Pairwise post hoc comparisons were performed with
Scheffé test. Differences between the fucoxanthin-to-
chlorophyll ratios of retreat and stone biofilms were
analysed with the Mann-Whitney U-test. Microprofiles
repeated within one retreat section or patch of stone
biofilm (3 to 5 times) were averaged and only the aver-
age values were used for further calculations and sta-
tistical procedures. All statistical analyses were per-
formed using the software package SPSS 12.0 (SPSS).

RESULTS
Non-transplanted retreats

Upon illumination, O, concentrations increased to-
wards the surface of both retreat and stone, while they
decreased in the dark (Fig. 3, representative data).
Fig. 4A,B summarise the averaged net O, production
and consumption rates of all analysed ‘poor’ and 'rich’
retreat sections, and stone biofilms. O, production
rates in the light (Fig. 4A) and O, consumption rates in
the dark (Fig. 4B) were significantly higher in the ‘rich’
retreat sections compared to both ‘poor’ sections and
the stone biofilms (ANOVA and Scheffé post hoc test,
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Fig. 3. O, microdistribution above a non-transplanted retreat

and a stone biofilm. ‘Poor’' and 'rich’ indicate retreat sections

with thin and thick biofilms, respectively. ‘Dark’ corresponds

to 1 and ‘light’ to 200 pmol photons m™2 s}, respectively. Each

profile represents the mean + SE of 3 to 4 repeated profiles

recorded within 0.10 cm? Error bars are sometimes within
the symbols
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Fig. 4. (A,B) Net O, conversion rates and (C) chl a contents of
retreat and stone biofilms. Positive rates correspond to produc-
tion, negative rates to consumption of O,. Box plots give me-
dian and 1st and 3rd quartiles; whiskers give 10th and 90th
percentiles; circles are outliers. Letter code shows significant
differences between the medians. Whiskers are not shown for
the chl a content of stone biofilms (n = 4). Retreat (p) = poor
sections of the retreats, retreat (r) = rich sections of the retreats

p < 0.001). There was no significant difference
between ‘poor’ retreat sections and the stone biofilms
(O, production: p = 0.552, O, consumption: p = 0.699).

The chl a content was significantly higher in the
‘rich’ than in the ‘poor’ sections (Fig. 4C, ANOVA and
Scheffé post hoc test, p < 0.01). In contrast, the stone
biofilm was well in the order of the ‘poor’ sections (p =
0.955). Areal chl a content and areal O, production at
200 pmol photons m™2 s7! of all sections were linearly
and significantly correlated (Spearman, R? = 0.832, p <

0.01, n = 18). Other pigments identified in our biofilm
samples were fucoxanthin and [-carotene. In the
retreat biofilms chl a made up 42.0%, fucoxanthin
56.5%, and B-carotene 1.5% of the total pigment
weight, irrespective of biofilm thickness (Fig. 5). The
stone biofilm, however, was composed of 84.5% chl a,
10.5 % fucoxanthin, and 5.0 % B-carotene (Fig. 5). The
fucoxanthin-to-chlorophyll ratio of 0.15 for the stone
biofilm was significantly lower than the ratio of 1.27 for
the retreats (Mann-Whitney U-test, p < 0.001). More-
over, the fucoxanthin-to-chlorophyll ratio did not vary
significantly between 'poor’ and ‘rich’ sections of the
non-transplanted retreats (p > 0.05, data not shown).

Transplanted retreats

Upon illumination, O, concentration and pH strongly
increased in the DBL surrounding the retreats and
were high within wall and lumen of the retreats
(Fig. 6). O, concentrations were typically elevated by
200 to 300 umol I"! compared to the values in the sur-
rounding medium, resulting in internal oxygen atmos-
pheric saturations of 150 to 180% (Fig. 7A). The pH
increased from 7.2 in the surrounding medium to
typically pH 10 within wall and lumen of the retreat
(Fig. 7B). Profile shapes and average values within
wall and lumen were close to identical at 200 and
515 umol photons m~2 s7!. In darkness, O, concentra-
tions decreased slightly in the DBL and within the
retreat wall, while pH still increased slightly. Within
wall and lumen of the retreat, O, concentrations were
generally lowered by less than 100 pmol 1! compared
to the values in the surrounding medium, resulting in
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Fig. 5. Relative photopigment composition of retreat and

stone biofilms. Means + 1 SD of 14 pooled retreat sections and

4 stone biofilms are shown. Chl a = chlorophyll g, fuco = fuco-
xanthin, b-caro = B-carotene
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internal oxygen atmospheric saturations of always
higher than 75% (Fig. 7A). The pH increased from 7.2
in the surrounding medium to internal values not
higher than pH 8.7 (Fig. 7B). Two-factorial ANOVA
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Fig. 7. (A) Oxygen atmospheric saturation and (B) pH in exter-

nal medium, retreat wall, and retreat lumen measured at dif-

ferent light intensities in transplanted retreats. Means + 1 SD
are shown for the 4 retreats presented in Fig. 6

revealed significant effects of both light intensity and
biofilm compartment on oxygen atmospheric satura-
tion and pH in the microenvironment of the retreats
(p < 0.001) and a significant interaction between light
intensity and biofilm compartment (O,: p < 0.01, pH:
p < 0.05). Oxygen atmospheric saturation and pH were
significantly different between both wall and lumen of
the retreats and the external medium (2-way ANOVA
and Scheffé post hoc test, O,: p < 0.001, pH: p < 0.05).
No significant differences were found between wall
and lumen of the retreats (O,: p = 0.998, pH: p = 0.951).
When a larva was present, values of both O, and pH
within the lumen of the gallery were somewhat lower
under light conditions or higher under dark conditions
than values within the wall (Fig. 6A-F). In contrast, in
the absence of a larva these additional curvatures were
not observed (Fig. 6G,H). The adaptation time to dark
conditions (30 to 120 min) was in some cases (Fig. 6B,F)
not long enough to bring about the expected depres-
sion of pH in the wall and lumen of the retreats. Steady
state conditions were probably delayed due to the
buffering capacity and the limited exchange of the
water volume enclosed by the retreat.
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DISCUSSION

Our combined process and structure analysis con-
firms earlier reports on the substantial microphytoben-
thic colonisation of retreats from Tinodes rostocki
(Hasselrot et al. 1996) and T. waeneri (Hasselrot 1993,
Kahlert & Baunsgaard 1999). We found highest photo-
synthetic/respiratory activities and chl a contents in
the older parts of the T. rostocki retreats rather than in
the biofilm covering the stone surface. Moreover, the
relative photopigment composition of the investigated
biofilms indicated diatom dominance on the larval
retreats, which was not evident in the surrounding
epilithic biofilm. Therefore, at the time of our study, the
biofilms of the T. rostocki retreats and the surrounding
stone surface did indeed differ in terms of bulk micro-
phytobenthic community metabolism and composition.
We also found evidence that the macroscopically visi-
ble gradient of pigmentation along the retreats mir-
rored the longitudinal gradient of microphytobenthic
activity and biomass. All sampled retreats had a light-
brown section with a low photosynthetic/respiratory
activity and microphytobenthic biomass at one end
and a dark-brown section with a high photosynthetic/
respiratory activity and microphytobenthic biomass at
the opposite end. Only the dark-brown sections of the
retreat had a higher photosynthetic/respiratory activ-
ity and microphytobenthic biomass than the stone
biofilm. The structural polarity of the retreats was obvi-
ously not due to differences in bulk community struc-
ture, since the fucoxanthin-to-chlorophyll ratio did not
differ between the 2 ends of the retreats. In summary,
the Tinodes retreat as a whole differed from the
epilithic biofilm with respect to bulk microphytoben-
thic community composition, but only their dark-
brown ends were distinct in terms of activity and bio-
mass. Additionally, we found indications that the wall
of the retreats represents a biofilm compartment that is
exposed to a microenvironment which is different from
the external medium. Upon illumination, both the
retreat biofilm and the inhabiting larva were exposed
to O, concentrations and pH values substantially
higher than in the water column. We do not know,
however, which conditions prevailed within the
epilithic biofilm that was too thin to be probed with
microsensors. In addition, we can only speculate that
nutrient concentrations may also have differed be-
tween the internal and external water bodies.

The Tinodes larva constructs an oblong, tunnel-
shaped structure made of mineral particles held
together with larval silk. The emerging formation
encloses a small volume of water, the exchange of
which with the external water body remains largely
unknown (Hasselrot 1993, Kahlert & Baunsgaard
1999). On the one hand, a certain isolation can be

expected due to the relatively thick wall of the retreat
(500 to 750 pm). On the other hand, the larvae have
been observed to perform undulatory body movements
that increase the exchange of water between the inter-
nal and external compartment (Hasselrot 1993,
G. Becker unpubl. obs.). Our microsensor measure-
ments indicated that upon illumination the water
inside the retreat was supersaturated with O, (150 to
180 % oxygen atmospheric saturation) and highly alka-
line (pH 10). Comparative measurements in retreats
with and without a T. rostocki larva revealed that
water exchange between internal and external water
bodies was somewhat higher when a larva was undu-
lating in the retreat. Nevertheless we can claim that, at
least in our laboratory setting, the undulatory body
movements of the inhabiting larva could not fully com-
pensate the photosynthesis-driven chemical changes
inside the retreat. From this it can be speculated that
part of the larval excretions may also be retained
inside the retreat, which would elevate the nutrient
concentrations above those of the external water body
(Hershey et al. 1988, Plaganyi & Branch 2000). There-
fore, bacteria and microalgae associated with Tinodes
retreats may efficiently recycle the nutrients excreted
by the Tinodes larva (Kahlert & Baunsgaard 1999).
Growth may be stimulated in many or in certain spe-
cies that may eventually enrich on the retreat. Prelimi-
nary studies showed high densities of the diatom
Achnanthes sp. on the inside and outside of the retreat
wall of T. rostocki (Hasselrot et al. 1996). In summary,
both the metabolism of the retreat biofilm and larval
excretions might shape the chemical microenviron-
ment of the Tinodes retreat and consequently the
activity and biomass of the associated microorganisms.

Microsensor measurements and photopigment ana-
lysis revealed a longitudinal gradient of photosynthe-
sis (i.e. microphytobenthic activity and biomass) along
the Tinodes rostocki retreat. This gradient may estab-
lish as a result of larval retreat construction and degra-
dation. Larvae elongate their retreat on one end by
affixing new mineral particles and they break down
the other end in order to feed on the biofilm that is
attached to the torn out particles (Hasselrot 1993, Has-
selrot et al. 1996, Alecke 1998, G. Becker unpubl. obs.).
The latter observation is further confirmed by the
diatom dominance found in the gut of the larvae
(Becker 1990), which is in accord with the diatom dom-
inance on the retreat (Hasselrot et al. 1996). As a con-
sequence of polar retreat elongation and degradation,
an age gradient establishes which translates into a gra-
dient of colonisation time for microalgae and bacteria.
This means that the ‘poor’ section on one end has been
recently constructed and is still poorly colonised by
microorganisms, whereas the ‘rich’ section at the
opposite end represents a densely colonised and meta-
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bolically active site of the retreat. The maximum chl a
contents of 'rich’ sections of T. rostocki retreats of 7.0 +
1.5 ug cm~2 (mean + 1 SD, n = 6) were distinctly higher
than values reported from Cox (1990) and Werneke
(1997) for the epilithic biofilms of the same stretch of
the Breitenbach and the same season. These authors
found averaged chl a contents of between 0.5 and
2.8 ng cm? in November and December. The maxi-
mum values of ‘rich’ sections of T. rostockiretreats also
exceeded the chl a contents of T. waeneri retreats of
2.5 £ 0.2 pg cm? reported by Hasselrot (1993). The
standing stock and activity of microphytobenthos of
the surrounding epilithic biofilm were at the lower end
of what was found on the retreats. This may result
either from the better growth conditions on the retreat
(see above) or from the higher overall grazing pressure
on the undefended stone biofilm than on the T. ros-
tocki territory, i.e. the retreat.

As fucoxanthin-to-chlorophyll ratios (fuco/chl a) of
0.33 to 1.65 are indicative of diatoms dominating
microphytobenthic communities (Lucas & Holligan
1999), the retreat biofilms were obviously dominated
by diatoms (fuco/chl a: 1.27); this was not so for the
stone biofilms (fuco/chl a: 0.15), confirming earlier
observations of diatom dominance on retreats of T. ros-
tocki as opposed to Chamaesiphon sp. (Cyanobacteria)
dominance in the surrounding stone biofilm (Hasselrot
et al. 1996). High abundances of diatoms on larval
retreats and in grazing areas of various macroinverte-
brates are commonly found in epilithic biofilms (Hart
1985, Hershey et al. 1988, Hill & Knight 1988, Lowe &
Hunter 1988). Possible mechanisms of diatom enrich-
ment comprise (1) the deliberate removal and disposal
of unsuitable microphytobenthic species (e.g. Micro-
coleus vaginatus, Cyanobacteria, Hart 1985), (2) the
inaccessibility of adnate diatoms compared to over-
story algae (Hill & Knight 1988), and (3) the fast re-
colonisation by diatomean immigrant species (Bergey
1995). In our study we have not attempted to investi-
gate the mechanism of the diatom enrichment on the
Tinodes retreat and there are no indications that one of
the proposed mechanisms applies here. Instead, we
can only assume that the particular architecture and
microenvironment of the retreats might favour diatoms
more than other groups of microphytobenthos. Owing
to their unique motility, diatoms alone may benefit
from both the elevated nutrient concentrations at the
inside and the optimal light conditions at the outside of
the retreat wall. Macroinvertebrates that are able to
graze on diatoms (e.g. Trichopteran scrapers) benefit
greatly from the dominance of these microalgae
because of their high content of polyunsaturated fatty
acids (Mayer & Likens 1987, Steinman et al. 1987,
Huryn & Wallace 1988, Blomquist et al. 1991, Dunstan
et al. 1994). In contrast, cyanobacteria are often un-

manageable or even toxic for grazers (Hart 1985). In
the case of T. rostocki, the high quality food source
represented by the diatoms on the larval retreat is at
the exclusive disposal of the inhabiting larva itself
because it will defend the retreat obstinately against
con- and heterospecific invaders (Hasselrot 1993).

At high animal densities the microbial community of
epilithic biofilms might be significantly affected by the
structuring impact of macroinvertebrates (e.g. animal-
induced changes of the taxonomic composition, spatial
organisation and metabolic activity of microorgan-
isms). Along a 1 km stretch of the middle and lower
reach of the Breitenbach, between 30 and 80 % of the
Bunter Sandstone substrata were densely covered by
T. rostocki retreats (Fig. 1). Quantitative measure-
ments showed that larval densities decreased in the
course of the ontogeny from 3100 + 548 larvae m™2
(mean = SD, n = 5) in October to 762 + 226 (n = 5) in
May (Becker 1993). Given the high abundance of
T. rostocki (and their retreats) in small streams such as
the Breitenbach, the observed differences between the
stone and the retreat biofilms may have significant
implications for the overall benthic primary production
and its flow into the epilithic food web. A quantitative
assessment of the indirect contribution of T. rostocki to
benthic primary production and heterotrophic bac-
terial activities will become possible when the biofilms
of the retreats and stone surface are investigated
throughout the full period of larval development (i.e.
August until May in the Breitenbach, Becker 1993).
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