INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be

from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI

A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
31377614700 800/521-0600






WHOLE-LAKE FERTILIZATION EFFECTS ON THE ABUNDANCE,
DISTRIBUTION, AND PRODUCTION OF BENTHIC AND PELAGIC ALGAE IN

NORTH TEMPERATE LAKES
A Dissertation
Submitted to the Graduate School
of the University of Notre Dame
in Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy

by

Yvonne Marie Vadeboncoeur, B.A., M.A.

David M. Lo

dge, Director

Department of Biological Sciences
Notre Dame, Indiana

April 1998



UMI Number: 9823967

UMI Microform 9823967
Copyright 1998, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103



WHOLE-LAKE FERTILIZATION EFFECTS ON THE ABUNDANCE,
DISTRIBUTION, AND PRODUCTION OF BENTHIC AND PELAGIC ALGAE IN

NORTH TEMPERATE LAKES

Abstract

by

Yvonne Marie Vadeboncoeur

Eutrophication is one of the most common threats to water quality of lakes
world wide. The positive relationship between phosphorus loading and
phytoplankton biomass is well established. However, little is known about the
response of benthic algae (periphyton) to whole-lake fertilization. | used a
combination of small-scale and whole-lake experiments to determine: 1) if the
response of periphyton to fertilization depended on the substratum on which it
grew; and 2) if the contribution of periphyton to whole-lake primary production
changed along a nutrient gradient. Whole-lake experiments were conducted
from 1991 — 1995 in five lakes at the University of Notre Dame Environmental
Research Center. During 1993 — 1995, four of the lakes were fertilized with
nitrogen and phosphorus.

Substratum strongly affected periphyton response to water column

fertilization. Periphyton on sediments (epipelon) sequester dissolved inorganic



Yvonne Marie Vadeboncoeur
carbon and other nutrients from the sediment pore water. Interstitial water had
higher concentrations of nitrogen and phosphorus than did the water column.
Therefore, when nutrients were added to the water column, there was no
increase in epipelic algal biovolume or production. In contrast, biomass and
production of periphyton on wood (epixylon) increased with fertilization. These
substratum-specific responses occurred both in small-scale laboratory
experiments and at the whole-lake scale.

From 1991 — 1995 biomass and production of epipelon, epixylon, and
phytoplankton were monitored. In addition, surface area of sediments and wood
was estimated in each lake. These data were used to model benthic and whole-
lake (benthic + pelagic) primary production. Wood constituted up to 16% of
benthic surface area. However, areal biomass and production of epipelon were
about 10 x higher than that of epixylon. Therefore, despite the positive response
to fertilization, epixylon constituted a maximum of 1.8% of total benthic
production . At ambient nutrient loading rates, epipelon accounted for 50 — 70%
of whole-lake (epipelon + phytoplankton) primary production. Whole-lake primary
production increased with fertilization. However, whole-lake epipelic production
declined due to light-attenuating phytoplankton blooms. Thus, the overall
increase in whole-lake primary production was much lower than for
phytoplankton alone. These experiments demonstrate the importance of benthic-

pelagic links to ecosystem processes in lakes.
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CHAPTER 1

FACTORS REGULATING THE CONTRIBUTION OF

BENTHIC ALGAL PRIMARY PRODUCTION TO LAKE ECOSYSTEMS

introduction

Limnology has contributed greatly to ecologists’ understanding of patterns
of energy flux in ecosystems and factors regulating the structure and function of
communities (Brooks and Dodson 1965, Forbes 1887, Lindeman 1942, Schindler
1977). The use of lakes as model ecosystems to study basic ecological
principles persists because lakes are one of the few ecosystems with clearly
defined borders and identifiable connections with adjacent ecosystems (inflow
and outflow streams, ground water, riparian vegetation). In addition, smali lakes
are tractable for construction of ecosystem energy budgets and whole ecosystem
experiments (Carpenter and Kitchell 1993, Carpenter et al. 1987, Likens 1985,
Schindler 1977,). However, limnologists have been inconsistent in their
consideration of the very boundaries that make lakes such valuable research
tools.

The historic focus on material transfer among biotic and abiotic
components of lake ecosystems viewed the benthic habitat as an integral part of

the lake ecosystem (Forbes 1897, Lindeman 1942). Subsequently, however, the



lake bottom was often treated as a largely passive physical boundary across
which nutrients and organic matter were transferred or within which they were
retained. With the advent of experimental limnology, logistic difficulties in
sampling the benthos led to an almost exclusively pelagic focus, especially in
North America (e.g. Carpenter and Kitchell 1993, Carpenter et al. 1987, Hasler et
al. 1951, Schindler 1977). The compelling and elegant demonstrations of the
importance of phosphorus and nitrogen in controlling phytoplankton (Schindler
1977) and of the role of fish in structuring zooplankton communities (Brooks and
Dodson 1965) contributed substantially to ecologists’ understanding of biotic and
abiotic controls on communities. In structuring zooplankton communities, fish
indirectly determine phytoplankton productivity (Carpenter et al. 1987) and this
“trophic cascade” formed a needed intellectual link between community and
ecosystem ecologists. This eventually resulted in a synthesis in ecological
thought, in which the importance was recognized of abiotic (bottom up) and biotic
(top down) forces interacting to control production and energy flux in lake
ecosystems (Carpenter et al. 1996, Hansson 1992).

These studies never directly addressed the potential importance of
benthic-pelagic links (Lodge et al. 1988), but the ability of fish to mediate
ecosystem processes has revitalized limnologists’ interest in the benthos.
Although fish predation structures plankton communities, diets of many fish
consist primarily of benthic invertebrates (Hodgson et al. 1993), and stable
isotope analysis indicates that fish rely primarily on carbon fixed by benthic

algae, not phytoplankton, as their ultimate energy source (France 1995, Heckey



and Hesslein 1995). Through their feeding activities, fish transport carbon fixed
by benthic algae into the pelagic habitat and relocate nutrients (Findlay et al.
1994, Schindler et al. 1993). Thus, fish are an important energetic link between
benthic and pelagic habitats, and benthic community dynamics may profoundly
affect pelagic communities (Balls et al. 1989, Irvine et al. 1989, Scheffer 1990).
Fish are not the only pathway by which benthic-pelagic links may affect
ecosystem structure and function. Benthic and pelagic primary producers have
similar physiological needs and potentially interact for light and nutrients (Sand-
Jensen and Borum 1991). Although limnologists tend to consider only
phytoplankton when referring to whole-lake primary production, benthic primary
production can be a substantial, or even the major, fraction of whole-lake primary
production (Lodge et al. 1998, Westlake et al. 1980, Wetzel 1983). However,
the relative distribution of primary producers among benthic and pelagic habitats
is known for only a few lake-years. Furthermore, the lake characteristics and
processes determining the strength of links between benthic and pelagic primary
producers are largely unexplored. Below, | explore how lake morphometry,
distribution and abundance of different substrata, and phytoplankton-periphyton

interactions may contribute to benthic-pelagic links in lakes.

Lake morphometry

In recent decades, limnologists have focused on the importance of
external nutrient loading, especially of phosphorus, in controlling pelagic
primary production and eutrophication (Schindler 1977), perhaps at the

expense of simple relationships between lake morphometry and primary
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production (Fee 1992). For instance, shallow lakes tend to have higher rates
of planktonic primary production (per unit water volume) than do deeper
lakes (Fee et al. 1992). External P loading is a poor predictor of pelagic
primary production in oligotrophic lakes, but pelagic primary production is
highly correlated with the ratio of epilimnetic (or littoral) sediment surface
area to epilimnetic volume (Carpenter 1983, Fee et al. 1979,). Thus, lakes
with higher percentages of littoral surface area per epilimnetic volume have
higher rates of pelagic primary production per unit water volume. The
relative contribution of periphyton to primary production on a whole-lake
scale is also expected to be positively correlated with the ratio of littoral
surface area to epilimnetic volume.

The ratio of littoral surface area to epilimnetic volume determines benthic
habitat availability for periphyton relative to that of pelagic habitat for
phytoplankton. Although this ratio is rarely reported (but see Fee et al. 1979),
whole-lake surface area to volume ratio (the inverse of mean depth) is commonly
available. In a literature survey, fewer than 25 comparisons between benthic and
pelagic primary production in lakes were found, and methods varied considerably
among studies (Lodge et al. 1998). However, 50% of the variation in the fraction
of whole-lake primary production fixed by benthic plants was explained by mean
depth (Zavg). In shallow lakes (zavg < 6 M), primary production of benthic algae
often exceeds that of phytoplankton, and sometimes contributes more than 80%
of total primary production (Stanley 1976, Vanriel and Johnson 1995). If

periphyton are typically the dominant primary producers in shallow lakes, the
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inverse relationship between lake size and actual primary productivity (periphyton
+ phtytoplankton + macrophytes) is probably more pronounced than indicated by
phytoplankton productivity rates alone. Given that most whole-lake
manipulations by necessity occur in small lakes, this could have important

implications for extrapolating experimental results to larger lakes.

Distribution and chemistry of benthic substrata in the littoral zone

Lake morphometry dictates the total amount of benthic surface area
available for periphyton colonization. However, periphyton production per unit of
habitat surface area can be strongly influenced by the properties of the
substratum on which it grows. Furthermore, substrata are not uniformly
distributed within or among lakes. The composition and distribution of substrata
influence periphyton productivity by affecting nutrient and light availability (Lowe
1996, Sand-Jensen and Borum 1991, Wetzel 1983).

Unconsolidated sediments (sand and mud) are probably both the most
abundant habitat for periphyton in the world’s lakes and have the most variable
composition and distribution within lakes. They are also highly unstable. Both
their predominance and variable distribution are a function of the ability of fine
sediments to be suspended in the water column and to settle out under calm
conditions. Due to sediment focusing, the deeper areas of most lakes consist of
a fine sediment bottom. Depending on geologic parent material and soil organic
matter content, fine sediments can be available from the edge of the lake to
depths beyond the lower boundary of the euphotic zone. Hence, periphyton on

sediments (epipelon) grow under a wide range of light conditions. Because the



interstitial water of sediments can be nutrient rich or poor, and nutrient rich
ground water can percolate through unconsolidated sediments, epipelic algae
may also grow under a wide range of nutrient availability (Bortelson and Lee
1974, Dodds and Priscu 1990, Serruya et al. 1974). The ability of epipelon to
sequester nutrients from interstitial water may have profound effects on
phytoplankton (see next section).

Because rocks are relatively stable, they are available for periphyton
colonization on the edges of lakes where they are kept free of fine sediments by
wave disturbance and ice scour. Thus, epilithic periphyton often grow in high
light environments. Epilithic algae generally do not sequester nutrients from their
substratum and are dependent on water column nutrients or nutrients recycled
within the algal mat (Riber and Wetzel 1987, Stevenson and Glover 1993, Turner
et al.1994).

The lower boundary of the littoral zone is defined as the maximum depth
at which macrophytes can grow, which is a function of light attenuation by the
water column. Maximum macrophyte densities occur in the shallow littoral zone
(Wetzel 1983). Thus, epiphytic periphyton generally grows in a high light
environment. Except in ultra-oligotrophic lakes, living macrophytes are not a
significant source of nutrients for epiphytic algae (Burkholder and Wetzel 1990,
Cattaneo and Kalff 1980). Senescing leaves are a more likely source of
nutrients, but abscission, and subsequent sedimentation, leads to reduced light

availability. The ephemeral nature of macrophytes causes strong seasonal



trends in epiphyton abundance (Cattaneo and Kalff 1980, Sand-Jensen and
Borum 1991).

Wood has recently been recognized as an important substratum for
periphyton (Scholz and Boon 1993), but there is little information on the
distribution of wood in lakes. It is unlikely that wood is transported far from its
point of entry. Thus, wood is expected to be distributed in the well lighted
shallows of the littoral zone. Nutrient relationships between wood and its
associated periphyton (epixylon) are unknown, though high rates of bacterial
enzyme activity occur in the epixylon (Scholz and Boon 1993, Sinsabaugh et al.
1991). Because wood is very refractory, any release of nutrients to periphytic

algae is likely dependent on a bacterial or fungal intermediary.

Phytoplankton - periphyten interactions: Light and nutrients

The spatial segregation of benthic and pelagic algal communities does not
preclude interactions between benthic and pelagic primary producers (Sand-
Jensen and Borum 1991), but amensal relationships, rather than competition,
may characterize these interactions. The interaction strength is likely dictated by
morphometric characteristics of lakes that determine the overlap of benthic and
pelagic algae on the vertical plane.

Phytoplankton have an unequivocal advantage over periphyton for
sequestering light. Because phytoplankton are suspended in the water column,
light impinging on any given area of lake surface will be intercepted by
phytoplankton prior to reaching the periphyton growing on the bottom (Sand-

Jensen and Borum 1991). As such, an amensal relationship exists in which
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phytoplankton intercept and remove photosynthetically active radiation (PAR)
before it reaches the periphyton mat. Because phytoplankton circulate in the
mixed layer, they experience a wide range of light intensities and depth gradients
in species composition are ephemeral. In contrast, sessile periphyton grows
within a very narrow light range, leading to persistent gradients in periphyton
species composition with depth (Bjérk-Ramberg 1984a, Round 1961). Areal
primary production of periphyton is expected to decline with water column depth,
but perhaps more slowly than expected, due to dominance at depth of species
adapted to low light.

Light and absolute habitat abundance decline with depth for both
periphyton and phytoplankton. Thus, most of the primary production in both
habitats occurs at shallow depths. Somewhat counter-intuitively, this minimizes
actual interactions between periphyton and phytopiankton except in very shallow
lakes. This is because the littoral area with the greatest amount of habitat for
periphyton has the least amount of habitat for phytoplankton (i.e. the volume of
water above the shallow littoral zone is small, both absolutely, and relative to the
volume of water over the profundal zone). This should create an inverse
relationship between lake-wide benthic primary production at a particular
sediment depth and the amount of pelagic primary production in the water
column overlying those same sediments. The reduction in benthic primary
production in deeper water cannot be attributed only to interception of PAR by
phytoplankton. Dissolved organic carbon (DOC) and particulate detritus also

attenuate light (Kirk 1994). These complexities make it difficult to predict the



effect of phytoplankton blooms on whole-lake benthic primary production. The
effect of changes in light attenuation due to phytoplankton blooms alone may be
small relative to overall light attenuation caused by DOC and detritus (Atlas and
Bannister 1980, Canfield and Hodgson 1983, Elser 1987, Kishino et al. 1984,),
and any reduction in light with depth has to be considered in conjunction with the
reduction in benthic habitat with depth.

Epipelic algae do not necessarily respond positively to increased P
loading because the water column is not the only source of nutrients. Periphyton
growing on unconsolidated sediments can sequester nutrients from ground water
in inflow zones (Hagarthey 1996). In seepage lakes, or lakes with highly organic
sediments, epipelic algae can sequester nutrients from the interstitial water
(Hansson 1990), and do not respond to water column nutrient enrichment (Bjork-
Ramberg 1983). Interstitial P concentrations tend to greatly exceed those in the
water column (Bortelson and Lee 1974, Serruya et al. 1974). By fixing nutrients
in benthic algal biomass, epipelic algae reduce nutrient input to the water
column, and thus availability to phytoplankton (Hansson 1990). Thus, although
periphyton are inferior competitors with phytoplankton for water column nutrients,
epipelic algae may be critical regulators of porewater nutrient availability to
phytoplankton.

Lake recovery from eutrophication caused by point source pollution is
often substantially retarded due to continued internal P loading (Marsden 1989).
Added nutrients accumulate in the sediments during fertilization (Bjérk-Ramberg

1984b) and continue to be released to the water column after external loading of



P is discontinued. Although researchers have focused on internal loading from
anoxic hypolimnetic sediments, epilimnetic sediments are also a critical source of
internal loading (Caraco et al. 1992, Jensen and Andersen 1992, Phillips et al.
1994). Epipelic algae can mitigate release of P by creating an oxidized
microlayer in the sediments (Carlton and Wetzel 1988). Through uptake of
interstitial P, epipelic algae can reduce P availability to phytoplankton and
potentially enhance recovery rates of lakes (Hansson 1990, Sendergaard et al.
1990). However, with increased water column nutrient loading and subsequent
increased phytoplankton biomass, the impact of regulation of nutrient flux from
the sediments is expected to diminish and light may begin to limit epipelic

production (Bjérk-Ramberg 1983).

Research Objectives

The importance of benthic algae in lake ecosystems can most effectively
be evaluated in conjunction with monitoring of pelagic processes. | monitored
benthic algal biomass, distribution, species composition, and production, in 5
small, steep sided lakes in the upper peninsula of Michigan, USA , for 5
summers. To assess how phytoplankton and fish population dynamics affected
periphyton response to whole-lake fertilization, | collaborated with researchers at
the University of Wisconsin, Madison, who were monitoring pelagic responses to
the manipulations. Through the use of whole-lake experiments, | evaluated the
effect of water column fertilization on the relative abundance of benthic and
pelagic primary production and biomass. In addition, | evaluated the combined

effects of lake morphometry, substratum abundance (sediments, wood), and
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substratum depth distribution on the distribution of algal biomass in the benthos
and water column.

To make meaningful comparisons of benthic and pelagic primary
production, it was essential to use a measurement method that was comparable
to that for phytoplankton production. It was also desirable that primary
production be measured in situ to detect effects of changes in light quality in the
lakes (e.g. absorption of photosynthetically active radiation by phytoplankton).
Using "C uptake to measure benthic primary production met both these criteria,
but was difficult to interpret because of steep concentration gradients in dissolved
inorganic carbon (DIC) at the sediment-water interface. In Chapter 2, | detail
these methodological difficulties and give the results of an experiment in which |
evaluated DIC sources for epipelic algae.

Artificial substrata are an extensively used tool for studying periphyton.
However, habitat heterogeneity is a fundamental characteristic of benthic
ecosystems, and periphyton on different substrata may respond differently to
fertilization. Furthermore, in whole-lake or mesocosm studies, phytoplankton
may reduce light availability to periphyton. This might mask any potential
increase in periphyton in response to greater nutrient availability. In Chapter 3, |
present an experiment in which epipelon and epixylon are grown separately in
the laboratory and exposed to different light and nutrient regimes. In this way |
determined the effect of fertilization on the two groups of periphyton, without the

confounding factor of phytoplankton blooms.
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In lakes, phytoplankton can reduce light availability to periphyton. Chapter
4 details an experiment in which | developed photosynthesis-irradiance curves
for epipelon collected from several depths in both a fertilized and unfertilized
lake. The goal was to determine whether, at any given light intensity, epipelon in
the fertilized lake were more productive than epipelon in the reference lake.

Such a pattern would be consistent with fertilization increasing epipelic
production.

Productivity per unit habitat area was the response of interest in the first
three chapters. However, on a whole-lake basis, both the abundance and depth
distribution of benthic substrata are components in evaluating whole-lake primary
production. In Chapter 5, | estimated surface area of benthic habitats, and using
long term monitoring data, modeled whole-lake benthic and pelagic primary
production before and during fertilization. This study is one of the first
experimental tests of the effect of whole-lake fertilization on the distribution of

primary production between benthic and pelagic habitats.
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CHAPTER 2

DISSOLVED INORGANIC CARBON SOURCES FOR EPIPELIC ALGAL
PRODUCTION: SENSITIVITY OF PRIMARY PRODUCTION ESTIMATES TO

SPATIAL AND TEMPORAL DISTRIBUTION OF *“C

Abstract

Estimates of epipelic algal primary production using '“C are sensitive to
whether the presumptive source of dissolved inorganic carbon (DIC) is the
overlying water, the interstitial water, or both. To determine the source of DIC, |
compared **C uptake among intact sediment cores exposed to different '“C
ratios between interstitial and overlying water. In addition, | evaluated the effect
of varying time between addition of *C and light incubation (preincubation time)
and the effect of photosynthetic uptake on final distribution of '*C. Both
preincubation time and photosynthetic uptake affected final *C distribution, but
the magnitude of the photosynthesis effect was larger. Estimates of primary
production ranged between 50 and 200 mg C m2 h™ depending on the presumed
DIC source and whether | accounted for differential photosynthetic depletion of
4C and DIC. Using non-linear regression the best estimate of epipelic

production was 114 mg C m? h™' and the fraction of DIC sequestered from
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overlying water was 0.5 (R? = 0.84). Similar assessments should be applied in

other systems for accurate *C estimates of epipelic algal production.

Introduction

The limited information available suggests that benthic algal contribution
to whole-lake primary production can equal or exceed that of phytoplankton
(Lodge et al. 1998). However, a major obstacle to measuring benthic algal
production in lakes with soft, organic sediment is a lack of established methods
for measuring periphyton production on surfaces other than rocks and artificial
substrata. Oxygen microelectrodes, commonly used to measure primary
production on estuarine sediments, cannot easily be adapted for in situ use in
lakes. Furthermore, measuring oxygen evolution is not directly comparable to
the most commonly used phytoplankton productivity measurement, 14C uptake.
Initial protocols using *C to measure production of periphyton on soft sediments
(epipelon) entailed forming a slurry of sediments and algae (e.g. Blanchard and
Montagna 1992, Hargrave 1969, Hickman 1969, Stanley 1976). Revsbech et al.
(1981) developed an improved method in which they incubated intact sediment
cores, eliminating overestimates incurred by disrupting the algal mat (Jénsson
1991). However, accurate production measurements using intact cores depend
on knowing whether epipelon sequesters DIC from the interstitial water, the
overlying water, or both. Epipelic primary production occurs at the sediment-
water interface where steep concentrations gradients in DIC occur (Cariton
1984). Thus, the DIC source for epipelic algae is not easily determined.

Researchers have accommodated this ambiguity by including a dark
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preincubation to allow equilibration of *C between interstitial and overlying water,
or by suctioning '“C through the sediments into the interstitial water (Jénsson
1991, Revsbech et al. 1981). Both these methods emphasize equalization of '*C
concentrations in the two pools and assume that the major source of DIC is
interstitial water. This assumption has not been tested. If the actual source of
DIC is interstitial water, but the ratio of DIC:'*C is measured in overlying water,
this will underestimate primary production because DIC available to epipelon will
be underestimated and *C availability will be overestimated. Conversely, if
interstitial water is erroneously assumed to be the source of DIC, epipelic algal
production will be overestimated. [f substantial amounts of DIC are sequestered
from both interstitial and overlying water, then accurate estimates depend on
knowing not only concentrations of DIC and '“C in each pool, but also relative
uptake from each pool. The former is easily measured, whereas the latter is not.
To improve '“C epipelic production measurements, | conducted a
laboratory experiment to estimate uptake of interstitial water DIC relative to
overlying water DIC. | also determined the effect preincubation time has on
spatial and temporal dynamics of 9C. Finally, | assessed the sensitivity of
primary production estimates to photosynthetic depletion of “C. To address
these questions | collected epipelic cores from a small, homogenous area of lake
bottom. | varied the time between '*C addition and onset of light incubation and
monitored C distribution in both light and dark cores. To estimate the
proportion of the algal community that sequester DIC from overlying water (po), |

created two groups of cores with contrasting availability of 'C in one source pool
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(overlying water), but similar availability in the second source pool (interstitial
water). Assuming similar and random variation in areal primary production rates
(P*) among cores, differences in "*C uptake between the two groups are a
function of differential use of the two DIC source pools. Thus, | was able to use
nonlinear regression to simultaneously solve for P* and po. The experiment
presented here provides both an appropriate weighting of overlying and
interstitial DIC for my experimental lake, and an experimental technique to

measure a weighting factor for any aquatic ecosystem.

Methods

In August 1994, | collected epipelic algal cores from Paul Lake, a small
(1.7 ha.), soft-water, oligotrophic lake at the University of Notre Dame
Environmental Research Center (89° 32' W, 46° 13' N) in the upper peninsula of
Michigan, USA. Sediments in Paul Lake are very flocculent (95% water by
weight) and highly organic (40-60% of sediment dry weight). Concentrations of
DIC in interstitial water are 2 x those in the water immediately overlying the
sediments and 5 x water column DIC concentrations (Carpenter and Kitchell
1993, Vadeboncoeur and Lodge, unpublished data). The epipelic mat extends to
a depth of at least 1 cm. Both '“C uptake and oxygen microelectrode
measurements indicate that photosynthesis occurs to a sediment depth of 1 cm
at ambient light intensities (approx. 250 umol m? s™), but about 80% occurs in
the top 5 mm (unpublished data).

| coliected and incubated each sediment core (with the associated

epipelon) in a Plexiglas cylinder (76 mm high x 38 mm id) with a tight fitting
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Plexiglas lid. The bottom of the chamber was sealed with a piston-like silicon
plug. The lower sides of light chambers were covered in black tape to the level
of the sediment. | completely covered the sides and lid of each dark chamber
with black tape.

Using SCUBA, | collected 52 intact cores (2 cm sediments + 2 cm
overlying water) from mid-depth of the epilimnion (2.5m, T = 19° C). To
minimize variation in epipelic primary production among cores, | collected all
cores from a small region on the north side of the lake where the epipelic mat
was well developed and homogenous. | stored cores at 19° C in the dark during
the period before light incubation (<36 hr). | used 48 cores in a factorial
experiment with three treatment variables (treatment levels in parentheses): 1)
duration of preincubation time (0, 3, 9, and 24 h), 2) ["*CoJ:["*C ] ratio (LO-OVR,
HI-OVR, see below), and 3) light exposure during incubation (light versus dark
chambers). The remaining 4 cores were used to estimate DIC concentrations in
overlying and interstitial water.

To vary preincubation time (TIME treatment), | added *C (7.4 kBq
chamber™ as NaH'*COs) to the overlying water at different times priortoa 2 h
light incubation. Isotope was added to groups of 12 haphazardly selected cores
(6 light, 4 dark, 2 sacrificed immediately prior to light incubation) in each of four
preincubation time groups. | returned three time groups to the dark for either 3,
9, or 24 h prior to light incubation. | incubated a fourth group (0 h), without
returning it to the dark, as soon as preliminary processing was complete

(approximately 0.5 h).
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My primary objective was to determine relative uptake of DIC from the
overlying and interstitial water. To do this, | created groups of cores with
contrasting concentrations of '*C in overlying water (['*CoJ), but similar
concentrations in interstitial water (["“CJ) (RATIO treatment). In low light, after
the preincubation period and immediately before light incubation, | carefully
removed the overlying water from each chamber with a syringe. [ replaced the
water in half of the chambers (3 light, 2 dark, 1 sacrificed) in each TIME
treatment with non-radioactive water collected from directly above the sediments
at 2.5 m in Paul Lake (LO-OVR). In the other half of the chambers, | immediately
reintroduced the just-removed radioactive overlying water into the chamber (HI-
OVR).

For phytoplankton production, it is standard to measure %C and [DIC] at
the beginning of the incubation and assume that both isotopes of carbon are
depleted at the same rate (Geider and Osborne 1992, Peterson 1980). In this
epipelic system, the high interstitial [DIC] suggested that bacterial respiration
would replenish unlabeled DIC during light incubation, potentially invalidating this
assumption. After completing the water manipulation, | incubated 3 light and 2
dark chambers from each TIME x RATIO treatment for 2 h at 200 umol m?s™, in
a 19° C water bath. | measured ["*Co] in all cores immediately before light
incubation. In addition, | sacrificed 1 core from each TIME x RATIO treatment
without incubation to estimate initial [“CJ and uptaker. To determine the effect of

photosynthesis on '*C distribution, | compared ["*Co], ['*C{, and '*C sequestered
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by epipelic biota (uptaker) in light and dark chambers after a 2 h incubation under
metal halide lamps (Sylvania Metal Arc MP, 400 Watt) (LIGHT treatment).

| terminated the light incubation by placing cores in the dark. |
immediately sampled 0.5 mL of overlying water for scintillation counting and
discarded the remaining overlying water. | then extruded the sediments,
removing the top 1 cm of each core. | centrifuged this section for 10 min and
then sampled 0.1 mL of interstitial water for scintillation counting. A 2 mL barrier
of mineral oil over the sediments prevented diffusion of *C into the air during
centrifugation (Revsbech et al. 1981). After rinsing oil from the sediments and
centrifuging a second time, sediments were frozen, dried at 55° C for 4 days,
and ground to a fine powder. Immediately before suspension in a scintillation
gel, | fumed a 5 mg subsample over HCI for 10 minutes to remove inorganic '“C
adsorbed to the sediments. | counted samples on a Beckman LS 5000TD
scintillation counter and used an external quench correction.

To determine [DIC] in overlying and interstitial water, four cores, to which
no '*C was added, were incubated under the lamps for 1 h. | halved the time of
light exposure so that measured [DIC] approximated average availability to the
epipelic algae during a 2 h incubation. Interstitial water was separated from the
sediments as described above. Using a gas chromatograph, | measured DIC
concentrations in the overlying and interstitial water by measuring CO; evolved
upon acidification (Stainton et al. 1977).

| used muiltiple regression to determine the relationship between TIME and

LIGHT and the 3 dependent variables (['“C/J, [*Co], and uptaker). TIME was a
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continuous variable, LIGHT was a categorical variable, and | included a TIME x
Light interaction term in the regression. | log transformed (In) all dependent
variables to homogenize variance. The HI-OVR cores provided direct insight into
'4C distribution under normal experimental conditions. Thus, I ran separate
regressions for the HI-OVR and LO-OVR treatments.

“Carbon methods assume that actual primary production is not a function
of the amount of *C present during incubation. In this experiment, added '“C
was 2% of total [DIC], and did not constitute a carbon enrichment. In the RATIO
manipulation, | replaced the radioactive overlying water with unlabeled water
from the sediment-water interface. Thus, | altered [**C], but not [DIC].

Therefore, actual primary production should not be affected by TIME or RATIO.
Most importantly, P* and po should be constant among cores and independent of
treatment. Based on this, | used least squares non-linear regression (SYSTAT®
procedure Nonlin) to iteratively solve for P* and po. | estimated P* (mg C m?h™)

and po by fitting the following equation adapted from Pregnall (1991):

uptake , = P A 1)
P 1,05(P M+(1_p )[DIC/]J
" rcol C1"ci

where uptakes is photosynthetic uptake of '“C and is equal to uptaker (light) -
uptaker (dark); t is incubation time in hours; A is the area of the core; and 1.05 is
the discrimination coefficient for **C. [DICo] and [DIC/] are concentrations (mg

L) of DIC in the overlying and interstitial water respectively.
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To test the sensitivity of P* estimates to assumptions regarding DIC
source, | calculated P* separately for HI-OVR and LO-OVR treatments:
1) assuming epipelon sequester DIC from overlying water only (po = 1); 2)
assuming epipelon sequester DIC from interstitial water only (po = 0); and 3)
using po calculated by the above non-linear regression. | used t-tests to
compare P* estimates for HI-OVR and LO-OVR treatments. Because P* was not
affected by the water manipulation, a significant difference in P* between the HI-
OVR and LO-OVR treatments indicated an erroneous estimate of po.
Unfortunately | could not directly assess potential error introduced by the
standard practice of using the initial DIC:'*C ratio to calculate primary production
(1 did not measure DIC at the beginning and end of the incubation). However, |
indirectly estimated the potential error by calculating primary production using
initial and final '*C availability, but assuming no change in DIC during light
incubation. | compared the sensitivity of both P? and po to photosynthetic
depletion by running the above non-linear regression using the best estimates of
[“Co] and [“C/ (i.e. averages of initial and final concentrations), as well as using

only initial or only final concentrations.

Results

Both TIME and LIGHT significantly affected final distribution of '9C, but the
effect of LIGHT was stronger (Fig. 2.1). In both the HI-OVR and LO-OVR groups
[“Co] (Fig. 2.1b, 2.1e) and ["*C/] (Fig. 2.1c, 2.1f) were greater in dark chambers
than in light chambers within the same time group. Conversely uptaker was

higher in light chambers (Fig. 2.1a, 2.1d). These patterns are consistent with
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FIGURE 2.1. Total uptake of '*C (a. and d.) and [**C] in the overlying (b. and
e.) and interstitial (c. and f.) water at the end of light incubation (O - light
chambers; ® - dark chambers). The radioactive overlying water was
immediately reintroduced into the HI-OVR treatment (left column), but was
replaced with non-radioactive water in the LO-OVR treatment (right column).
Statistics refer to multiple regression of In transformed data on light and
preincubation time.
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photosynthetic uptake depleting '*C from both the interstitial and overlying water
and suggest that a single source pool cannot be assumed.

| focus on the effect of TIME on '*C distribution in the HI-OVR cores
because they are indicative of '“C dynamics during normal production protocol.
In the HI-OVR cores, [*Co] decreased with time in both light and dark cores
(F1.15= 30.1, p < 0.0001; Fig. 2.1b). This decrease was a function of dark
uptake, which increased with preincubation time (F7,15s=7.79, p < 0.01; Fig.
2.1a). The interaction between TIME and LIGHT was significant for both uptaker
(F115=7.88, p <0.01) and [’4Co] (F113=10.77, p < 0.01). Contrary to
expectations, [#C/] equilibrated rapidly and was not a function of preincubation
time (F115=0.02, p = 0.9; Fig. 2.1c). The RATIO manipulation successfully
reduced [“Co] in the LO-OVR cores and resulted in a [*CoJ:[*C/] of
approximately 1 (Fig. 2.1e, 2.1f). In the HI-OVR cores [“CoJ:["*C] was
approximately 2 (Fig. 2.1b, 2.1c).

| used the above results to decide how to estimate '“C availability when
calculating P* and po. Because both the water manipulation and duration of
preincubation affected '*C availability in the two source pools, | calculated [Co]
and [*C]] separately for each TIME x RATIO treatment combination. In view of
the significant effect of LIGHT and because | measured [DIC] midway in the
incubation, | had to calculate average '*C available in each pool during light
incubation. For overlying water this was straightforward. | measured [“Co]
before and after light incubation and used the mean of these two values as the

availability for each core. | could not measure ["“C] before light incubation, so
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were forced to use either sacrificed cores (N=1 per group) or dark cores (N=2 per
group) to estimate initial concentrations. For the HI-OVR treatment, [*C/J in
sacrificed and dark cores was virtually identical (data not shown). However, in
the LO-OVR treatment, [“C/]in sacrificed cores tended to be either higher or
lower than dark cores. These results suggested that concentrations in dark
chambers did not change during light incubation, but that variation was
substantial among cores. Instead of using unreplicated sacrificed cores alone as
estimates of initial ["CJ in light cores, | averaged dark and sacrificed cores to
estimate initial ["*C/].

Using average availability of ["“Co] and ['*C/], non-linear regression
calculated P* =114 mg C m? h™ and po = 0.5 (R?=0.84). Thus, for Paul Lake, the

ratio of DIC:C availability to epipelon can be calculated as:

[DICo] _ [DIC.]

7 v (2)
[ Col [7C.]

[DIC] : [ C] = 0.5(

Using either interstitial water or overlying water as the sole source of DIC
resulted in significantly different primary production estimates for the HI-OVR and
LO-OVR groups (Fig. 2.2). However, assuming epipelic algae sequester DIC
equally (po = 0.5) from the two pools minimized differences between the two
groups, and resulted in production estimates intermediate between those
obtained by assuming either overlying or interstitial water was the sole source of

DIC. Similarly, estimates of P* were highly sensitive to photosynthetic depletion
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FIGURE 2.2. Estimates of primary production assuming either the overlying water (po
= 1) or the interstitial water (po = 0) was the sole source of DIC, compared with a
primary production estimate assuming equal weighting (po = 0.5) of each source.
Actual primary production was expected to be similar among all cores. A significant
difference in estimated primary production between the HI-OVR and LO-OVR groups
indicates an erroneous estimate of po.
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of *C, while estimates of po were less so (Table 2.1). Assuming no change in
DIC, failure to incorporate photosynthetic depletion of *C caused estimates to be
either 0.65 times or 1.5 times the value estimated using average availability
(depending on whether initial or final concentrations of '*C were used).

TABLE 2.1. ESTIMATES OF AREAL PRIMARY PRODUCTION (P*) AND P
(WEIGHTING FACTOR FOR DIC FROM THE OVERLYING WATER) USING
INITIAL, FINAL, AND AVERAGE "“C CONCENTRATIONS. R? IS FIT OF NON-

LINEAR REGRESSION TO EQUATION 1. NUMBERS IN PARENTHESES ARE
STANDARD ERRORS OF ESTIMATES.

['“C] Estimated P* po (SE) R?
(SE)
(mg C m2h™)
Initial 84 (9.6) 0.47 (0.10) 0.84
Final 192 (23.1) 0.50 (0.12) 0.73
Average ((initial + final)/2) 114 (11.6) 0.50 (0.09) 0.84
Discussion

Although | expected preincubation time to cause large differences in 14C
availability in the interstitial water, interstitial concentrations stabilized rapidly in
the HI-OVR group. Based on this experiment, creating equal concentrations of
4C in the interstitial and overlying water (J6nsson 1991) is not essential. As long
as [“Co] and ['*C/] and po are known, distribution between the two source pools
does not affect production estimates. If po is unknown, equalization of *C
between interstitial and overlying water does not improve estimates unless DIC is
also equalized and the ratio of DIC:'*C does not change during incubation (i.e.

there is effectively only one source pool). Therefore, researchers should
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measure ["“Co] and ["“C/] directly. Although TIME did not significantly affect
[*#CyJ, variance was high in the 0 h group. Thus, a short preincubation time that
allows equilibration of '*C in the interstitial water, but minimizes chamber effects
and logistic difficulties, is desirable.

Photosynthetic depletion of *C was pronounced and significant in both the
overlying and interstitial water. This depletion only affects estimates of primary
production if DIC:**C is measured at the beginning (as is usual for phytoplankton
measurements, Geider and Osborne 1992, Peterson 1980) or end of the
incubation, and if the DIC:'*C ratio varies during incubation. The magnitude of
the potential error introduced by a changing DIC:'“C ratio is large (Table 2.1).
High respiration rates by heterotrophs in sediments (Hargrave 1969) make it
probable that DIC:'*C ratios do change during incubation. Unless DIC is depleted
and respired by the entire epipelic biota at the same rate as epipelic algae
deplete and respire '*C, the ratio of DIC:'*C changes during incubation. If, as is
likely, respiration by sediment biota does not completely compensate for
photosynthetic uptake of DIC, then error due to photosynthetic depletion will be
less than indicated by my rough analysis. However, this source of error should
not be overlooked. To adequately assess the actual impact of photosynthetic
depletion of "C on primary production estimates, determination of changes in
both '“C and DIC during incubation is desirable.

Primary production estimates were highly sensitive to the relative
weighting of the two source pools of DIC. If epipelon is erroneously assumed to

sequester DIC from a single source pool, production estimates are an inverse
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function of (rather than independent of) *C activity added to that pool (Fig. 2.2).
Thus, assuming a single source of DIC not only results in erroneous absolute
estimates of production, but relative estimates will be misleading if the
experimenter varies the amount of **C added to incubation chambers. System-
specific experimental determination of po is necessary to avoid this source of
error. Experimental manipulation of overlying water such as | describe here is a
simple and practicable approach to determine po, and the time consuming
manipulation of preincubation time is not a necessary component of such an

experiment.
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CHAPTER 3

SUBSTRATUM-SPECIFIC RESPONSE OF PERIPHYTON ON SEDIMENTS
AND WOOD TO LABORATORY MANIPULATIONS OF LIGHT AND

NUTRIENTS

Abstract

Substratum heterogeneity is a large source of variability in periphyton
production in lakes and streams. | used a [aboratory experiment to compare
productivity of natural assemblages of periphyton on sediments (epipelon) and
wood (epixylon) from a lake in upper Michigan, USA. In the same experiment, |
tested whether periphyton response to fertilization and light gradients was
substratum-specific. The experiment was blocked in time (3 blocks); blocks ran
for either 25 or 32 d. Treatments were substratum (wood or sediments), light
(250, 70, or 10 umol m2 s™') and nutrients (Control or + phosphorus and nitrogen)
(n = 3 replicates/block). Response variables were '*C periphyton production on
each substratum, water column total phosphorus concentration ([TP]), and
chlorophyil accumulation on suspended glass microscope slides. Production of
epipelon was 10 x that of epixylon (p < 0.0001). Epipelic (p < 0.0001) and
epixylic (p < 0.0001) production were positively related to light intensity, but only

epixylic production was higher in fertilized treatments than in controls (p < 0.01
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vs. p = 0.69 for epipelon). Chlorophyll on glass slides and water column [TP]
were significantly higher in sediment than in wood treatments. Epipelic
production was not stimulated by water column fertilization, probably because
epipelic algae sequestered nutrients from the sediments. Conversely, epixylon
sequestered nutrients from the water column and production was nutrient limited.
Substratum specific response of periphyton may impact whole lake or stream

response to fertilization.

Introduction

Experiments have shown conclusively that light (Hill 1996, Hill and Boston
1991, Round 1961), nutrient availability (Bothwell 1993, Fairchild et al. 1985,
Fairchild and Sherman 1993, Mulholland et al. 1991, Peterson et al. 1985,
Shortreed et al. 1984, Turner et al. 1994), and grazing (Lamberti and Resh 1983,
Power et al. 1985, Rosemond 1993, Rosemond et al. 1993, Steinman 1996) all
strongly affect periphyton abundance and production in freshwater ecosystems.
Additionally, substratum (e.g. macrophytes, rocks, sediments) directly affects the
light and nutrient environment of associated periphyton (see reviews by
Burkholder 1996, Sand-Jensen and Borum 1991). Thus, it is likely that
substratum mitigates the response of periphyton to alterations in resource
availability. However, experimental evaiuation of the effect of nutrients and light
on periphyton on more than one natural substratum are exceedingly rare (Bjérk-
Ramberg and Anell 1985).

Chemical and physical properties of substrata affect periphyton primary

production and biomass accumulation. Rocks are not usually a nutrient source
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for associated algae (epilithon), but are physically stable relative to
unconsolidated sediments or macrophytes. Similarly, wood is probably effectively
chemically inert (Burkholder 1996), but few data are available (Scholz and Boon
1993). Macrophytes leak small amounts of nutrients that are nevertheless
significant to epiphytes in very oligotrophic systems (Burkholder and Wetzel
1990). Periphyton growing on unconsolidated sediments (epipelon) sequester
nutrients from pore water (Carlton and Wetzel 1988, Hansson 1990,
Vadeboncoeur and Lodge, in press). Sand and gravel provide high surface area
for algal attachment in zones of intrusion of nutrient rich groundwater (Hagarthey
1996, Vallet et al. 1997). Thus, the response of periphyton to alterations in water
column nutrient additions may depend on whether the water column, the
substratum, or sediment pore water is the primary nutrient source (Sand-Jensen
and Borum 1991).

Because substratum is a major source of periphyton variability in natural
systems (Cattaneo et al. 1993), experimenters have relied extensively on
periphyton cultured on artificial substrata or relatively uniform naturai substrata
such as rocks (Tuchman and Stevenson 1980, Cattaneo and Amireault 1992).
Despite the importance of periphyton-substrate interactions, | know of no
replicated experiments comparing the response of periphyton on different natural
substrata to alterations in nutrients or light. To assess the impact of substratum
on periphyton productivity, | isolated periphyton assemblages on sediments and
wood (epixylon) and exposed them to 2 nutrient and 3 light levels for 25 or 32 d.

My experimental design allowed me to address two important questions: 1) do
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areal rates of periphyton primary production differ between these natural
substrata? and 2) are periphyton responses to gradients in light and nutrients

substratum-specific?

Methods
Study site

| conducted a laboratory experiment comparing the effect of light and
nutrient fertilization on periphyton production on sediments and wood coliected
from Paul Lake (83°32' W, 46°13 N). Paul Lake is a small (1.7 ha), steep sided,
oligotrophic lake in upper Michigan, USA (Carpenter and Kitchell 1993).
Although the thermocline depth is typically 3 m, photosynthesizing epipelic algal
mats persist to a water depth of 7 m (< 1 % light). Littoral zone substrate
composition is dominated by soft organic sediments, which make up > 80% of
benthic surface area from the lake edge to 7 m water depth. The only other
common substratum is wood. The lake periphery is wooded, and woody debris
is common in the littoral zone to 3 m water depth. However, the majority of wood
occurs between the lake edge and 0.5 m water depth. Thus, in Paul Lake,
periphyton on wood occurs in a predominantly high light environment while

epipelic algae grow at a range of light intensities.

Experimental design
| incubated defaunated (see below) periphyton assemblages on natural
substrata in 19 L white plastic buckets for 25 d (1993, 2 blocks) or 32 d (1994, 1

block). Each experimental block consisted of 36 containers holding either wood
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(W) or sediments (S) (n = 18 for each substratum). Containers were placed
under metal halide lamps (Sylvania Metal Arc MP, 400 Watt) on a 14:10 h
light:dark cycle. | used neutral density shade cloth to create three light
treatments: high (250 umol m?2 s™), moderate (70 umol m? s™), and low (10 umol
ms™). Half of the replicates in each light treatment were fertilized daily (+) with
a solution of NHsNO3 and Na,HPOQO,4 (N:P 20:1 by weight) at the rate of 1 ug P L
d'in 1993 and 2 ug P L™ d™" in 1994. The remaining replicates were unfertilized
controls (C). Each block consisted of 3 replicates.

| collected sediments from a water depth of 1.5 m on the north side of Paul
Lake using a corer constructed from a container identical to the experimental
chambers. The bottom of the container was cut away so that it could be driven
into the sediments to approximately 10 cm. | inserted a plastic slide into a slit
near the bottom of the container to isolate the sediment core. Each core was
transferred immediately to an experimental container. The sediment-water
interface had an area of 0.04 m®. The sediments of Paul Lake are flocculent
(95% water by weight). Disturbance was inevitable during sediment collection.
Therefore, for one week after collection, the cores were left undisturbed in the
laboratory under ambient lake light conditions. At the end of one week, | added
ABATE insecticide (O,0’'-(thiodi-4,1-phenylene)bis(O,O-dimethly
phosphorothiate) to the water overlying the sediments (5 mg/L H20). Visual
inspection indicated high macroinvertebrate mortality. After 24 h of exposure to

the insecticide, | replaced the water with 12 L of filtered (150 um mesh) lake
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water to a depth of approximately 20 cm above the sediments. [ randomly
assigned each container to a treatment.

| coliected wood that was visibly colonized with periphyton from
approximately 1 m water depth on the west side of Paul Lake. | used pruning
shears to cut branches from submerged snags and collected wood (= 3 cm dia.)
with minimal disturbance. After collection, | transferred the wood to the
laboratory and cut it into 20 cm lengths. | placed two pieces of wood in each
container for a total wood surface area of 0.04 m? and added ABATE to
defaunate the periphyton. After a 24 h exposure, | replaced the water with 15 L
of filtered (150 um mesh) water from Paul Lake and randomly assigned each
container to a treatment.

The day after | replaced the water, | began exposing the periphyton to
experimental light and nutrient treatments. | added nutrients each morning at the
rate of 1 (1993) or 2 (1994) ug P/d per L of overlying water and then gently
stirred the water (without disturbing the epipelon or epixylon). | changed the P
loading between blocks to correspond to loading rates in concurrent whole-lake
fertilization studies (Carpenter et al. 1996). Because fertilization rates were not
replicated within blocks, | could not test the effect of this change independent of
block effects. However, this did not prove to be a major complicating factor in my
interpretations (see Results). Throughout the experiment, air was bubbled slowly
into each container to maintain gentle water circulation. A glass slide attached

to a buoyant cork was suspended at 8 cm water depth in each container to
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determine the effects of the treatments on periphyton accumuiation on an

artificial substratum.

Primary production

At the end of each experimental block, | measured **C primary production
on both substrata. For epipelon, | used the methods of Revsbech et al. (1981)
with slight modifications (Vadeboncoeur and Lodge, in press). Production
chambers were clear Plexiglas cylinders (75 mm h x 38 mm id) with tight fitting
Plexiglas lids (Chapter 2). Production chambers were partially (below the
sediment-water interface — “light”) or completely (“dark™) covered with opaque
tape. With minimal disturbance, | removed two intact cores (1 light and 1 dark, 2
cm sediments + 2 cm overlying water) from each container. | added 7.4 Kbq of
'4C to each sediment chamber and returned it to the dark for 2 h to allow
equilibration of '*C between the overlying and interstitial water. Following the
equilibration period, | incubated each sediment core under the lamps at the light
intensity to which it had been exposed during the experiment. After a 2 h light
incubation, | removed cores to the dark and processed them immediately.
Subsamples of interstitial and overlying water were collected for scintillation
counting (Chapter 2). Sediments were frozen, freeze-dried, ground to a powder,
and a 5 mg subsample fumed over HCI for 10 min to remove adsorbed inorganic
4C. | then suspended the subsample in scintillation gel (7 mL Universol ES + 3
mL H,0) and counted it on a Beckman LS5000TD liquid scintillation counter with

external quench correction.

35



| modified the above methods to measure production of periphyton on
wood. Two sections (1 light, 1 dark; ~ 2.5 cm long) of a single piece of wood
from each container were isolated in production chambers identical to those used
for sediments (except that sides of light chambers were completely clear). |
added 7.4 Kbq of *C to each chamber immediately before light incubation (no
equilibration period). After a 2 h incubation at experimental light intensities, |
removed the wood to the dark for processing and subsampled the incubation
water for scintillation counting. In 1993, sections were immediately frozen and
then freeze dried. | then brushed the freeze dried periphyton from the wood,
suspended it in deionized water (approx. 20 mL), and collected it on membrane
filters (Nuclepore MF, 0.45 um pore size). | used deionized water to rinse any
material remaining on the brush and wood onto the filter. Freeze drying
apparently maintained the structural integrity of the periphyton, the material was
retained on the filters, and the filtrate was clear. However, it is possible that
some intra-celiular '*C passed through the filter. In 1994, all periphyton was
brushed from the wood and suspended in deionized water immediately after
incubation. The suspension was then filtered onto glass fiber filters (Whatman
GF/F, nominal pore size 0.7 um). In both years, filters were placed in scintillation
vials, dried at 55°C, and fumed over HCI for 10 min. | added 10 mL scintillation
fluor to each vial and measured '*C activity as described above.

Concurrent with the light incubations, water was collected from each
container for dissolved inorganic carbon (DIC) analysis. In sediment treatments |

also measured DIC in the interstitial water (Chapter 2). | measured DIC by
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acidifying the water sample and measuring evolved CO> on a gas chromatograph
(Stainton et al. 1977).
| calculated areal photosynthesis (P,) in mg C m2h during the light

incubation as:

_ Uptake, x DIC x 1.05

P 7
DI"Cx AxT

Where Uptakes is total photosynthetic uptake of "C by the sediment core or
piece of wood (= Uptakeign - Uptakeqa), DIC is dissolved organic carbon in
mg/L, DI'*C is average '“C availability per L during the incubation (= [DI"*Cjignt +
DI'¥Cgar}/2). For sediments, overlying and interstitial DIC and DI'*C were
weighted based on the results of Vadeboncoeur and Lodge (in press). T =
incubation time (2 h), A = colonized surface area of the incubated sample, and

1.05 is the isotope discrimination factor (Pregnall 1991).

Other measurements

At the end of each block | froze 250 mL of overlying water from each
container for later analysis of total phosphorus concentration ([TP]) on a Lachat
autoanalyzer. | collected and froze the glass slides. | later extracted each slide
in 100% methanol for 24 h and analyzed the extract fluorometrically for

chlorophyll a (corrected for phaeophyton) (Holm-Hansen 1978).

Statistics
All data were transformed (In (x+1), Zar 1996) to conform to assumptions

of ANOVA. | tested my two main questions individually. To test whether
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substratum affected primary production, water column [TP] or chlorophyll, | ran
univariate ANOVAs using substratum and block as factors. To determine the
effect of light and nutrient manipulations on response variables, | ran separate
ANOVAs for wood and sediments with block, light, and nutrients as factors. By
analyzing the effects of light and nutrients within substratum, | substantially
clarified interpretation of both main effects and interaction terms and was able to
assess directly the effects of light and nutrients manipulations on the respective
periphyton communities. Following the criteria of Newman et al. (1997), | did not

include interactions between blocks and factors.

Results

Substratum significantly affected primary productivity (F(s, 7y = 522.9, p <
0.0001) (Fig. 3.1). For all light and nutrient treatments, areal production of
epipelon was consistently 10 x areal production of epixylon. Epipelic primary
production ranged from 1 mg C m2 h™ at low light intensities to 70 mg C m2h"
at high light intensities (Fig. 3.2a), and the effect of light intensity was significant
(F2.45 = 35.10, p < 0.0001). In contrast, the effect of nutrients was not significant
(F1.45 = 0.16, p = 0.69), no significant nutrient x light interaction existed (Fi245 =
0.25, p = 0.78). There was a significant block effect for sediments (F2.45 = 22.95,
p < 0.0001); epipelic production rates were lower in all treatments in 1994

compared to1993, but still 7 x higher than epixylon (comparison not shown).
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FIGURE 3.1. Substratum-specific periphyton primary production, chlorophyll on
glass slides (suspended in the experimental containers), and water column total
phosphorus. The effect of substratum was significant for all response variables
(primary production F, 71y = 522.9, p < 0.0001; chiorophyll Fs, 103 = 61.8, p <
0.0001); [TP] F1.95 = 20.0, p < 0.0001).
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FIGURE 3.2. Periphyton primary production on a) sediments and b) wood.
Results from all three blocks are pooled.
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Epixylon primary production ranged from 0.2 to 4 mg C m2 h™' (Fig.
3.2b). Production increased with increasing light (F,,, = 11.25,p <
0.0001) and was higher in fertilized containers relative to the controls (F, ,
= 8.38 p < 0.01). There was no interaction between light and nutrients
(F,46 = 0.1, p = 0.9). Despite the increase in P addition rate in 1994, the
effect of block was not significant for epixylon production (F,,;, = 0.15,p =
0.86).

Substratum affected [TP] in the water column of the containers (F; g5 =
20.0, p < 0.0001) and chlorophyll accumulation on the suspended glass slides
(F1.103=61.8 p < 0.0001; Fig. 3.1). Water column [TP] was higher in fertilized
treatments relative to controls in both wood and sediment containers (F7 42 =
58.1, p <0.0001; F;42 = 5.09, p < 0.05, respectively). Total phosphorus was
positively related to light availability in containers with sediment (F.4, = 11.39, p
< 0.0001), but not in those with wood (F242 = 1.16, p = 0.32). Nutrient addition
increased chlorophyll accumulation on glass slides in wood (F245 =4.99, p <
0.05), but not sediment (F2 45 = 0.18, p = 0.18), containers (Fig. 3.3). There was
no relationship between light and chlorophyil on glass slides in either wood (F3 45

=0.74, p = 0.48) or sediments (F246 = 1.23, p = 0.30).

Discussion

Primary production of natural periphyton assemblages on wood and
sediments differed. In addition, these assemblages responded differently to
water column fertilization. The natural substratum in containers affected water

column [TP] and the accumulation of chlorophyll on artificial substrata. These
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FIGURE 3.3. Chiorophyll accumulation on glass microscope slides in containers
with: a) sediments; and b) wood. Results are pooled from all 3 blocks.

42



results demonstrate the importance of substratum to nutrient cycling in
periphyton and the potential for substratum to alter adjacent water column
chemistry. This, in combination with the finding that light strongly limited
periphyton production on both substrata, indicates that substratum composition
and distribution with respect to light is critical to determining the response of
periphyton to water column fertilization in a lake or stream.

Areal production of epipelon was about 10 x greater than epixylon.
Although my experimental design does not allow me to directly determine the
mechanism behind this pattern, | propose two likely contributing factors: 1)
Sediments can be a source of P for epipelic algae (Cariton and Wetzel 1988,
Hagarthey 1996, Hansson 1990). In Paul Lake at 1.5 m, pore water [TP] is = 85
png/L while water column [TP] is =10 pug/L (Chapter 4, S. R. Carpenter
unpublished data). Thus, higher productivity of epipelon may be due to higher
nutrient availability; 2) | qualitatively assessed (at 400x magnification) taxonomic
composition and found marked differences between the substrata. Epixylic
assemblages were dominated by filamentous green algae. Filamentous
cyanobacteria and non-motile colonial cyanobacteria were also common, but
diatoms were noticeably lacking. In contrast, pennate motile diatoms dominated
epipelic assemblages. Motile cyanobacteria and motile chrysophytes were also
common. The two factors are probably interrelated and may both contribute to
increased productivity on sediments. However, the fact that the difference in
productivity on the two substrata is of similar magnitude as the difference in [TP]

between the interstitial water and water column suggests that substratum-specific
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nutrient availability is the dominant factor. This conclusion is supported by the
results of the nutrient manipulations.

The ability of epipelic algae to sequester pore water nutrients (Cariton and
Wetzel 1988, Hansson 1990) does not preciude the possibility that the water
column is also an important nutrient source for epipelon (Nilsson et al. 1991).
Previous assessments of the effect on epipelon of water column fertilization in
whole-lake (Bjérk-Ramberg 1983) and mesocosm (Blumenshine et al. 1997)
experiments were likely confounded by light reducing phytopiankton blooms. |
minimized potential light reduction by phytoplankton in the containers by leaving
only 20 cm of water above the substratum. Still, additions of 1Tor2 ug P L™ d
were insufficient to stimulate epipelic production. Although the P loading rates
were low relative to much anthropogenic loading (Lijklema 1994), such rates
nevertheless commonly cause large increases in phytoplankton and epilithon
primary production in North American lakes and streams (Carpenter et al. 1996,
Cottingham and Carpenter1998, Peterson et al. 1985, Schindler 1978). The lack
of a difference between epipelic production in fertilized treatments and controls,
in combination with the positive relationship between epipelic production and
light, indicates that epipelic algae in Paul Lake are light, not nutrient, limited.

In contrast, epixylon production was significantly greater in fertilized
treatments. Production rates were similar in all 3 blocks, despite the doubling in
fertilization rate in 1994. This result appears to contrast with an in situ
mesocosm experiment in nearby Central Long Lake in which chiorophyll on

plastic strips (an analogue for wood) was positively related to nutrient loading
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between 0.5 and 2.0 ug P L™ d™' (Blumenshine et al. 1997). However, in the

current laboratory experiment, | did not replicate nutrient loading rates within
blocks and the change in P loading in 1994 coincided with a slight change in
method for measuring epixylon production (I did not freeze-dry epixylon in 1994).
Therefore, | restrict myself to the conclusion that fertilization increased epixylic
production and do not attempt to evaluate the effect of different fertilization rates.
Although | know of no similar studies of epixylic production on natural wood,
these results support the assertion that wood is effectively chemically inert for
periphyton (Burkholder 1996). As with epilithon and algae on artificial substrata,
both light and nutrients determine epixylon production. Thus, limnologists might
satisfactorily apply results from experiments using non-diffusing artificial
substrata to systems dominated by epixylon.

In addition to affecting primary production of its associated algae,
substratum affected water column [TP] and chlorophyll accumulation on adjacent
artificial substrata. | speculate that, as in lakes (Schindler et al. 1978), water
column [TP] in this experiment was an index of phytoplankton concentration.
Thus, | can assess substratum impact on nearby phytoplankton ([TP]) and
periphyton (glass slide chlorophyll). There are at least two possible (and with
these data, indistinguishable) mechanisms for the observed higher [TP] and
glass slide chlorophyll concentrations in containers with sediments compared to
wood: 1) sediments diffuse dissolved nutrients to the water column that can be
converted into planktonic and periphytic biomass; and 2) sediments, more than

wood, provide algal colonizers to the water column (Barbiero and Welch 1992,
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Hansson et al. 1994). | saw a similar effect of sediments on adjacent artificial
substrata in a mesocosm experiment in nearby Central Long Lake; chlorophyil on
mesocosm walls increased with depth in both fertilized and control mesocosms
(Blumenshine et al. 1997). Thus, nutrient rich sediments may alter the outcome
of experiments in which artificial substrata are placed on or near sediments.

My results demonstrate not only that it is appropriate and informative to
use natural substrata to evaluate the effect of abiotic variables on periphyton, but
also that it is practicable to do so. Despite a simple, small-scale, experimental
set up that isolated periphyton from many lake processes (e.g., ground water
intrusion, epilimnetic circulation, grazers), epipelic and epixylic production rates
were similar to those measured in situ in Paul Lake (Chapter 5). Water column
[TP] in control containers with wood was similar to that of Paul Lake (11 and 12
ug P L™, respectively), while [TP] in fertilized containers with wood was similar to
nearby lakes that were also fertilized (23 and 25 ug P L™ respectively) (Carpenter
et al. 1996). Most importantly, the variability in production introduced by non-
uniform substrata did not swamp meaningful information on the relative response
of the two algal assemblages to fertilization. That said, | required the power of 9
replicates (blocked over 3 time periods) to elucidate these patterns. Furthermore
there were significant, unexplained, differences among the blocks. For instance,
| do not know why epipelic production and [TP] in sediment containers was lower
in 1994 than in 1993 (comparison not shown).

Using natural substrata in experiments is probably more time consuming

than using artificial substrata. However, these results suggest that variability in
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abundance and distribution of substrata determines the response of periphyton to
perturbations. Thus, using natural substrata in experiments will greatly improve
the ability to predict the outcome of natural and anthropogenic perturbations.
Increasingly, ecologists recognize the importance of periphyton in food webs and
nutrients cycles in both lakes and streams (Bothwell 1993, France 1995, Hecky
and Hesslein 1995, Lamberti 1996, Minshall 1978). In order to accurately predict
the role of periphyton in ecosystem level processes, limnologists need to

incorporate normal benthic habitat heterogeneity into experiments (Lodge et al.

1988).
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