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ABSTRACT

Autumnal leaf litter that falls into streams of forested regions forms a major
source of energy for stream food webs. The processing of this litter has been studied
for many years, and two generalizations have come from this research: 1) nitrogen
concentration is positively correlated with breakdown rate, and 2) temperature is
negatively correlated with breakdown rate. Along with investigators in Michigan and
Costa Rica, I examined these generalizations by estimating breakdown rates of litter
of ten tree species with widely varying nutritional quality along the latitudinal
gradient of Costa Rica to Michigan to Alaska. At each site, litter processing
experiments were done using leaves of the same ten tree species and the same
methods in streams with similar character. We found that condensed tannin, a plant
defense against herbivory, was more highly correlated (negatively) with breakdown
rates than was nitrogen (positively correlated with breakdown), and 2) breakdown rate
showed a complex response to water temperature (i.e., latitude). I propose a model
of leaf litter breakdown in which the microbial contribution to litter breakdown is
negatively correlated with latitude (i.e., temperature) and the invertebrate contribution
to litter breakdown is positively correlated with latitude. In addition, I suggest that
secondary compounds of low solubility, especially condensed tannin, should be

considered along with nitrogen when evaluating a tree species for leaf litter quality.
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OVERVIEW

Many studies in stream ecology have addressed the fate of leaves that fall into
streams, and a considerable literature has accumulated (see manuscript I for literature
review). Among the ideas currently held by stream ecologists about the controls of
leaf litter decomposition are: 1) leaf litter processing is a three-stage process involving
leaching, microbial degradation, and invertebrate ingestion, 2) different leaf species
are processed at different rates, and 3) processing rates increase with increasing
temperature. Studies of rates of leaf litter breakdown have generally been done at a
given location (often in temperate regions) without regard to biogeographic patterns of
microbial and invertebrate decomposers. Although nitrogen concentration in leaves
has long been known to have a positive influence on decomposition rates, most
previous studies have not considered the role that other physical or chemical
characteristics of the leaf material might play in controlling the rates of leaf
disappearance in streams. Furthermore, these physical and chemical characteristics
are not static in time or space, either among tree species or among individuals of a
single tree species. The evolutionary history and the relative "apparency" have
influenced plant defenses against herbivores by altering the quality of their leaves as
food. In addition, many plants have the ability to respond individualistically in

ecological time through phenotypic changes in defenses in response to herbivory.

xxiii
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These variations in leaf quality (especially secondary metabolites with low solubility
in water like condensed tannin) often affect the quality of leaf detritus to stream food
webs.

This project was a collaborative study on latitudinal patterns in the
decomposition of leaves of varying quality. The study was carried out simultaneously
by five teams of investigators in five locations in North and Central America. In this
dissertation, I present four manuscripts as separate sections. In the first, following an
introduction and literature review, I include results and preliminary discussion of the
Alaskan data. The next three sections are comprised of the three major papers
documenting the results of a multi-investigator study of chemical and thermal controls
on leaf litter decomposition in streams. Due to the nature of cross-site studies, there
are several authors on these papers. The first paper (chapter II) documents the effects
of leaf litter chemistry on mass loss rates of leaf litter, and although Dr, R.J. Stout is
the first author, I had a major role in performing chemical analyses, conducting the
Alaskan portion of the study, and writing an early version of the manuscript. In
chapter III, I present the results of phenological analyses done only on the Alaskan
samples, and in chapter IV, I discuss the role that temperature plays in leaf litter
breakdown rates along a latitudinal gradient. Finally, in the conclusion section I
construct a verbal model of the effects of leaf chemistry, invertebrate feeding, and
temperature on the dynamics of leaf litter processing in streams. The appendix

archives the raw data from the Alaskan portion of the study.
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INTRODUCTION

A major source of energy for stream communities of forested regions is leaf
litter that falls from riparian trees in autumn (Cummins 1973, Minshall 1978). After
reaching the stream, leaves undergo transformations that affect their quality as food
for stream shredders. These changes include leaching of soluble substances from the
leaves and colonization of the leaves by bacteria and fungi. Shredder insects then
consume microbially colonized leaf detritus. Leaf characteristics (physical and
chemical), microbial conditioning (species composition, abundance, and length of
time), the shredder community (species composition and abundance) and the many
interactions of these factors determine the rate at which leaves are processed in

streams. These are discussed in more detail below.

LEACHING

Leaching is the first process by which mass is lost from leaves following entry
into streams (Petersen and Cummins 1974, Triska and others 1975). Soluble
compounds (e.g. low molecular weight carbohydrates, amino acids, hydrolyzable
tannins) are readily leached within the first few days by running water (Suberkropp
and others 1976): average 24 hour weight loss to leaching from leaves of many tree
species is approximately 15% (Petersen and Cummins 1974), with some species over
20% (Petersen and Cummins 1974, Triska and Sedell 1976). However, some soluble

sugars may remain in leaves (especially in poplar leaves) for substantially longer
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(Chauvet 1987). Leaf leachate, which contributes to the dissolved organic carbon .
(DOC) pool, can be used directly by epilithic microbial communities in streams |
(Cummins and others 1972, Dahm 1981, Lush and Hynes 1978, Wetzel and Manny
1972). Although most of the mass loss attributable to leaching of red alder leaves
occurrs in the first 48 hours, water color (generally thought to be caused by humic
acids) increases linearly for 600 hours, suggesting that larger compounds are leached
to the stream in small quantities over longer periods of time (Taylor and Adams
1986). In boreal streams, large molecular weight compounds (e.g. humic acids,
tannins) seem to inhibit the ability of the microbes to use low molecular weight
compounds (< 1000 daltons), and contribute substantially to the epilithic metabolism
(Ford and Lock 1987). Air-drying, oven-drying, or freezing may artificially increase
leaching rates in some species (Bérlocher 1992, Chergui and Pattée 1992, Gessner
1991, Gessner and Schwoerbel 1989). In an earlier study in interior Alaska, birch,
alder and willow leafpacks made from dried leaves lost about 15-20% of their original
mass in 24 hours (Cowan and others 1983), and alder, birch, willow, and balsam
poplar leaves all showed substantial reductions in condensed tannin (proanthocyanidin)
concentrations following 24 hour leaching in the laboratory (J.G. Irons and J.P.

Bryant, unpubl. data).

MICROBIAL COLONIZATION

Following a time lag (ca. one month), microbial colonization of the leaf
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surfaces occurs (Bérlocher and Kendrick 1975, Petersen and Cummins 1974), a
process called conditioning. The rate of colonization and resulting microbial
community composition depends on the species of riparian trees (Kaushik and Hynes
1971, Petersen and Cummins 1974, Suberkropp and Klug 1976). Bacterial and fungal
(primarily aquatic hyphomycetes (Suberkropp and Klug 1976)) communities develop,
and leaf nutrients (both concentration and absolute amount) increase (Bérlocher 1985,
Iversen 1973). At peak fungal biomass, Gessner and Schwoerbel (1991) found that
9.2% of the alder leafpack-fungus complex was fungal biomass. It is currently
believed that stream shredders obtain more of their nutrition from the microbial
community than from the leaf tissue itself (Anderson and Sedell 1979, Cummins
1973, Cummins and Klug 1979, Kaushik and Hynes 1971, Petersen and Cummins
1974, Triska and others 1975). It appears that microbes (at least aquatic fungi)
perform two major roles in the breakdown of leaf litter: 1) microbial production
creates easily digested microbial biomass for shredder consumption, and 2) enzymes
secreted by microbes break down indigestible leaf tissue into digestible subunits that
may be used for microbial or shredder growth, a process known as conditioning
(Bérlocher and Kendrick 1973).

Microbially colonized leaves show an increase in nitrogen and phosphorus
concentrations within the first month of conditioning that has been attributed to the
microbial community (Chauvet 1987, Iversen 1973, Kaushik and Hynes 1968, 1971,

Mathews and Kowalczewski 1969, Meyer 1980, Triska and Buckley 1978, Triska and
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Sedell 1976, Triska and others 1975). Much of the increased nitrogen is not
contained in microbial biomass (Iversen 1973, Lawson and others 1984), but may be
due to complexes of exogenous nitrogen and leaf polyphenols (Barlocher and
Kendrick 1975, Melillo and others 1984, Suberkropp and others 1976), or to the

microbial secretions (exoenzymes) themselves (Iversen 1973).

SHREDDER DYNAMICS

Shredding macroinvertebrates have been identified as major contributors to the
overall process of wood and leaf litter break-down in streams of forested regions
(Anderson and others 1978, Barnes and others 1986, Benfield and Webster 1985,
Cowan and Oswood 1984, Cowan and others 1983, Iversen 1975, Kaushik and Hynes
1971, Petersen and Cummins 1974, Sedell and others 1975, Triska and others 1975).
However, other studies done in different habitats or at times other than autumn have
shown no statistical correlation between shredder abundance and processing rates
(Benfield and others 1977 (pasture), Mathews and Kowalczewski 1969 (large river),
McArthur and others 1986 (summer), Meyer 1980 (1 mm mesh bags, which may
exclude larger shredders), Reice 1978, Smith 1986 (tall-grass prairie), Tate and Gurtz
1986 (tall-grass prairie)). Most of these studies either excluded shredders, or were
done in streams or rivers that had little of no shredder community as potential
‘colonizers. Thus, shredders appear to have a large influence on the breakdown of

riparian leaf litter (Anderson and Sedell 1979, Webster and Benfield 1986).
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Microbial colonization is generally associated with increased shredder
preference (Bérlocher and Kendrick 1973, Golladay and others 1983, Iversen 1975).
Shredder consumption rates on alder leaves were stable (and low) for three weeks
after inoculation, then began to increase (Anderson and Grafius 1975). Ingestion
rates of a stonefly shredder were higher on conditioned leaves than on unconditioned
leaves (Golladay and others 1983). Palatability to shredders varied with the species
of aquatic hyphomycetes present; however, there was no correlation of consumption
with nitrogen compounds, ATP, or enzymatic activity (Arsuffi and Suberkropp 1984,
Suberkropp and others 1983). Not only are different species of fungi differentially
preferred by shredders, but the shredders can discriminate between adjacent patches
of different fungal species (Arsuffi and Suberkropp 1985). The spatial heterogeneity
of leaves (e.g. the number of leaves of different tree species in close proximity)
seems to increase the species diversity of the aquatic hyphomycetes that colonize them
(Rossi and others 1983).

Shredders use leaf microbiota more efficiently than they do freshly shed
leaves: assimilation efficiency for fungal mycelia ranged from 65-70%, compared to
only 20% for uncolonized leaves (Birlocher 1985). Conditioned leaves are
assimilated better or more quickly (Bérlocher 1982, Golladay and others 1983,
Grafius and Anderson 1979), invertebrate survival is better (Kostalos and Seymour
1976, Sutcliffe and others 1981, Willoughby and Sutcliffe 1976) and shredder growth

rates are often higher (Anderson and Grafius 1975, Birlocher and Kendrick 1973,
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Otto 1974) on leaves that have been conditioned in stream water. Alder leaves

conditioned in the laboratory proved nutritionally inadequate for rearing Clistoronia

magnifica (Trichoptera: Limnephilidae), when compared to diets of field-conditioned
leaves and laboratory-conditioned leaves supplemented with enchytraeid worms or
wheat (Anderson, N.H. and Cummins 1979). Tipula abdominalis (Diptera:
Tipulidae) grow better on leaves inoculated with both fungi and bacteria than on
leaves inoculated with only one species of fungi, and grow best on leaves of

intermediate decompositional state (optimal conditioning) (Lawson and others 1984).

LEAF LITTER QUALITY

Microbes and shredders of stream ecosystems encounter a spectrum of leaf
litter quality. Nitrogen (and presumably protein) concentrations in leaves of different
tree species may differ. In addition to these variations in foliar nutrient
concentrations, many plants have evolved chemical defenses (secondary compounds)
against herbivory (e.g. Harborne 1988). Plant chemical defensive compounds having
low solubility in water and which are not translocated out of leaves at abscision may
be part of the suite of chemical characteristics faced by colonizing microbial and
invertebrate decomposers. In this paper, I discuss condensed tannins, ubiquitous
secondary compounds in woody plants, as a group of typical plant defensive
compounds.

It has long been known that leaves of various tree species are differentially
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preferred by stream shredders (Benfield and Webster 1985, Cummins and Klug 1979,
Irons and others 1988, Iversen 1974, Kaushik and Hynes 1971, Petersen and
Cummins 1974, Vannote and Sweeney 1985). This effect may be partially due to
differences among tree species in microbial conditioning (Iversen 1974), because
different species of leaves are colonized by different species of fungi, and at different
rates (Suberkropp and Klug 1976). However, it may also be due in part to the
intrinsic chemistry of the leaves, either due to the positive influence of higher nutrient
concentrations or the negative influence of secondary compounds (Irons and others
1988, Triska and others 1975). There is some evidence that foliar tannins can inhibit
fungal invasion of living leaf tissue (Zucker 1983). In marine systems, phenolic
compounds have been shown to inhibit decomposition both directly (by influencing
microbes) and indirectly (by inhibiting grazers that eat microbes) (Harrison 1982).
Thus, differing rates of microbial colonization and growth may be attributable in part
to the concentration of secondary metabolites in the leaf litter. Irons and others
(1988) showed that shredder preference for leaves of four species of trees was
positively correlated with nitrogen concentration and negatively correlated with tannin
concentration.

Although few stream ecologists have explicitly looked at the influence of
condensed tannin on decomposition rates, inferences can be drawn by examining the
literature of plant chemistry as well as that of litter processing in streams (Stout

1989). Alder (Alnus spp.) is a symbiotic nitrogen fixer, usually high in foliar

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



nitrogen and low in foliar tannin concentrations (Chapin and Kedrowski 1983), is
often the species with the highest processing (Chauvet 1987) and shredder growth
rates, and is usually preferred over other species (Anderson and Grafius 1975, Irons
and others 1988, Iversen 1974, Otto 1974, Petersen and Cummins 1974, Wallace and
others 1970). Fresh summer alder leaves have higher nutrient concentrations
(McArthur and others 1986), are processed faster and seem to be preferred over
autumn shed alder leaves (Stout and Taft 1985, Stout and others 1985). Other
species, high in tannins and low in foliar nitrogen (e.g. oak (Quercus spp.) and beech
(Fagus spp.)) have decreased processing and shredder growth rates, and are less
preferred by shredders (Iversen 1974, Kaushik and Hynes 1971, Mathews and
Kowalczewski 1969). With respect to red alder, vine maple, bigleaf maple, and
douglas fir, Triska and others (1975) found a positive correlation between the acid
detergent cell wall fraction (soluble carbohydrates, soluble protein, organic acids,
etc.) and processing rates, while they found negative correlations between processing
rates and lignin, cellulose, and ash. Due to a high negative correlation between
tannin and nitrogen levels, preferences for nitrogen or avoidance of tannin by
microbes or shredders are not easily separated (Irons and others 1988).

Shredder growth rates are faster on diets of some leaf species than on others
(Anderson and Cummins 1979, Anderson and Grafius 1975, Anderson and Sedell
1979, Iversen 1974, Otto 1974). Tipula abdominalis grows most rapidly on the

species which it prefers (Vannote and Sweeney 1985). Although growth rates of T.
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abdominalis are similar on basswood and hickory leaves, the efficiency of conversion
of food to insect biomass on basswood leaves is twice that on hickory leaves
(Anderson and Cummins 1979). Potamophylax cingulatus grows better in the
laboratory on alder leaves than on beech leaves, while larvae growing in the stream
show intermediate growth rates (Otto 1974).

Thus, it is apparent that high quality leaf litter that is high in nitrogen and low
in tannin concentrations is processed rapidly, while low quality litter is processed
more slowly. A continuum of fast-, medium-, and slow-rate leaves are necessary to
sustain a population of shredders (Golladay and others 1983). This would provide a
continuous supply of food through the insect life histories, rather than a sudden pulse
of high quality food followed by famine, and would allow completion of the life
cycles and maintenance of stable populations (Cummins and others 1989). Evidence
from a pasture stream suggests that streams without this type of continuum in leaf
processing rates have depauperate shredder communities (Benfield and others 1977).

In this paper, I describe foliar chemistry, mass loss patterns, and
macroinvertebrate colonization dynamics during leaf litter decomposition in a
subarctic Alaskan stream. The leaf species were chosen to represent a wide array of
foliar chemistry (especially condensed tannin concentration) in order to provide leaf
detritus of varying food quality to stream shredders. One group of species (mostly
exotic species) was used to compare litter processing rates across gradients in litter

chemistry and latitude (i.e. temperature) (chapter II, chapter IV), and the other group

I i . - . - . .
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was used to determine the processing rates and macroinvertebrate community ;
structure dynamics for a range of native Alaskan tree and shrub species (this chapter). i
Arsuffi and Suberkropp (1985) suggested that "fungal patchiness should be included
as the primary level in the hierarchical arrangement of shredder resource
heterogeneity." While recognizing that this is an important and poorly studied factor,
I suggest that the chemical make-up of autumn-shed leaves, strongly influenced by the
tree’s history, affects both the ability of microbes to colonize leaf litter and the
palatability of the litter to shredders, thus influencing overall rates of litter
decomposition.
STUDY SITE
Monument Creek, a second order tributary of the Chena River approximately
115 km from Fairbanks (fig. I-1), was the site of the stream decomposition portion of
this project. Monument Creek has a catchment area of approximately 74 km?, rises at
about 850 m above sea level, and the study site is about 14 km downstream from the
source at an elevation of 380 m at 65°N latitude and 146°W longitude. Riparian
vegetation includes willow (Salix spp.), alder (Alnus crispa), balsam poplar (Populus
balsamifera), with occasional white spruce (Picea glauca) and black spruce (P.
mariana). Monument Creek is the site of many previous studies (Anderson 1984,
Buttimore and others 1984, Cowan 1983, Cowan and Oswood 1983, 1984, Cowan
and others 1983, Howe 1981, Irons 1985, 1988, Irons and others 1989, Sonnichson

1982), which provide baseline and ancillary data. The nearby Chena Hot Springs
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Resort offers outstanding logistical advantages, especially for winter sampling.
Streamwater and air temperatures were recorded continuously at Monument ‘
Creek between 7 October 1986 and 26 June 1989 on an Omnidata Easylogger (a flood
in late June of 1989 damaged the datalogger and ended the temperature record).
Water temperatures were recorded in mid-channel at the streambed surface and at
depths of 10, 20, and 50 cm; streambed surface temperatures were used in these
analyses. Details of the placement and calibration of the thermocouples were reported
in Irons and others (1989). Thermocouples were scanned every 30 minutes, averaged
for two hour intervals by the datalogger, and recorded onto a solid state chip. Thus,
the record for each day consisted of 12 readings, each of which was the mean of four
scans. From these data, daily means, minima, and maxima were calculated.
Accumulated degree-days above 0°C were calculated by summing the daily means for

each day of the 75 day study period.

METHODS
SPECIES AND SOURCES OF LEAVES

Leaves were obtained from a variety of regions in North and Central America,
including tropical (Costa Rica), subtropical (North Carolina), temperate (New York
and Michigan), and subarctic (Alaska) (table 1). Of two species selected from each
region, one species was chosen to be high in condensed tannin and one species chosen

to be low in condensed tannin as a measure of leaf litter quality (hereafter referred to
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as "high tannin" and "low tannin" species). These categories were based on the

knowledge of the investigators, data from the literature, and in the case of Alaska,

personal communications with J.P. Bryant, University of Alaska. Leaves from each
lccation were sent to all other locations, and parallel decomposition studies were done |
on a latitudinal cline from Costa Rica to Fairbanks, Alaska. Only the Alaskan data
are reported here.
At most sites, leaves were collected at abscision; however, due to early leaf-
fall, leaves of the two Alaskan species were collected in winter from trees which had
not lost their leaves the previous autumn. These were generally stump sprouts along
unimproved roads that did not receive any salt or other road de-icer during the
winter. Leaves from all sites were dried at 50°C after collection, then frozen at
-25°C to reduce potential microbial contaminants. Although microbes in interior
Alaska routinely face temperatures colder than this, I followed this protocol to be
consistent with the other sites. Investigators at each of the above locations performed
the same experiment in streams of similar depth, velocity, and water quality (see
chapter II for more detailed description of sites and methods at the other locations).
In addition to the latitudinal comparisons, leaves of several other Alaskan tree
species and treatments were included in this study. In order to obtain preliminary
data on the effect of vertebrate (moose) browsing on foliar tannin and nitrogen, and
hence on decomposition rates, we collected leaves from browsed and unbrowsed (by

moose) stems of Betula papyrifera and Salix alaxensis and included them in our
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study. Because one investigator required a replacement batch of leaves of the
Fairbanks species (Alnus crispa and Salix alaxensis), we collected senescent leaves
from trees in autumn (September 1988) and included both sets in our study. Thus,
we made browsed: unbrowsed comparisons for two tree species, and autumn-
collected: winter-collected comparisons for two tree species (table 1).

Several additional Alaskan species were included in this study only:
Shepherdia canadensis, Ledum groenlandicum, and Salix pulcra (table 1). All three
species are common shrubs in interior Alaska and are known to be high in condensed
tannin (J.P. Bryant, pers. comm.). Leaves were collected in September 1988.
Shepherdia canadensis and Salix pulcra were collected at senescence, Ledum
groenlandicum (an evergreen) leaves were green. Two species from Puerto Rico
(Sapium laurensce and Dacryodes excelsa) were included in the studies at the other

sites; however, I never received them and they were not included in this study.

PREPARATION OF LITTER BAGS AND LEAF PACKS

A coarse-meshed leaf litter bag technique was used to investigate processing
rates in Monument Creek. Envelopes of 2 cm plastic mesh were constructed, each
containing six pockets for the leaf packs. Each replicate consisted of three envelopes,
for a total of 18 pockets. Species were randomly assigned to a location (i.e. pockets)
in one of the three envelopes. The 25 replicates of each species were always placed

in that location. Some of the Alaskan species (i.e. Ledum, Shepherdia, and Salix
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pulcra) have small leaves that do not lend themselves to litter bags with a 2 cm mesh:
leafpacks of these species were placed in a second net bag (ca. 5 mm mesh) that was
then placed inside the larger litter bags that went into the stream.

All leaves were oven dried at 50°C, then weighed into approximately 3 g leaf
packs (range of approximately +0.05 g, depending on the species). Leaves were
placed into plastic Ziplock bags for storage until completion of the litter bags. When
all leaves were weighed, they were hydrated by partially filling the bags with
distilled, deionized water and sealing the top of the bag. Leaves were allowed to
remain immersed in water until no longer brittle (approximately 20 minutes), at which
time they were taken out of the plastic bags and put into their assigned pocket in the
envelopes. Envelopes were stored in large plastic bags in a 1°C refrigerator until

they were put into the stream.

PLACEMENT IN THE STREAM

Areas in the main current of Monument Creek were selected for moderate
depths (30 to 50 cm) and velocities (approximately 0.3 m/s), and for the likelihood
that they would remain unfrozen throughout the study period. Twenty five replicate
sets of envelopes were fastened to the stream substrate with 2 cm hardwood dowels
driven into the stream bottom. The trailing edges of the envelopes were weighted
down with small rocks to prevent them from being lifted by the current. Envelopes

were assigned random numbers, then placed in the stream starting with random
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number one at the upstream end of the site. Even numbers were placed with one
species at the upstream end and odd numbers were placed with the same species at the
downstream end to randomize any effect due to orientation.

For most species, five replicates were removed from the stream on each of
five dates (with the exception of the last two dates, when one (day 56) and five (day
75) of fifteen envelopes were frozen in the ice. These dates were days 2, 14, 28, 56,
and 75. Because Trema and Acer were known to disappear very rapidly at other
locations (R.J. Stout, Michigan State University; C.R. Pringle, Cornell University;
pers. comm.), these two species were collected on days 2, 7, 14, 28, and 56.
Individual pockets were cut apart with scissors, and the net and remaining leaf
material were placed into their original ziplock bag, and the bags placed into a cooler
(to prevent freezing) for transport and storage back to the laboratory.

Plastic bags containing the leaf packs were stored in a 1°C cold room, and
were processed as soon as feasible (maximum 3 d following removal from the
stream). Packs were placed in enamel pans, and invertebrates and adhering organic
and inorganic material was rinsed from leaves, the net, and the plastic bag with
distilled, deionized water. Leaf packs were then oven dried at 50°C to constant
weight, and invertebrates preserved in 80% ethanol for subsequent sorting,
identifying, and enumeration. Following drying, leafpacks were weighed to the
nearest 0.01 g. Leafpacks were then ground in a Wiley mill (mesh = 850xm) and

200 mg removed for chemical analysis (if more than 400 mg remained), while the
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remainder was combusted at 500°C for ash-free dry mass (AFDM) calculation. If less

than 400 mg remained, all leaf material was used for AFDM estimation. Values that

were more than two standard errors from the mean were considered outliers and were
eliminated from statistical analyses (potential sources of error include loss of leaf

material during handling, gain of organic material from drift, or laboratory error).

TANNIN ANALYSIS

Subsamples (74 - 76 mg) of each replicate were analyzed for tannin using the
butanol-HCI reaction for proanthocyanidins described by Martin and Martin (1982)
and modified by Bryant and others (1987), with quebracho tannin as a standard.
Tannin concentration was determined colorimetrically on a Perkin-Elmer
spectrophotometer at an absorbance wavelength of 550 nm. Data are reported as
Quebracho equivalents (see Appendix). The calibration equation used to convert
absorbance to Quebracho equivalents was determined empirically to be quadratic and

was.

[TANNIN] =429.607x(A 55)) -61.588x(As)*  r2=0.999
where Agy, is the absorbance at 550 nm and TANNIN is the amount of tannin in the
sample in units of ug/0.3 ml (F ratio = 5513.383). The data were then converted to
percent tannin in the remaining leaf material (by dry mass). Because condensed

tannins found in different plant species, including Quebracho (a tropical shrub, the
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bark of which is high in tannin and often used as a standard), have different
reactivities with this method (see below), the quebracho equivalent reported here

should be used as a relative index, rather than as the true tannin concentration.

NUTRIENT ANALYSIS

Total Kjeldahl nitrogen and total phosphorus concentrations for two replicates
collected on day 2 of stream processing were determined on a Technicon
Autoanalyzer by a sulfuric/selenious acid digestion and colorimetric analysis with
ferricyanide blue reaction for nitrogen and molybdate blue for phosphorus. These
data were used as initial post-leaching values in latitudinal comparisons, as similar
samples from Michigan were also analyzed by this technique at the same time.
Subsequently, leaf packs removed from the stream after day 2 (those with enough
remaining mass) were analyzed for total Kjeldahl nitrogen and phosphorus
concentrations using a copper sulfate-hydrogen peroxide-sulfuric acid digestion,

followed by colorimetric analyses on a Lachet Autoanalyzer.

MACROINVERTEBRATE ANALYSIS

Macroinvertebrates were sorted from detritus, identified to genus (species
when possible), and enumerated using a Wild dissecting microscope. Chironomidae,
however, were sorted only to family, although specimens representing the twelve

most abundant morphologically distinct taxa were identified to genus. Estimates of
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relative proportions of the individual chironomid genera were made from ten i
randomly selected samples; however, individuals in each genus were not counted
separately for all samples. Presence or absence of oligochaetes was noted: often these
invertebrates were broken and could not be accurately counted. Keys used for insect
identification were Edmunds and others (1976) for the mayflies (Ephemeroptera);
Wiggins (1977) for the caddisflies (Trichoptera); Merritt and Cummins (1984), Oliver
and others (1978), Simpson and Bode (1980), Bode (1983), and Wiederholm (1983)
for true flies (Diptera); and Stewart and Stark 1988 for the stoneflies (Plecoptera).

Taxa were placed into functional feeding groups using published data from
Cowan and others (1983), Howe (1981), and Irons (1988), and taxa not included in
these works were assigned to functional groups using Merritt and Cummins (1984).
Individuals of the representative chironomids were cleared in polyvinyl alcohol
(BioQuip Co.), and gut contents were determined; although Brillia was present in
Monument Creek and was ingesting coarse particulate organic matter (CPOM), it was
a relatively small proportion of the chironomid fauna and all chironomids were
classified as non-shredders.

Macroinvertebrate biomass was determined as ash-free dry mass (AFDM).
Individuals were classified and sorted as shredders or non-shredders, and all members
of each of these two categories were placed on a glass-fiber filter and dried to
constant mass at 50°C (at least overnight), weighed, combusted at 500°C, and

weighed again. Both total number and biomass (mg AFDM) of invertebrates were
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expressed on a per leafpack and a per gram of leaf tissue remaining basis.

RESULTS

I present the results of the thermal regime of Monument Creek and the foliar
chemistry, mass loss, and macroinvertebrate community dynamics analyses for each
species (and treatments within species) separately. Although presented as individual
species, they are grouped into three categories. The first category includes the ten
species, two from each of five locations, used in the latitudinal gradient analyses.
The second group includes other species from Alaska that were included in the 1988
field season. These species were analyzed in several combinations, depending on the
question posed. The third group consists of the two species, paper birch and feltleaf
willow, that were used by Irons and others (1991) in a paper on the effects of moose
browsing on birch leaf chemistry and hence decomposition rates in streams (willow
data were not used in that analysis due to methodological problems). For each
species I present a figure showing temporal patterns in foliar chemistry (condensed
tannin, nitrogen, and phosphorus concentrations) and percent of leaf mass remaining
after exposure of leaf material in the stream, and a second figure presenting the
macroinvertebrate community dynamics through time. For some collection dates in
the second and third groups, only shredders were sorted from the samples. I present
estimates for non-shredders and total invertebrates graphically when available in the

second group (to facilitate comparisons with leaf species in the first group), but only
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estimates of shredders for the third group. Regression equations are presented in the
form Y = b - (m*X) where X is the number of days of processing and Y is the
percent AFDM remaining at time X: to convert to proportion remaining, divide the

coefficients by 100.

THERMAL REGIME

Air temperature was below freezing during the entire period of the leaf litter
breakdown study, 5 October - 19 December 1988 (fig. I-2), reaching a minimum
daily mean of -34.0°C on 6 December 1988. The study began at the end of the
summer season, and daily mean water temperature was initially 1.4°C on 5 October
and fell to 0.25°C by 22 October. Water temperature remained at about 0.2°C
throughout the remainder of the study; indeed, in the three years of data, 0.2°C was
the normal temperature in winter when the streambed was not frozen. Monument
Creek accumulated 912 degree-days above 0°C during the calendar year of 1988.
During the decomposition study period, the stream accumulated 21.9 degree-days over
the 75 day period. See Irons and Oswood (1992) for a detailed discussion of the

thermal regime of Monument Creek.

SPECIES FROM COSTA RICA
Trema micrantha (L.)--The tree species from Costa Rica chosen to be low in tannin,

Trema micrantha, was indeed low in tannin (fig. I-3). Tannin concentration was not
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different from 0.0% on any collection day. This species was initially very high in
nitrogen concentration following 2 days and 7 days of exposure in the stream,
followed by a sharp drop on day 14 to less that 1%. Nitrogen then increased until,
on day 56, concentrations were about 3%. Phosphorus showed an initial increase
between day 2 and day 7, and then declined to less than 0.1%. Unleached N and P
values were unavailable. Mass loss in Trema was rapid: loss due to leaching for 48
hours was over 27%, and mass declined linearly after that (regression equation: Y =
77.4 - (1.23*X)). Estimated time for 50% mass loss was 23 days.

Macroinvertebrate numbers peaked on day 14 at about 230 per leafpack (fig. I-
4), and stayed relatively constant subsequently; mean number of invertebrates was 135
(18% shredders and 82% non-shredders). Invertebrate biomass peaked on day 28 at
about 30 mg per leafpack, declined on day 56, and was dominated by shredders (71%
overall). When expressed on a per gram of leaf tissue remaining, density of
invertebrates continued to rise as mass was lost from leafpacks, reaching about 1500
invertebrates per gram and 120 mg of invertebrates per gram of leaf tissue remaining

on day 56.

Pithecellobium longifolium--The Costa Rican species thought to be high in tannin,
Pithecellobium longifolium, had a post-leached condensed tannin concentration of
about 11% (Quebracho equivalents) (fig. I-5). Tannin concentration gradually

declined through time until, on day 75, concentration was 4%. Nitrogen
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concentration was initially 2.8% (post-leaching), increased to 4.6% on day 14, then
gradually declined to 2.9% on day 75. Pre-leached values for tannin, N, and P
concentrations were not available. Mass loss due to leaching was less than 4%, and
mass loss due to other stream processes (e.g. microbial decomposition, invertebrate
feeding) was slight (although statistically significant). There was a slight mass loss
between days 14 and 28, but mass remained constant after day 28. The model which
fit the mass loss data the best was a quadratic equation, but because linear regression
was the best model overall, only that is reported here. The linear regression equation
was Y = 96.2 - (0.13*X), and the estimated time until 50% of the leaf material was
gone was 462 days.

Macroinvertebrates, especially shredders, were rare on Pithecellobium
leafpacks (fig. 1-6): mean density of invertebrates was 113 (9% shredders, 91% non-
shredders), while mean biomass was 6 mg per leafpack (53% shredders, 47% non-
shredders). Because little mass was lost from leafpacks, mean density of
invertebrates was only about 42 individuals and 2.3 mg per gram of leaf tissue

remaining,.

SPECIES FROM NORTH CAROLINA
Cornus florida L.--Tannin concentrations in unleached flowering dogwood (Cornus
JSlorida) leaves were about 5.5%, declined to about 3% following leaching, then

declined exponentially to very low levels (fig. I-7). Mean nitrogen concentration on a
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given sampling date remained relatively constant at the relatively low level of about
1.5% through the processing season, although there was high variability on day 56.
Phosphorus concentration was low, with highest concentration of about 0.05% on
day 2 and day 75. Cornus lost about 25% mass due to leaching, which was followed
by little mass loss over the next 12 days. After day 14, mass was lost steadily
(regression equation: Y = 75.6 - (0.66*X)). Estimated number of days until 50% of
leaf mass was gone was 37 days. Like Pithecellobium, the mass loss curve for
Cornus was best fit by a quadratic equation (based on F values); only linear
regression coefficients are reported here (see below).

The number of macroinvertebrates per leafpack continued to increase through
the study to a peak of about 550 (15% shredders, 85% non-shredders) on day 75 (fig.
I-8), and the mean number per leafpack (263) was dominated by non-shredders
(86%). Invertebrate biomass (mean = 19 mg), however, was dominated by shredders
(63%), and peaked at 45 mg on day 56 rather than day 75. Both number and biomass
per gram of leaf tissue remaining increased as mass was reduced, with non-shredders

again dominating numbers and shredders dominating biomass.

Quercus falcata Michx.--Tannin concentration in unleached southern red oak (Q.
Jfalcata) leaves was about 15% (Quebracho equivalents) (fig. I-9). Leaching dropped
the concentration to about 12% over 48 hours, and concentration declined gradually to

about 8.6% on day 75. Nitrogen concentration was low following leaching (about
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1.6%) and declined gradually to about 1.0% on day 75. Phosphorus showed a slight

rise between day 2 and day 14 to a peak of 0.1%, then declined to virtually negligible

levels by day 75. Mass loss was slight, both due to leaching and other stream

processes, with over 80% of the original mass remaining after 75 days in Monument
Creek. The linear regression equation was Y = 89.4 - (0.08*X) and estimated time
until 50% remaining was estimated at 394 days.

Macroinvertebrate numbers were low (mean of 158 per leafpack) and
dominated by non-shredders (88%) (fig. 1-10). Macroinvertebrate biomass was also
low (mean of 7.2 mg), and although shredders were slightly more abundant than non-
shredders (54 %), this was much lower than for most other species. Compared with
other species, numbers and biomass per gram of leaf tissue remaining was very low

(61 individuals and 2.8 mg per gram).

SPECIES FROM NEW YORK

Acer saccharum Marshall--Sugar maple (Acer saccharum) leaves were low in tannin
following leaching (about 3%), and declined slightly through the study period to less
than 2% (unleached tannin concentration could not be determined due to a shortage of
leaf material) (fig. I-11). Nitrogen concentrations remained relatively constant at
about 2.5% over the first 14 days, then decreased to about 1.7%. Phosphorus
fluctuated around 1% through the study. For this species, day 75 was eliminated and

day 7 was added because it was felt that decomposition rate would be so fast that
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there would be nothing left by the last day of sampling (R.J. Stout, Mich. State
Univ., pers. comm.). However, several other species in Alaska actually lost more
mass by day 56 (e.g. both Alnus species); at the temperate and tropical sites, mass
loss rate for this species was much greater. Linear regression equation for mass loss
was Y = 83.7 - (0.90*X), and estimated time until 50% of the mass was remaining
was 37 days.

Macroinvertebrate colonization of Acer leaves continued through the 56 day
study period, reaching a peak of 782 per leafpack on day 56 (mean of 314, 13% of
which were shredders), while biomass peaked at 65 mg (88% shredders) per leafpack
(mean of 20 mg, 66% shredders). On a per gram of leaf tissue remaining,
invertebrates peaked at 924 individuals and 75 mg per gram of leaf remaining (fig. I-

12).

Fagus grandifolia Ehrh.--American beech (Fagus grandifolia) had relatively high
concentrations (about 11% quebracho equivalents) of condensed tannin in unleached
leaves, which declined exponentially until on day 75 it was just over 2% (fig. I-13).
Nitrogen concentration showed a strange pattern: from about 2% following leaching,
it dropped sharply to less than 1% on day 14, then steadily increased to about 2.6%
on day 75. Phosphorus concentration remained constant at less than 0.1% throughout
the study. Mass loss due to leaching was about 10%, followed by very little loss

until after day 56 (the high variability on day 75 was due to one leaf pack with a mass
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remaining of only 26%). Linear regression equation for mass loss through time was
Y = 92.3 - (0.32*X), and estimated time to 50% mass remaining was 141 days.

Numbers of invertebrates peaked on day 56 at 619 individuals per leafpack
(14%) shredders, and mean number was 344 (11%) shredders (fig. I-14). Biomass
also peaked on day 56 at 34 mg per leafpack (71% shredders), with a mean of 14.3
mg (53% shredders). On a per gram of leaf tissue remaining basis, number of
individuals increased to a maximum of 314 (mean of 157) and biomass increased to

21.1 mg (mean of 7.2 mg) on day 75.

SPECIES FROM MICHIGAN
Alnus rugosa (Du Roi) Spreng.--Tannin concentrations in tag alder (Alnus rugosa),
the species from Michigan chosen to be low in tannin, were in the low to moderate
range, starting at about 5% and declining exponentially to about 2% on day 28 (fig. I-
‘ 15). On days 56 and 75, there was not enough leaf material left for either tannin or
nitrogen analyses. Nitrogen declined from about 3 to 2.5%: alders are nitrogen-fixing
plants and might be expected to be relatively high in N concentration. Phosphorus
remained constant at just under 0.1% for the samples in which there was enough mass
remaining for analysis. Mass loss due to leaching was about 20%, following by a 26
day period of little mass loss, then a substantial loss of mass by day 56, and virtually
no remaining mass on day 75. Estimated time for 50% mass loss was 32 days, and

the regression equation for mass loss was Y = 91.6 - (1.27*X).
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Macroinvertebrate numbers increased until day 28, when they reached a peak

of 361 individuals per leafpack, while the mean density was 173 per leafpack (14%

shredders) (fig. I-16). Biomass also peaked on day 28 at 28.6 mg per leafpack (87% \
shredders) and mean biomass was 173 mg per leafpack. Because the low amount of

leaf biomass remaining on day 75 (0.6%) resulted in extremely high numbers and

biomass of invertebrates per gram leaf tissue remaining, they are not shown in figure

I-16. The estimated number and biomass including day 75 were 15,811 individuals

(mean of 2343) and 2,199 mg (mean of 354 mg), while the estimates excluding day

75 were 669 individuals (mean of 239) and 34.7 mg (mean of 16.7 mg) per gram of

leaf tissue remaining.

Quercus rubra L.--Northern red oak (Quercus rubra), the species from Michigan
chosen to be in the high tannin group, started with relatively high levels in unleached
leaves, but then lost much of it due to leaching (fig. I-17). Following the leaching,
tannin loss was exponential, with concentrations on day 75 less than 2%. Nitrogen
showed a substantial increase, from about 2% (post-leaching) to about 3% on day 14,
then concentrations remained essentially constant until day 75. Phosphorus remained
constant at just over 0.1% throughout the study. This species showed very little mass
loss due to leaching, less than 4%, then mass declined linearly to about 67% on day
75. The linear regression equation for mass loss was Y = 97.8 - (0.44*X), and

estimated time to 50% remaining was 119 days.
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Macroinvertebrate numbers were relatively low, peaking at 353 on day 56,
with a mean of 181 (15% shredders) (fig. I-18). Biomass of invertebrates peaked on
day 75 at 41.8 mg, 91% of which was shredder biomass (mean of 15.5 mg): this
biomass was made up primarily of a few large limnephilid caddisflies. On a per gram
basis, both numbers and biomass were relatively low, peaking at 172 individuals

(mean of 80) and 21 mg (mean of 7.3 mg) per gram of leaf tissue remaining.

SPECIES FROM ALASKA

Alnus crispa (Ait.) Pursh--Temporal patterns in mass loss, chemistry, and
macroinvertebrate abundance in leafpacks green alder (Alnus crispa), the Alaskan
species chosen for the low tannin group (fig. I-19), were similar to those in tag alder
(Alnus rugosa) from Michigan. Insufficient leaf material remained on days 56 and 75
for chemical analyses. Tannin concentrations were low, but more variable with time
than in tag alder (the regression was not significant). Nitrogen was a bit lower on
day 2 (2%), but increased to about 3% by day 14. Phosphorus showed a slight
increase with time to about 0.12%. Mass loss also showed similar patterns to A.
rugosa, with leaching loss about 23%, little mass loss early in the study period, a
sharp drop between days 28 and 56, and virtuaily nothing left on day 75. Linear
regression equation for mass loss was Y = 86.9 - (1.22*X), and estimated time until
50% mass remaining was 31 days.

Macroinvertebrates showed a unimodal distribution, with peak numbers at 316
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individuals on day 28 and a mean of 185, 19% of which were shredders (fig. 1-20).
Biomass peaked on day 56 at 31.7 mg per leafpack, and mean biomass was 16.2 mg
per leafpack. Like tag alder, there was only about 0.6% AFDM remaining on day
75, making estimates of numbers and biomass per gram of leaf tissue remaining
meaningless, and these estimates were not included in figure 1-20. The overall means
with including day 75 in the calculations (10658 individuals and 927 mg per gram of
leaf material remaining on this collection date) were 2131 individuals and 927 mg,

and excluding day 75 were 425 individuals and 43 mg per gram of leaf tissue.

Salix alaxensis (Anderss.) Cov.--Concentration of tannin in unleached leaves
collected in winter from unbrowsed feltleaf willow saplings (Salix alaxensis), the
Alaskan species in the high tannin group, were about 9.9% (Quebracho equivalents)
(fig. I-21). However, 48 hours of leaching in Monument Creek reduced the
concentration to 3.2%, which was the largest loss of tannin of any of the ten species
used in the latitudinal study. The willow leaves used in this study were picked from
trees in winter, and were found to be much lower in tannin than leaves picked in
autumn at the time of normal abscision (see below). This may be due to differing
inherent chemistry in leaves that do not abscise in autumn or to leaching which may
have occurred from the dead leaves still remaining on the tree. The large tannin loss
moved S. alaxensis from the "high tannin" group into the "low tannin" group (in an a

posieriori sense). Nitrogen increased from 1.8% on day 2 to 2.4% on day 28, then
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declined to 1.2% on day 75. Phosphorus remained below 0.1% through the 75 days.
Mass loss due to leaching was about 20%, and, like the two alder species, mass loss
showed a time period of slow decomposition for the first 28 days, then a faster mass
loss to about 10% remaining on day 75. Linear regression equation for mass loss was
Y = 91.4 - (1.02*¥X), and estimated time until 50% mass remaining was 41 days.
Macroinvertebrate densities were fairly high, peaking on day 28 at 570 (15%
shredders), with a mean of 326 individuals per leafpack (fig. 1-22). Biomass peaked
on day 56 at 37.1 mg (79% shredders), with a mean of 20.5 mg per leafpack. When
compared to leaf mass remaining, invertebrate numbers on S. alaxensis leaves peaked
at 1141 individuals (mean of 400) and 95.9 mg (mean of 30.2 mg) per gram of leaf

tissue remaining.

ALASKAN SPECIES: A RANGE OF LITTER QUALITY

I also tested several additional Alaskan species with a wide range of inherent
leaf litter quality. Due to insufficient funding and time, only shredder
macroinvertebrates were sorted from approximately half of these samples.
Unfortunately, the samples in which all invertebrates were sorted were not randomly
or systematically selected so that an estimate of total number and biomass cannot be
calculated for each sampling date. Hence, in the succeeding figures, although total
numbers and biomass of invertebrates are shown and discussed for some collection

dates, only number and biomass of shredders are used in statistical analyses.
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Ledum groenlandicum Oeder--Ledum groenlandicum (=Ledum palustre ssp.
groenlandicum) is an evergreen shrub in the heath family (Ericaceae) known as
Labrador Tea. This is the only species for which we used green leaves. The small
(ca. 30 - 40 mm in length, 5 mm in width) leaves were too small to be held by the 2
cm mesh used for the litter bags, so I placed them in a bag of smaller mesh (ca. §
mm) within the larger-meshed litter bags. Ledum had the highest concentration of
condensed tannin in its leaves of any species used in this study. Unleached leaves had
a concentration of over 37% dry mass (quebracho equivalents), and post-leached
leaves had 18% (fig. 1-23). There was a steady decline during processing that
approximated an exponential decay, with concentration on day 75 approximately 5%.
Nitrogen concentration started relatively low at about 1.5% in unleached leaves, then
climbed to almost 4% on day 28, declining to less than 2% on day 75. Phosphorus
was not dynamic. Mass loss due to leaching was about 9%, and further mass loss
was relatively slight, with a final mass remaining of about 70% on day 75. The
linear regression equation for mass loss was Y = 90.0 - (0.37*X), and the estimated
time until 50 percent mass was remaining was 100 days.

Macroinvertebrate numbers were high in Ledum (fig. 1-24). On day 75, the
mean number of invertebrates was 1044 per leafpack (109 of which were shredders),
and mean biomass was 42 mg (30 mg of shredders). Mean number of shredders for
the whole study was 58.7, and biomass was 12.6. Due to the extremely slow

decomposition rates, the mean number of shredders was only 28.8 and biomass was
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6.3 mg per gram of leaf material remaining. I suspect that both the number
(especially small chironomids) and biomass of invertebrates was artificially enhanced
by the use of a fine-meshed (ca. 5 mm) bag inside a coarse-meshed bag (ca 20 cm),
as well as the large amount of leaves needed to make 3 g. This combination created
a large amount of surface area with many interstices of appropriate size for aquatic
invertebrates, and I feel that most were using Ledum leafpacks as habitat rather than

as food.

Salix planifolia Pursh ssp. pulcra (Cham.) Argus--Salix planifolia ssp. pulcra, often
referred to as just Salix pulcra or diamondleaf willow, is a small (ca. 1-2 m in height)
willow found commonly in arctic and alpine tundra. It is rich in condensed tannin,
with unleached leaf concentrations about 36% (quebracho equivalents), post-leached
leaf concentrations about 27%, and concentrations declining exponentially to virtually
zero with exposure in the stream (fig. 1-25). Indeed, leafpacks continued to be visibly
leaching a brown substance through day 28. Nitrogen concentration was moderate in
unleached leaves, and increased with time to about 3% on day 75. Phosphorus
showed a small drop due to leaching, then remained relatively constant through time
at just over 0.1%. S. pulcra showed a large (over 30%) drop in mass due to
leaching. After a 26 day period of slight mass loss, the rate picked up, and mass
remaining on day 75 was about 15%. The linear regression equation for mass loss

was Y = 73.3 - (0.71*X), and the estimated time until 50% mass loss was 33 days.
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Macroinvertebrate density was relatively high on S. pulcra. Total number of
invertebrates on leafpacks on day 75 was 603 (90 shredders), and was probably higher
on day 56 (based on shredder numbers) (fig. 1-26). Biomass of shredders was high:
on day 56 there was 68 mg of shredder biomass (total is not available), the highest
average for any collection date for any species. Mean biomass was 31 mg for the
entire study period. Due to the relatively large amount of mass loss and the high
numbers of invertebrates, total number (3004, 502 of which were shredders) and
biomass (160 mg, 127 mg of which was shredders) of invertebrates per gram lzaf
tissue remaining was the highest of any species in the 1988 field season, with the
exception of Alnus rugosa and A. crispa (winter-picked leaves), which had too little

mass remaining to be meaningful.

Shepherdia canadensis (L.) Nutt.--Shepherdia canadensis (buffaloberry or soapberry)
is a low (ca. 0.5 m) shrub in the family found in the understory of deciduous stands
in the boreal forest of Alaska (Viereck and others 1992). Although S. canadensis
twigs are extremely high in condensed tannin concentration (J.P. Bryant, pers.
comm.), concentrations in the unleached leaves were less than 15%, concentrations in
leached leaves were about 10%, and leaching continued through the study period to a
concentration of 1% on day 75 (fig. 1-27). Nitrogen concentration showed no
appreciable leaching (concentration of about 1.9% for leached and unleached leaves),

but a substantial decrease to about 1% on day 28, then an increase back to 2% on day
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75. Phosphorus remained relatively constant at about 0.7% throughout the study.
Almost 30% of the mass of the leafpacks was lost due to leaching, and mass
decreased linearly thereafter to 25% on day 75. The linear regression equation for
mass loss was Y = 76.8 - (0.69*X), and time to 50% mass remaining was 38 days.

Like Ledum and Salix pulcra, Shepherdia leafpacks were colonized by
relatively high numbers of macroinvertebrates (fig. I-28). The mean total number of
invertebrates on day 75 was 592, with 75 of those being shredders, and the mean
number of shredders over the 75 day period was 57.7. Shredder biomass peaked on
day 56, with 37.7 mg, almost identical to the total number on day 75, which had 17
mg shredders. There were 862 individuals and 55 mg of invertebrates per gram of

leaf material remaining on day 75, and an overall mean of 51.3 and 14.7 mg.

Alnus crispa (Ait.) Pursh (autumn-picked leaves)--Green alder (Alnus crispa)
leaves, picked from the shrubs at senescence in the autumn, had very little condensed
tannin (fig. 1-29). Initial pre-leached tannin concentration was about 2% and fell to
less than 1% for the duration of the study period. Although tannin concentration was
low, this species has a phenolic secondary metabolite cailed pinosylvin (first isolated
from Pinus sylvestris, Scots Pine) that deters browsing by snowshoe hare (Bryant and
others 1983). Nitrogen concentrations in leached leafpacks (day 2) were about 2.4%
and increased to 3.1% on day 28, then declined to about 1% by day 75. Phosphorus

concentrations remained below 0.1% throughout the study. Mass loss due to leaching
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and handling was about 15%, followed by a relatively slow mass loss phase for 26
days, then a gradual increase in processing rate to an end-point of about 20% of the
original mass remaining on day 75. Linear regression equation was Y = 95.3 -
(0.83*X). Estimated time until 50% of the mass was processed was 57 days.

The highest number of macroinvertebrates per leafpack was 363 on day 75 (48
were shredders), when the total biomass was 20.4 mg (14.5 mg was shredders) (fig.
I-30). On day 56, however, shredder biomass peaked at 25.8 mg, when there were
78 shredders per leafpack. Shredder density peaked at 132 individuals and 45.5 mg

per gram leaf material remaining.

ALASKAN SPECIES: BROWSED VERSUS UNBROWSED COMPARISON

Salix alaxensis (Anderss.) Cov. (autumn-picked leaves from unbrowsed trees)--
Feltleaf willow leaves picked from the trees at the time of autumn senescence had
much higher concentrations of condensed tannin than did the leaves picked in mid-
winter (used in the latitudinal gradient portion of this study). Unleached leaves had a
concentration of about 30% (quebracho equivalents), which immediately dropped to
about 15% during leaching (fig. I-31). There was a subsequent exponential decline to
about 1% on day 56 (there was too little mass remaining on day 75 for chemical
analyses). Nitrogen showed an initial increase during the leaching phase, then stayed
relatively constant at about 1.3% for the rest of the study period. Phosphorus was

essentially constant for the entire study and about 0.1%. Mass remaining showed a
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sharp drop due to leaching (about 30%), then a gradually increasing rate to an

endpoint of about 15% on day 75. The linear regression equation was Y = 75.2 -

(0.77*%X}, and the estimated time to 50% mass remaining was 32 days. .
Macroinvertebrate densities were relatively low on leafpacks of autumn-picked,

unbrowsed feltleaf willow leaves (fig. I-32). Shredder numbers peaked on day 56 at

70, and the highest total number estimated was 219 on day 75 (41 were shredders).

Mean shredder number per leafpack was 33.3 for the 75 day period. Mean shredder

biomass was 12.4 mg, and peak biomass was on day 28, with a mean of 21.8 mg.

Shredders were estimated to have a mean of 42 individuals (peak of 127 on day 75)

and 17.3 mg (peak of 61.2 mg on day 75) per gram of leaf material remaining.

Salix alaxensis (Anderss.) Cov. (autumn-picked leaves from browsed branches)--
Tannin concentrations in leafpacks of S. alaxensis were high initially, but declined
rapidly through time (fig. I-33). Concentrations in unleached leaves were over 30%
(quebracho equivalents), but dropped to about 18% following leaching, to 5% after 14
days in the stream, and to near 1% on days 28 and 56. Nitrogen concentration in
unleached leaves was about 1.4%, dropped to 1.0% after leaching, and increased
slightly after that. Phosphorus showed a drop from 0.2% to 0.07% following
leaching, and remained constant after that. Leafpacks lost over 30% mass due to
leaching, remained relatively constant for the next 26 days, then lost mass to an

endpoint of about 15% mass remaining on day 75. The linear regression equation for
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mass loss was Y = 76.1 - (0.80*X), and estimated time to 50% mass remaining was
33 days.

Shredder numbers were similar to those found in . alaxensis leafpacks from
unbrowsed trees (fig. I-34). Overall means were 32.5 individuals per leafpack and 44
individuals per gram of leaf tissue remaining, with peak numbers on day 56 at 74
individuals per leafpack. Biomass was slightly higher in the leafpacks from browsed
branches, with means of 16.1 mg per leafpack, and 24.1 mg and per gram of leaf

tissue remaining, with the peak also on day 56 at 35.1 mg of shredder per leafpack.

Betula papyrifera Marsh. var. humilis (Reg.) Fern. & Raup (from unbrowsed
trees)--Alaska paper birch leaves had relatively high condensed tannin concentration
(fig. I-35). Unleached leaves had a concentration of about 19%, and two days of
leaching caused an increase in tannin to about 22% (not an actual increase in the
amount of tannin: mass was lost at a faster rate than tannin, causing the appearance of
an increase). After the peak on day 2, tannin concentration declined exponentially to
about 1% on days 56 and 75. Nitrogen concentration increased linearly from about
0.9% in unleached leafpacks to about 1.4% on day 75. Unlike most other species,
phosphorus showed a sharp drop due to leaching, from about 0.55% to just over
0.1%, but remained relatively constant thereafter. Leaf mass dropped about 13% due
to leaching, and declined to about 22% mass remaining on day 75. The linear

regression equation for mass loss was Y = 91.9 - (0.99*X), and estimated time until
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50% mass was left was 42 days.

Shredders peaked in numbers (mean of 99) and biomass (mean of 40.1 mg) on
day 56, while the largest estimated totals were 471 individuals (62 shredders) and
21.6 mg (11.5 mg shredders) on day 75 (fig. I-36). Mean shredder densities were 45
individuals and 17 mg per leafpack. On a per gram of leaf material remaining basis,

the mean shredder number was 53 and biomass was 19.5 mg.

Betula papyrifera Marsh. var. humilis (Reg.) Fern. & Raup (from browsed
branches)--Paper birch leaves from branches that had been browsed within the
previous two years had initial condensed tannin concentrations of about 19%, similar
to those from unbrowsed trees (fig. I-37). Leaching, however, caused a drop in
tannin concentration to about 4%, a drop not seen in leaves from unbrowsed trees.
C NMR spectra of condensed tannin purified from leaves collected from browsed
and unbrowsed trees were identical (T.P. Clausen and J.G. Irons III, unpublished
data). Differences in leachability were likely due to differences in leaf thickness, wax
content, or cell wall characteristics. Nitrogen concentration in unleached leaves was
about 1.7%, dropped to 1.3% following leaching, and increased slightly to 1.4% on
day 56. Phosphorus concentration in birch leaves from browsed branches, like those
from unbrowsed trees, exhibited a substantial drop due to leaching, from 0.7% to
0.1%, and remained relatively constant thereafter. Mass loss due to leaching was

slightly greater than in leaves from unbrowsed trees (19%), but mass loss patterns
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were similar until days 56 and 75, when leaves from browsed branches lost
significantly more mass than did leaves from unbrowsed trees. Linear regression
equation of mass loss through time was Y = 91.1 - (1.21*X), and time until 50% of
the mass was gone was 34 days. Effects of foliar chemistry on mass loss rates in
birch leaves from browsed and unbrowsed trees are discussed in Irons and others
(1991).

Shredder numbers and biomass in birch leafpacks from browsed branches were
similar to those from unbrowsed trees, with means of 40 individuals and 15.6 mg per
leafpack (fig. I-38). Peak numerical abundance was on day 56, with 63 shredders,
and peak biomass was on day 28 with 40.1 mg of shredders per leafpack. Mean
shredder abundance was 78.5 individuals and 29.6 mg per gram of leaf tissue

remaining.

DISCUSSION

The tree species chosen for this study provided a continuum in leaf litter
quality. Condensed tannin and nitrogen concentrations had negative and positive
relationships with leaf litter quality, respectively, and appear to provide a two-
dimensional index of litter quality. Tannin concentrations (based on quebracho
equivalents) ranged from a high of 37% in unleached green Ledum leaves and 26.5%
following leaching on day 2 in Salix pulcra to concentrations indistinguishable from

zero in Trema. Nitrogen concentrations following leaching ranged from 2.96% in
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Trema to 0.8% in unbrowsed Betula, and the largest range within a species was found
in Trema, which had 4.7% on day 7 and 0.7% on day 14. Phosphorus dynamics
showed no dramatic differences among species or through time.

There was also a continuum of processing rates of leafpacks of these species
(table 2). Visual inspection of the mass loss curves suggested that the negative
exponential model of decomposition may not be the most appropriate for this data set.
I tested negative exponential, linear, and quadratic models of mass loss. In no species
was the negative exponential model the best fit (based on F ratios): a linear fit was
best in 13 species and quadratic was best in 5 species (table 2). The slowest rates of
decomposition were found in the high tannin species of Pithecellobium, Quercus
Jalcata, and Q. rubra. While Q. falcata was low in nitrogen concentration, both Q.
rubra and Pithecellobium had relatively high concentrations. Thus, foliar condensed
tannin concentrations may have an important role in controlling leaf litter
decomposition rates in streams. The relative importance of tannin and nitrogen in
determining leaf litter decomposition rates for some of theses species were discussed
in chapter II.

Macroinvertebrate community structure and colonization did not follow the
expected patterns of an increasing proportion of shredders through time and the
highest abundance and biomass of shredders on species of high nitrogen and low
tannin concentrations. Indeed, the highest mean shredder biomass on any collection

date was found on the species with the highest post-leaching tannin concentration
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(Shepherdia). 1 feel that this is an artifact induced by the need for a second, small-
meshed net bag in order to contain the small leaves of Ledum, Shepherdia, and Salix
pulcra. The combination of many small leaves required to make up 3 g and the
double nets needed to hold the small leaves provided a large amount of leaf and net
surface area for invertebrate colonization. The extremely slow mass loss suggests that
most of invertebrates, including shredders, were using these leafpacks primarily as
habitat and not as a food source. The relationship between litter quality,
macroinvertebrate abundance and biomass, and leaf litter mass loss in Monument
Creek was discussed in more detail in chapter III.

Alaskan streams are generally cold: Monument Creek accumulated 973 degree-
days above zero Celcius in 1987 and 912 degree-days in 1988 (Irons and Oswood
1992). Because temperature has been implicated as an important controlling variable
in leaf litter decomposition rates in streams (Webster and Benfield 1986), one would
expect that rates in Alaska would be among the slowest. However, decomposition
rates of alder in Monument Creek in a previous study were rapid (Cowan and others
1983), and other studies have shown high rates of mass loss in cold streams (Mutch
and Davies 1984, Short and others 1980). The processing rates reported here span
the gamut from extremely slow (e.g. Ledum, Pithecellobium) to relatively rapid (e.g.
Trema and the Alnus species). While these rates are consistent with those found for
similar species in temperate regions (eg. Petersen and Cummins 1974), when

expressed on a per degree-day basis, they are among the fastest reported in the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1-43

literature (chapter IV).

Food webs in stream ecosystems that depend on leaf litter as an important
energy source are inextricably linked to the nearby terrestrial ecosystem of the
riparian zone. The leaf litter provided to the stream by riparian vegetation is often of
a wide range of quality as food for stream shredders. Golladay and others (1983) and
Cummins and others (1989) suggested that this range of litter quality provides a
continuous supply of food to stream shredders through time, and that the presence of
poor quality leaf litter (i.e. slowly decomposing species) provide food for and allow
the existence of a spring-summer shredder community. Spring-summer decomposers,
either invertebrate shredders (Cowan and others 1983) or microbial decomposers
(Buttimore and others 1984), do not seem to be present in Monument Creek;
however, the presence of slowly decomposing species may allow late-winter shredders
such as the limnephilid caddisfly Onocosmoecus unicolor (Irons 1988) to maintain a
viable population. Thus, the presence of a continuum of leaf litter quality such as
that reported here, partially determined by leaf chemistry, may be important for

maintaining stream food webs that include vertebrate predators such as pacific salmon

and arctic grayling.
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Table I-1. Species, location of origin, and collecting investigator of leaves used in analysis of latitudinal patterns of leaf litter
processing rates. Leaf litter quality (QUAL) is tabulated as species high in condensed tannin concentration (H) or species low in

tannin concentration (L). The Alaskan species were chosen to provide a range of tannin concentrations, hence they are not listed

as high or low in tannin.

COLLECTION

SPECIES COMMON NAME FAMILY QUAL LOCATION INVESTIGATOR
Pithecellobium longifolium Sotacaballo Leguminosae H Costa Rica C.M. Pringle

(H. & B.) Standley

Trema micrantha (L.) Blume Capulfa Ulmaceae L Costa Rica C.M. Pringle

Cornus florida L. Flowering Dogwood Cornaceae L North Carolina  S.R. Reice

Quercus falcata Michx. Southern Red Oak Fagaceae H North Carolina  S.R. Reice

Acer saccharum Marshall Sugar Maple Aceraceae L New York W.H. McDowell

Fagus grandifolia Ehrh. American Beech Fagaceae H New York W.H. McDowell

Alnus rugosa (Du Roi) Spreng. Tag Alder Betulaceae L Michigan R.J. Stout

Quercus rubra L. Northern Red Oak Fagaceae H Michigan R.J. Stout

Alnus crispa (Ait.) Pursh Green Alder Betulaceae L Alaska J.G. Irons, M.W. Oswood
Salix alaxensis (Anderss.) Cov. Feltleaf Willow Salicaceae H Alaska J.G. Irons, M.W. Oswood
Ledum groenlandicum Oeder Labrador Tea Ericaceae Alaska J.G. Irons, M.W. Oswood
Salix planifolia Pursh. spp. pulcra  Diamondleaf Willow Salicaceae Alaska J.G. Irons, M.W. Oswood
(Cham.) Argus

Shepherdia canadensis (L.) Nutt. Buffaloberry Elaeagnaceae Alaska J.G. Irons, M.W. Oswood
A. crispa (autumn-picked) Green Alder Betulaceae Alaska J.G. Irons, M.W. Oswood
S. alaxensis (no-browse) Feltleaf Willow Salicaceae Alaska J.G. Irons, M.W. Oswood
Salix alaxensis (browsed) Feltleaf Willow Salicaceae Alaska J.G. Irons, M.W. Oswood
Betula papyrifera Marsh. var. Alaska Paper Birch Betulaceae Alaska J.G. Irons, M.W. Oswood
humulis (Reg.) Fern. & Raup (no-
browse)
Betula papyrifera (browsed) Paper Birch Betulaceae Alaska J.G. Irons, M.W. Oswood
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Table I-2. Coefficients and F ratios for three models of the change in leaf litter mass through time for leaves placed in
Monument Creek in autumn of 1988. Abbreviations: LIN = linear regression, EXP = exponential decay (data were log-
transformed), QUAD = quadratic equation. Locations of origin are CR = Costa Rica, NC = North Carolina, NY = New
York State, MI = Michigan, and AK = Alaska. H and L correspond to the a priori "high" and "low" tannin concentration
groups. Species are arranged in order of latitude within the a priori tannin groups.

Coefficients of Decay

SPECIES ORIG H/L LIN F EXP F QUAD X QUADX* F

Pithecellobium CR H -0.0012 21.0 -0.0006 20.5 -0.0048 +0.00005  26.6
Quercus falcata NC H -0.0018 214 -0.0009 225 -0.0019 0.00000 24.8
Fagus grandifolia NY H -0.0031 126 -0.0019 109 +0.0024 -0.00008 8.4
Quercus rubra Ml H -0.0041 5029 -0.0023 469.1 -0.0056 +0.00002 284.6
Salix alaxensis AK H -0.0097 1576 -0.0066 135.8 -0.0033 -0.00009 196.6
Trema micrantha CR L -0.0109 189.1 -0.0081 182.9 +0.0008 -0.00003 260.6
Cornus florida NC L -0.0057 58.5  -0.0042 80.1 -0.0015 -0.00008 386.7
Acer saccharum NY L -0.0084 96.4  -0.0053 94.0 +0.0018 -0.00018 435.8
Alnus rugosa MI L -0.0127 195.1 -0.0098 188.9 -0.0079 -0.00006 122.4
Alnus crispa AK L -0.0121 373.0 -0.0099 3273 -0.0124 0.00000 209.4
Ledum groenlandicum AK -0.0037  57.7  -0.0021 53.4  -0.0069 +0.0000 33.0
Salix pulcra AK -0.0071 286.6 -0.0049 257.0 -0.0050 -0.0000 153.6
Shepherdia canadensis AK -0.0069 393.2 -0.0047 3389 -0.0052 -0.0000 206.4
A. crispa (autumn-picked) AK -0.0083 79.6 -0.0055 579 +0.0029 -0.0001 87.4
S. alaxensis (no-browse) AK -0.0077 225.2 -0.0054 173.1 -0.0018 -0.0001 203.7
Salix alaxensis (browsed) AK -0.0080 233.1 -0.0057 199.2 -0.0018 -0.0001 260.0
Betula papyrifera (no-browse) AK -0.0099 192.3 -0.0066 146.2 -0.0084 -0.0000 93.0
Betula papyrifera (browsed) AK -0.0121 217.6 -0.0086 192.8 -0.0100 -0.0000 105.8
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FIGURE CAPTIONS

Figure I-1--Location of the study site showing Monument Creek, the stream site for

the decomposition portion of the study.

Figure I-2--Air and water temperatures at Monument Creek for the 75 day

decomposition study period in 1988.

Figure 1-3--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Trema micrantha from
Costa Rica following processing in Monument Creek, Alaska. Error bars are one

standard error of the mean, and unapparent error bars are hidden by the symbol.

Figure I-4--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram of leaf material remaining, and
mean biomass of invertebrates per gram of Trema micrantha leaf material remaining
following processing in Monument Creek, Alaska. Error bars are one standard error
of mean total number or biomass of invertebrates, and unapparent error bars are

hidden by the symbol.

Figure I-5--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,

and percent ash-free dry mass remaining through time for Pithecellobium longifolium
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from Costa Rica following processing in Monument Creek, Alaska. Error bars are

one standard error of the mean, and unapparent error bars are hidden by the symbol.

Figure I-6--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram, and mean biomass of invertebrates
per gram of leaf material remaining of Pithecellobium longifolium leaf material
remaining following processing in Monument Creek, Alaska. Error bars are one
standard error of mean total number or biomass of invertebrates, and unapparent error

bars are hidden by the symbol.

Figure I-7--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Cornus florida from North
Carolina following processing in Monument Creek, Alaska. Error bars are one

standard error of the mean, and unapparent error bars are hidden by the symbol.

Figure I-8--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram, and mean biomass of invertebrates
per gram of leaf material remaining of Cornus florida leaf material remaining
following processing in Monument Creek, Alaska. Error bars are one standard error
of mean total number or biomass of invertebrates, and unapparent error bars are

hidden by the symbol.
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Figure I-9--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Quercus falcata from North
Carolina following processing in Monument Creek, Alaska. Error bars are one

standard error of the mean, and unapparent error bars are hidden by the symbol.

Figure 1-10--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram, and mean biomass of invertebrates
per gram of leaf material remaining of Quercus falcata leaf material remaining
following processing in Monument Creek, Alaska. Error bars are one standard error
of mean total number or biomass of invertebrates, and unapparent error bars are

hidden by the symbol.

Figure I-11--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Acer saccharum from New
York following processing in Monument Creek, Alaska. Error bars are one standard

error of the mean, and unapparent error bars are hidden by the symbol.

Figure I-12--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram, and mean biomass of invertebrates
per gram of leaf material remaining of Acer saccharum leaf material remaining

following processing in Monument Creek, Alaska. Error bars are one standard error
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of mean total number or biomass of invertebrates, and unapparent error bars are

hidden by the symbol.

Figure I-13--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Fagus grandifolia from
New York following processing in Monument Creek, Alaska. Error bars are one

standard error of the mean, and unapparent error bars are hidden by the symbol.

Figure I-14--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram, and mean biomass of invertebrates
per gram of leaf material remaining of Fagus grandifolia leaf material remaining
following processing in Monument Creek, Alaska. Error bars are one standard error
of mean total number or biomass of invertebrates, and unapparent error bars are

hidden by the symbol.

Figure I-15--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Alnus rugosa from
Michigan following processing in Monument Creek, Alaska. Error bars are one

standard error of the mean, and unapparent error bars are hidden by the symbol.

Figure I-16--Mean number of invertebrates per leaf, mean invertebrate biomass per

Réproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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leafpack, mean number of invertebrates per gram of leaf material remaining, and
mean biomass of invertebrates per gram of Alnus rugosa leaf material remaining
following processing in Monument Creek, Alaska. Numbers and biomass per gram
of leaf remaining on day 75 are not shown due to the low amount of mass remaining
(0.6%), denoted by an asterisk. Error bars are one standard error of mean total
number or biomass of invertebrates, and unapparent error bars are hidden by the

symbol.

Figure I-17--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Quercus rubra from
Michigan following processing in Monument Creek, Alaska. Error bars are one

standard error of the mean, and unapparent error bars are hidden by the symbol.

Figure I-18--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram of leaf material remaining, and
mean biomass of invertebrates per gram of Quercus rubra leaf material remaining
following processing in Monument Creek, Alaska. Error bars are one standard error
of mean total number or biomass of invertebrates, and unapparent error bars are

hidden by the symbol.

Figure I-19--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1-68
and percent ash-free dry mass remaining through time for Alnus crispa from Alaska
following processing in Monument Creek, Alaska. Error bars are one standard error

of the mean, and unapparent error bars are hidden by the symbol.

Figure I-20--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram of leaf material remaining, and
mean biomass of invertebrates per gram of Alnus crispa leaf material remaining
following processing in Monument Creek, Alaska. Numbers and biomass per gram
of leaf remaining on day 75 are not shown due to the low amount of mass remaining
(0.6%), denoted by an asterisk. Note that the range on the y axis for the biomass per
gram panel is greater than for other species. Error bars are one standard error of
mean total number or biomass of invertebrates, and unapparent error bars are hidden

by the symbol.

Figure I-21--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Salix alaxensis from Costa
Rica following processing in Monument Creek, Alaska. Error bars are one standard

error of the mean, and unapparent error bars are hidden by the symbol.

‘Figure 1-22--Mean number of invertebrates per leaf, mean invertebrate biomass per

leafpack, mean number of invertebrates per gram of leaf material remaining, and
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mean biomass of invertebrates per gram of Salix alaxensis leaf material remaining
following processing in Monument Creek, Alaska. Error bars are one standard error

of mean total number or biomass of invertebrates, and unapparent error bars are

hidden by the symbol.

Figure I-23--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Ledum groenlandicum from
Alaska following processing in Monument Creek, Alaska. Error bars are one

standard error of the mean, and unapparent error bars are hidden by the symbol.

Figure 1-24--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram of leaf material remaining, and
mean biomass of invertebrates per gram of Ledum groenlandicum leaf material
remaining following processing in Monument Creek, Alaska. Error bars are one
standard error of mean total number or biomass of invertebrates, and unapparent error

bars are hidden by the symbol.

Figure 1-25--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Salix pulcra from Alaska
following processing in Monument Creek, Alaska. Error bars are one standard error

of the mean, and unapparent error bars are hidden by the symbol.
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Figure I-26--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram of leaf material remaining, and
mean biomass of invertebrates per gram of Salix pulcra leaf material remaining
following processing in Monument Creek, Alaska. Error bars are one standard error

of mean total number or biomass of invertebrates, and unapparent error bars are

hidden by the symbol.

Figure I-27--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Shepherdia canadensis from
Alaska following processing in Monument Creek, Alaska. Error bars are one

standard error of the mean, and unapparent error bars are hidden by the symbol.

Figure 1-28--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram of leaf material remaining, and
mean biomass of invertebrates per gram of Shepherdia canadensis leaf material
remaining following processing in Monument Creek, Alaska. Error bars are one

standard error of mean total number or biomass of invertebrates, and unapparent error

bars are hidden by the symbol.

Figure I-29--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,

and percent ash-free dry mass remaining through time for Alnus crispa (autumn-
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picked leaves) from Alaska following processing in Monument Creek, Alaska. Error

bars are one standard error of the mean, and unapparent error bars are hidden by the

symbol.

Figure I-30--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram of leaf material remaining, and
mean biomass of invertebrates per gram of Alnus crispa (autumn-picked leaves) leaf
material remaining following processing in Monument Creek, Alaska. Error bars are
one standard error of mean total number or biomass of invertebrates, and unapparent

error bars are hidden by the symbol.

Figure I-31--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Selix alaxensis (leaves

picked from unbrowsed trees) from Alaska following processing in Monument Creek,
Alaska. Error bars are one standard error of the mean, and unapparent error bars are

hidden by the symbol.

Figure 1-32--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram of leaf material remaining, and
mean biomass of invertebrates per gram of Salix alaxensis leaf material remaining

following processing in Monument Creek, Alaska. Error bars are one standard error

Rebroduced with permission of the copyright owner. Further reproduction prohibited without permission.



I-72
of mean total number or biomass of invertebrates, and unapparent error bars are

hidden by the symbol.

Figure I-33--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Salix alaxensis (leaves
picked from previously browsed branches) from Alaska following processing in
Monument Creek, Alaska. Error bars are one standard error of the mean, and

unapparent error bars are hidden by the symbol.

Figure I-34--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram of leaf material remaining, and
mean biomass of invertebrates per gram of Salix alaxensis (leaves picked from
previously browsed branches) leaf material remaining following processing in
Monument Creek, Alaska. Error bars are one standard error of mean total number or

biomass of invertebrates, and unapparent error bars are hidden by the symbol.

Figure 1-35--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Betula papyrifera (leaves

picked from unbrowsed trees) from Alaska following processing in Monument Creek,
Alaska. Error bars are one standard error of the mean, and unapparent error bars are

hidden by the symbol.
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Figure I-36--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram of leaf material remaining, and
mean biomass of invertebrates per gram of Betula papyrifera (leaves picked from
unbrowsed trees) leaf material remaining following processing in Monument Creek,
Alaska. Error bars are one standard error of mean total number or biomass of

invertebrates, and unapparent error bars are hidden by the symbol.

Figure 1-37--Condensed tannin, nitrogen, and phosphorus concentrations in leaf litter,
and percent ash-free dry mass remaining through time for Betula papyrifera (leaves
picked from previously browsed branches) from Alaska following processing in
Monument Creek, Alaska. Error bars are one standard error of the mean, and

unapparent error bars are hidden by the symbol.

Figure 1-38--Mean number of invertebrates per leaf, mean invertebrate biomass per
leafpack, mean number of invertebrates per gram of leaf material remaining, and
mean biomass of invertebrates per gram of Betula papyrifera leaf material remaining
following processing in Monument Creek, Alaska. Error bars are one standard error
of mean total number or biomass of invertebrates, and unapparent error bars are

hidden by the symbol.
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Alnus crispa (winter—picked leaves)
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