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etlands are abundant in wet subalpine and montane valleys on
the western slopes of the Rocky Mountains. Although geologi-
cal and vegetational characteristics are well studied for a di-
versity of wetland types and incorporated into a regional
classification, there is a paucity of information about the invertebrates in
these habitats and the factors that affect their distribution and abundance.
In this chapter we report on work at a subalpine wetland complex in the
Elk Mountains of central Colorado composed of numerous adjacent basins
that vary considerably in size, depth, water chemistry, and hydroperiod. We
identified over 100 plankionic and benthic invertebrates at the site and
Jound that different basins have quite different species assemblages. We
used comparative data on the abiotic environment (area, depth, hydroper-
iod, chemistry) in 40 basins and information about the density of tiger sala-
manders, the only vertebrate predator, to construct a path analytic model to
explore hypotheses about the relative importance of these factors on inver-
tebrate community composition. Basin area, hydroperiod, and salamander
densities have significant and collinear effects on species diversity and
community composition. Large, permanent basins with multiple year-classes
of salamander larvae are most diverse and are dominated by small-bodied
zooplankton, chironomid midges, small dytiscid beetles, and cased caddis-
Jlies. Semipermanent, aurumnal basins are less diverse than permanent ba-
sins and dominated by species that are absent or rare in permanent basins
(large-bodied cladocerans and copepods, fairy shrimp, large dytiscid bee-
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tles). In semipermanent basins beetles replace salamander larvae as the top
predators on benthic invertebrates, although salamander adults and hatch-
lings remain the top predators on large-bodied zooplankton. Small, vernal
basins lack salamanders and are dominated by a subset of autumnal-basin
species (several zooplankton, mosquitoes, a beetle, a caddisfly, a corixid
water boatman) that are able to complete development before they dry in
early summer. Although a few species are restricted to permanent habitats
because they cannot tolerate drying, most of the invertebrates in these
wetland are physiologically capable of, and have life cycles amenable

for, exploiting both permanent and nonpermanent basins. Thus, biotic
interactions, especially the direct and indirect effects of salamander pre-
dation, are viable hypotheses for explaining patterns of invertebrate dis-
tribution and abundance along the permanence gradient from vernal to
semipermanent to permanent wetland basins. Human activities that threaten
salamander populations should have cascading effects on the invertebrate
communities in permanent subalpine wetlands.

INTRODUCTION

Mountain valleys on the wet western slopes of the Rocky Mountains contain
numerous wetlands that occur in a diversity of geomorphologic and hydro-
logic settings. For example, within just a few kilometers of our study site in
central Colorado are, from high to Tow elevations, lacustrine marshes border-
ing alpine lakes (>3500 m), subalpine (2800-3500 m) ponds and fens in
bedrock and soil depressions, subalpine riparian meadows, montane (2100~
2800 m) beaver ponds and riparian willow thickets, and montane kettle ponds
and fens in broad glacial valleys. The geological origins, hydrology, and veg-
etational characteristics of these and other types of montane and subalpine
habitats have been used to construct a detailed classification system for the
wetlands of the Rocky Mountain Region (see review by Windell et al. 1986).
However, as is often the case in general treatments of wetlands ecology (see
Batzer and Wissinger 1996), there is a paucity of information about inverte-
brate communities in all of the wetland types discussed in Windell et al.
(1986). This is not an oversight—with the exception of several early studies
by Pennak and his students (e.g., Neldner and Pennak 1955, Schmitz 1956;
also see Blake 1945), there is little information about benthic invertebrates in
Rocky Mountain wetlands. Similarly, with the exception of the zooplankton
studies at our site (Dodson 1970, 1974, Sprules 1972, Maly 1973, Maly and
Maly 1974, Maly et al. 1980, Willey and Threlkeld 1993), most research on
high-elevation zooplankton assemblages has focused on deep alpine lakes
(e.g., Larson et al. 1996 and references therein).
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In this chapter we focus on the invertebrate communities in a complex of
subalpine ponds located near the Rocky Mountain Biological Lab (RMBL)
in Gunnison Co., Colorado. We first describe the habitat characteristics (geo-
morphology, hydrology, chemistry, plant structure, salamander predators) of
the many small basins at our study site. We then discuss the invertebrate
fauna and patterns of distribution and abundance among basins. We use path
analysis to help disentangle the collinear relationship among the various hab-
itat variables and to compare hypotheses about how those variables directly
or indirectly affect invertebrate community composition. Finally, we discuss
the results of previous experimental work conducted at this study site (Dodson
1970, 1974, Sprules 1972, Wissinger et al. 1996, Wissinger et al., 1999) that
examined how different habitat factors affect the distributional patterns for
several of the dominant taxa in these communities.

HABITAT DESCRIPTION

Our study site is located in the Mexican Cut Nature Preserve (MCNP), a 960-
acre inholding within the White River National Forest that is owned by The
Nature Conservancy and managed by the RMBL for ecological research. The
wetlands occur at or just below tree line (3400-3500 m elevation) on two flat
shelves on the northeast slopes of Galena Mountain in Gunnison Co., Colo-
rado (Fig. 31.1). Although many of the basins at Mexican Cut are only a few
meters or tens of meters apart, they often contain quite distinct assemblages
of invertebrates. Because all of the basins occur at about the same elevation
and have the same macroclimate and the same pool of potential colonists, the
site provides an excellent ecological setting for isolating the effects of basin
characteristics (area, size, hydroperiod, water chemistry) on community com-
position. These wetlands typify many of the other subalpine habitats that we
have been studying in this region in terms of their abiotic setting, the sur-
rounding terrestrial habitat, and the dominant aquatic flora and fauna.

Bedrock and Water Chemistry

There are over 50 small (10 m*>~4682 m? surface area), shallow (0.3-2.5 m
depth) basins in the wetland complex at MCNP (Fig. 31.1, Table 31.1). The
site is underlain by upper Paleozoic rocks, and basins in the main cluster on
the lower shelf lie on contact-metamorphosed sandstone (quartzite) that pro-
vides no source of alkalinity (99 percent silica) (Prather 1982). Thus, the
water is extremely soft and poorly buffered in most basins (Table 31.2; Dod-
son 1982, Harte et al. 1985), as is generally true in the region (e.g., Neldner
and Pennak 1955, Schmitz 1956, Landers et al. 1987). All basins are ex-
tremely oligotrophic, with total nitrogen and phosphorus concentrations typ-
ically below detection limits (<1 ug/l; conducted at USDA Forest Service
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Rocky Mountain Forest and Range Experiment Station, Fort Collins, Colo-
rado; also see Wissinger and Whiteman 1992).

Two linear sequences of ponds (51-1-5-18; 52-56-21; see Fig. 31.1) re-
ceive runoff that flows over a local outcrop of metamorphosed limestone, and
these basins therefore have up to 100-fold greater total dissolved solids and
acid neutralizing capacity (ANC) than those that do not receive this runoff
(Table 31.2). This local variation in ANC provided the opportunity to isolate
the impact of water chemistry on community composition and monitor the
potential effects of acidification (Dodson 1982, Harte et al. 1985, Wissinger
and Whiteman 1992).

Geomorphology and Hydrelogy

Many of the basins are embedded in a series of saturated peat fens that have
formed in bedrock depressions on the lower shelf of the MCNP. Remote
basins are in bedrock (e.g., basins 13, 14, 57) or soil depressions (e.g., basins
55, 15, 19, 20; see Fig. 31.1) formed from slumping and/or snowpack com-
pression (see Windell et al. 1986). Two basins (53, 54) are avalanche impact-
ponds with physical and biological characteristics more similar to that of
Galena Lake than to the wetlands on the lower shelves (Fig. 31.1).

Climate monitoring stations near our site document that over the past 10
years (1986-96) the area has received an annual average of 130 cm of rain-
equivalent precipitation, about 100 cm of which falls as snow (USDA National
Resource Conservation Service Snotel Station at Elko Park and NOAA re-
porting station at RMBL). Total snowfall accumulations range from 1000-
1500 c¢m, with an average maximum snowpack of about 3 m depth. These
data probably slightly underestimate the snowfall and snowpack at MCNP,
which is 300 m and 600 m higher than Elko Park and RMBL, respectively
(A. Meers, B. Barr, personal communication).

Snowmelt is the primary source of hydrological input to all basins and
enters mainly as overland flow under the melting snowpack. During peak
runoff basins in the main drainages are connected by stream flow and pe-
ripheral basins are connected to the largest ponds by overland flow (e.g., 42-1;
Fig. 31.1). After snowmelt, the basins within the three main drainages (1-5;
8-5; 12-9) are separated at the surface by saturated fen but retain subsurface
connections via the bedrock-confined groundwater in each drainage.

Although there is a gradation in hydroperiods, the basins can be grouped
into three hydroperiod categories (Table 31.1). Shallow, hydrologically iso-
lated basins are vernal (sensu Wiggins et al. 1980); they dry by midsummer
and usually do not refill until the following spring (Fig. 31.1). Semipermanent,
autumnal habitats (after Wiggins et al. 1980) often dry for a short time in late
summer but then refill in autumn before ice cover. In two of the past nine
years many autumnal basins (51, 52, 55, 6, 4, 6, 8, 10, 11, 15) remained filled
throughout the growing season as a result of unusually heavy summer rains
(also see Wissinger and Whiteman 1992). Finally, the largest and deepest
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basins are permanent ponds that have not dried completely in the past 50
years (1, 3, 5,9, 12, 18; R. L. Willey, personal communication).

All basins are covered with ice and snow from late October to early sum-
mer. Thus, even permanent ponds are filled and free of ice for only about
four months, and most temporary basins have a considerably shorter open-
water growing season (Table 31.1). During winter the deepest (1-2 m) ponds
(1, 5,9, 12) probably do not freeze solid, although early spring cores suggest
that a slushy mixture of water and “‘frazil ice” (see Oswood et al. 1991) can
extend to within 5 cm of the substrate (Whiteman and Wissinger, unpublished
data). Freezing in autumnal basins may vary among years. Salamander larvae
survive the winter in autumnal ponds when they do not dry (Wissinger and
Whiteman 1992), suggesting that either they can survive freezing or there is
a thin layer of water similar to that observed in the permanent ponds. How-
ever, in most years the nonpermanent basins freeze from the top down to and
into the substrate, and therefore are probably most accurately characterized
as “‘aestival” (i.e., liquid water is not available during winter (see Welch 1952,
Danks 1971a, Daborn 1974, Daborn and Clifford 1974, Lee 1989, Ward
1992). Freezing appears to be an important source of mortality for aquatic
invertebrates in aestival habitats at high latitudes and altitudes (Andrews and
Rigler 1985, Daborn 1971, Danks 1971b, Duffy and Liston 1985), and phys-
iological studies suggest that there is considerable variation among species in
their tolerance to subfreezing temperatures and physical contact with external
ice (Oswood et al. 1991, Frisbee and Lee 1997).

During summer, water temperatures fluctuate considerably on a daily basis,
especially in small basins where they can drop at night to 5-10°C and reach
daytime highs of 20-30°C (also see Willey 1974). The basins receive rela-
tively high levels of UV radiation as a result of the thin atmosphere, low
humidity, and shallow, extremely clear water, and several of the most common
zooplankton species in the temporary habitats contain photoprotective carot-
enoid pigments (see Hairston 1976, 1979).

The various physical habitat characteristics described above can be sum-
marized and compared to other wetlands by evaluating them in the context
of Southwood’s (1977, 1988) habitat templet, which considers temporal sta-
bility (degree of permanence), variability (predictability in drying), and harsh-
ness (also see Williams 1987). As in many wetland complexes, the different
basins at our study site span the range of temporal stability from vernal to
autumnal to permanent. Permanent and vernal basins are the most predictable
habitats in that they never or always dry on a seasonal basis, respectively. As
in all wetlands, the dry phase of the hydroperiod is a relatively harsh envi-
ronment for aquatic organisms. However, in high-elevation (and high-latitude
[tundra]) wetlands the wet phase of the hydroperiod can also be relatively
harsh because of high levels of UV radiation and fluctuating temperatures
during the growing season and the frozen, aestival conditions during winter.
Because of the year-round harsh conditions, several authors have suggested
that the invertebrate fauna of high-elevation wetlands should be impoverished
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relative to lower-elevation habitats (Neldner and Pennak 1955, Schmitz 1956,
Daborn and Clifford 1974).

Primary Production, Vegetation, and Detrital Inputs

The quillwort, Isoetes bolanderi, is the most common submergent plant, and
by midsummer this species forms a short (3—10 cm) lawn of vegetation on
the soft substrates of many basins. Several ponds (e.g., 10, 11, 56) also contain
local patches of starwort (Calitriche palustris) and pondweed (Potamogeton
gramineus). Emergent vegetation is patchily abundant along the edges of the
large ponds and throughout the surrounding fens (Fig. 31.1). The dominant
shoreline emergents are sedges, rushes, and grasses (Carex aquatilis, Carex
nebraskensis, Juncus confusus, and Deschampsia caespitosa), which are often
rooted in a saturated carpet of Sphagnum and other mosses (Polytrichium sp.)
that form floating mats on some pond margins. Thickets of willows (Salix
planifolia) and other woody vegetation (mainly Vaccinium caespitosum) are
scattered around the major basins and throughout the peat fens (Fig. 31.1).
Emergent species grade landward at the edges of these fens into a diverse
transitional plant community dominated by Carex nova, Caltha leptosepala,
Trollius laxus, Pedicularis groenlandica, Sedum rhodanthum, Erigeron pere-
grinus, Gentian thermalis, Bistorta bistortoides, Swertia perennis, Phleum
commutatum, Erythronium grandifiora, Veronica wormskjodlii, Valeriana cap-
itata, and Castilleja rhexifolia (also see Buck 1960). This particular plant
assemblage is typical for subalpine fens in this region and has been termed
the “Deschampsia caespitosa/Caltha leptosepala fen community” (Windell
et al. 1996). The surrounding terrestrial habitat on the lower shelf is an open
spruce-fir (Picea engelmanni-Abies lasiocarpa) woodland that opens into sub-
alpine meadow on the upper shelf. The surrounding terrestrial habitat at
MCNP is typical for many of the subalpine wetlands that we have studied at
similar elevations throughout the region (see Langenheim 1962).

Benthic substrates are the main site of algal primary production, and a
community (30 species identified) dominated by diatoms and desmids (mainly
Frustulia rhomboides, Cymbella lunata, Pinnularia biceps, Cosmarium spp.,
and Staurastrum spp) is attached to both hard and soft substrates. Qualitative
surveys do not suggest major differences in the abundance and taxonomic
composition of the periphyton community across basins (Blake, Brown, and
Wissinger, unpublished data). Water-column primary production by phyto-
plankton is extremely low (<50 mg C/m® based on chlorophyll-a analysis),
and the water is therefore extremely clear in all but a few basins with organic
staining from peat (e.g., 27-29).

The bedrock and inorganic substrate in most basins is covered with organic
sediments that vary from a thin veneer in small isolated basins (e.g., 19, 20,
57) to a thick organic ooze in the centers of the largest ponds (e.g., 1, 5, 12).
Peat substrates are common in basins embedded in the fens. Autochthonous
inputs are mainly from Isoetes, and along pond margins, from patches of



768 SUBALPINE WETLANDS IN COLORADO

sedges and other emergent vegetation. The latter are of primary importance
as a food source for detritivorous aquatic insects that congregate on emergent
detritus (Wissinger et al. 1996). Terrestrial organic matter (needles, twigs,
branches, leaves) dominates the detritus in basins that are lined with spruce
trees (e.g., 8, 14, 15, 19) or willows (e.g., 29, 35, 41, 43).

Salamander Predators

The only aquatic vertebrate in the wetlands at MCNP is the tiger salamander,
Ambystoma tigrinum nebulosum. Metamorphic (terrestrial) adults of this sal-
amander migrate from terrestrial overwintering sites in late spring and con-
gregate in the largest permanent and semipermanent ponds (1, 3, 5, 6, 8,
9-12), where they mate and deposit eggs. After breeding, metamorphs enter
autumnal and vernal basins, where they feed for six to eight weeks before
returning to the surrounding forest to overwinter (Whiteman et al. 1994). Eggs
typically hatch in mid-July, but, unlike larvae in lower elevation populations,
the larvae cannot complete development before the onset of winter and are
therefore only likely to survive at this elevation in permanent waters (Wissin-
ger and Whiteman 1992, Whiteman et al. 1994). Metamorphosis occurs after
two to five growing seasons, but many individuals forgo it completely and
become sexually mature as larvae—i.e., become paedomorphic adults (White-
man 1994, Whiteman et al. 1996). Paedomorphs and several year-classes of
larvae are the top predators in permanent basins at Mexican Cut and other
subalpine habitats in the region. In contrast, hatchling larvae and metamorphs
are the only salamander stages found in autumnal basins (Table 31.3).

Dietary analyses from stomach pumping indicate that nearly every aquatic
invertebrate in these wetlands is consumed by one or more stages of these
salamanders (see methods and data in Whiteman et al. 1994; Wissinger and
Whiteman, unpublished manuscript). Metamorphs are specialists on fairy
shrimp (Branchinecta coloradensis), which comprise up to 99 percent of their
diet. Larvae exhibit an ontogenetic dietary niche shift in size and in compo-
sition, from plankton to benthos. Hatchlings feed mainly on copepods and
cladocerans, one-to-two-year-old larvae on larger zooplankton (including fairy
shrimp) and small benthic invertebrates (mainly dipteran larvae), and over
two-year-old larvae and paedomorphs (together referred to hereafter as “*bran-
chiates”) on a wide size range of prey, including the largest invertebrate
species and smaller salamander larvae. The importance of salamanders as
keystone predators on zooplankton has been experimentally demonstrated and
undoubtedly underlies patterns of zooplankton distribution and abundance in
these wetlands (Dodson 1970, 1974, Sprules 1972). The role of salamander
predation in determining benthic community composition is less well under-
stood and has been the focus of much of our experimental work on species
interactions.
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TABLE 31.3. Distribution and Abundance of Tiger Salamanders at
the Mexican Cut Nature Reserve in 1990, Based on Multiple
Mark-Recapture Censuses®

Hatchling
Pond Larvae Branchiates Metamorphs
1 350 1143 2
3 10 61 0
5 0 733 1
6 40 0 4
7 0 0 0
8 450 0 29
9 80 81 4
10 38 0 6
11 40 0 18
12 120 107 8
13 0 0 2
15 0 0 0
18 0 2 0
52 0 0 2

“Branchiates are >1-year-old larvae + paedomorphs (see text).

INVERTEBRATE FAUNA

Total Abundance and Biomass

Benthic invertebrate data presented here are based on (1) qualitative surveys
from D-net sweeps taken over the past eight years in all basins and (2) rep-
licate quantitative samples using a 0.25-m?* drop box (see Wissinger 1989)
taken on a biweekly basis during the open-water months in 1989-91 in five
permanent (1, 3, 5, 9, 12) and six autumnal (6, 8, 10, 11, 55, 56) basins. We
avoided taking replicate quantitative samples in the small vernal basins be-
cause of the potential for decimating populations in those habitats. Zooplank-
ton samples were taken with an 80 wm mesh net and a 2.2-L Van Dorn
sampling bottle mounted on a pole (see Bohonak and Whiteman, manuscript).
Biomass estimates from the quantitative data were calculated as the product
of number of individuals and taxon-specific individual dry weights (see meth-
ods in Whiteman et al. 1996).

Permanent basins have, on average, significantly higher peak densities of
invertebrates (3408 + 1680 S.D. individuals/m?) than autumnal basins (1263
+ 305 S.D. individuals per m?). However, because the numerically dominant
taxa in permanent ponds (cladocerans, copepods, and chironomids) are
smaller than those in autumnal ponds (fairy shrimp, caddisfly larvae), the peak
standing biomass of autumnal ponds (1864 + 630 S.D. mg/m?) is actually
greater than that of permanent ponds (1002 + 236 S.D. mg/m?). Peak abun-



770 SUBALPINE WETLANDS IN COLORADO

dances in all basins occur in late June to late July, depending on the timing
of ice melt in spring. Densities decline in late summer as adults emerge and
remain Jow throughout the fall because many taxa overwinter as eggs that
hatch the following spring.

Overall, the invertebrate abundances in these high-elevation wetlands are
one to four orders of magnitude lower than is typically reported for low-
elevation habitats (e.g., Voigts 1976, Mittlebach 1981, Duffy and Labar 1994,
Brinkman and Duffy 1996). Many low-elevation wetlands are eutrophic, with
high nitrogen and phosphorus inputs and high autotrophic and/or high detrital
production, depending on wetland type (see summary data in Mitsch and
Gosselink 1993). In contrast, the subalpine wetlands described in this chapter
are, by classical limnological standards, oligotrophic to ultraoligotrophic (see
Wetzel 1995). Nitrogen and phosphorus inputs are negligible, autotrophic pro-
duction is low, and allochthonous detritus are relatively nonnutritious (spruce
needles; see Anderson and Cargill 1987). However, based on the few alpine
lake studies from western North America that report benthic data (e.g., Taylor
and Erman 1980, Donald and Anderson 1980, Hoffman et al. 1996), and on
our own surveys of alpine lakes at or near our study site (e.g., Galena Lake,
Yule Lakes, Copper Lake, Emerald Lake), the invertebrate communities in
the MCNP wetlands appear to be more productive than those in deep lentic
habitats at comparable elevations. Most biological limnology of alpine lakes
has focused on plankton (e.g., Larson et al. 1996 and references therein), and
there is clearly a need for comparative benthic data on production levels and
species composition in high-elevation wetlands and lakes.

Community Diversity and Composition

Despite low overall densities, there is a surprising diversity of invertebrates,
with approximately 100 taxa identified to date at this single wetland complex
(Appendix 31.A). This diversity belies the notion that high-elevation wetlands
necessarily have impoverished invertebrate faunas (Schmitz 1956, Daborn and
Clifford 1974). Our survey work in other high-elevation wetlands in the vi-
cinity of the RMBL indicates that the diversity at this site is representative
for wetlands in the region. Emerging work from other locations in the central
Rocky Mountains corroborates our findings that subalpine and montane wet-
lands are more diverse than previously appreciated (Duffy, this volume, Rader,
unpublished data).

Invertebrate diversity at our study site is strongly dependent on hydroperiod
(Table 31.2; Fig. 31.2a; F = 1458.5, P < 0.001). This dependence has been
observed in other comparative wetland studies (see reviews by Williams 1987,
Batzer and Wissinger 1996, and recent papers by Schneider and Frost 1996,
Schneider 1997). However, as Schneider and Frost (1996) have noted, inter-
preting the causal relationships between hydroperiod and diversity can be
confounded by other variables, including habitat size. At our study site, basin
area and degree of permanence were positively related (F = 26.5, p < 0.001;
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Fig. 31.2, The effects of (a) hydroperiod and (b) basin area on invertebrate species
richness in wetlands at the Mexican Cut Nature Preserve. Data from Table 31.1. See
text for statistical analyses.



