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Gradient analysis of latitudinal variation
in Southern Rocky Mountain forests

ROBERT B. ALLEN,* ROBERT K. PEET and WILLIAM L. BAKERY Department of Biology,
The University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-3280, U .S A.

Abstract. Vegetation samples collected near Taos, New
Mexico, Wet Mountain Valley, Colorado, and Rocky
Mountain National Park, Colorado, were used to analyse
latitudinal variation in Southern Rocky Mountain forests.
Objectives were: (1) to examine latitudinal shifts in species
and community positions with respect to local environmen-
tal gradients; (2) to compare between regions the factors
correlated with local gradients in species composition; and
(3) to illustrate the power of gradient-based methods for
the analysis of large-scale geographic variation in vegeta-
tion. Dominant compositional gradients at the three locali-
ties were related to elevation, site moisture status, and
potential solar radiation. The average elevation of floristi-
cally similar stands declined with increasing latitude
between Taos and Wet Mountain Valley (—46.5 m per
degree latitude), and between Wet Mountain Valley and
Rocky Mountain National Park (-106.6 m per degree lati-
tude). Elevation shifts between localities varied with the
reference stand’s position along the elevation and moisture
gradients. Smaller elevation shifts between localities were

found for widespread species. Species were, in general,
most widely distributed along the elevation gradient at
Rocky Mountain National Park and along the moisture
gradient at Taos. High-elevation Picea engelmannii/Abies
lasiocarpa forests were comparatively similar in the three
regions, although the number of recognizable communities
per region increased with latitude. In contrast, there was
considerable latitudinal change in the composition of low-
elevation forests. Several commonly accepted geographic
patterns showed considerable complexity when examined
with change in latitude. Although species richness (species
per 0.1 ha) is generally considered to decline with increas-
ing latitude, highest species richness was found at Wet
Mountain Valley, the middle locality on the latitudinal
sequence. However, relative species richness patterns
along the elevation and moisture gradients were similar
for all three localities.

Key words. Biogeography, forest, gradient analysis,
Rocky Mountains, Colorado, New Mexico.

INTRODUCTION

The Southern Rocky Mountains stretch from Santa Fe,
New Mexico, north to southern Wyoming (Fig. 1). Along
the entirety of this north-south orientated physiographic
province forests appear as a broad band covering middle
elevation slopes between roughly 1600 and 3650 m (Dau-
benmire, 1943; Peet, 1988). The change in species compo-
sition of these forests with elevation is dramatic and not
surprisingly most general treatments of the vegetation have
focussed on elevational differentiation (e.g. Ramaley, 1907;
Daubenmire, 1943; Weber, 1965; Habeck, 1987). Early
workers who examined latitudinal differentiation (e.g. Dau-
benmire, 1943) suggested that with increasing latitude,

Botanical nomenclature follows Kartesz (1990).
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each vegetation zone descends until it meets the basal plain,
after which it becomes progressively attenuated and eventu-
ally is lost altogether.

The simplicity of zonal descriptions is seductive, and
most authors have accepted such descriptions. A few
authors (e.g. Peet, 1988) have pointed out that the complex
vegetation of the Rocky Mountains cannot be understood
without examining simultaneous variation along several
compositional gradients. The primary objective of this
study is to examine latitudinal variation in Southern Rocky
Mountain forest vegetation from a quantitative, multi-
dimensional perspective with the aim of understanding the
interaction of compositional change across gradients of ele-
vation, moisture, and latitude.

Community ecologists have devoted considerable effort
to quantitative analysis of local variation in vegetation with
the result that vegetation is often well known at the local
scale and numerous datasets are available for further analy-
sis. Similarly, biogeographers have often compared the
biota of different regions. However, very few studies have
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FIG.1. Locations of the three study localities and the major mountain
ranges of the Southern Rocky Mountain physiographic province.

used a series of complex local datasets to examine variation
in community structure on a geographic scale. A second
major objective of this paper is to illustrate the value of
quantitatively testing hypotheses about vegetation variation
at large geographical scales using data collected for geo-
graphically more restricted studies.

A few examples serve to illustrate the patterns and com-
plexities that may be sought in geographical comparative
studies. The subalpine spruce—fir (Picea engelmannii/Abies
lasiocarpa) zone has been decribed as remarkably homoge-
neous along the length of the Rocky Mountains, although
community (beta) diversity appears to increase with in-
creasing latitude (Peet, 1988). In contrast, marked latitudi-
nal differences in forest dominants have been described for
low-elevation zones, owing in part to an increase in Madro-
Tertiary species with decreasing latitude (Weber, 1965;
Axelrod & Raven, 1985; Peet, 1988).

Some species have been shown to differ from the general
pattern of declining elevation with increasing latitude. For
example, Neilson & Waullstein (1983) decribed how conti-
nental air mass movements can lead to an increasing proba-
bility of summer drought with increasing latitude. This
results in the lower limit of Quercus gambelii increasing
with increasing latitude, and could similarly reduce other
species elevation ranges with increasing latitude, particu-
larly at low elevations.

Like elevation, soil moisture status accounts for consider-
able variation in the composition of Rocky Mountain
forests (Daubenmire, 1943; Habeck, 1987; Peet, 1988).
These two complex variables (sensu Whittaker, 1967),
while different, are correlated. For any given locality,
species often occur at their lowest elevations on cool, moist
slopes, and at their highest elevations on warm, dry slopes.
Consequently, latitudinal shifts in species elevation ranges
may have parallel shifts in moisture ranges. However, local

conditions and competitive interactions can result in
significant departures from these simple predictions. For
example, Peet (1978a) proposed that where Pinus aristata
is extensively distributed, it may competitively restrict the
habitat of Pinus flexilis.

Ecologists have long speculated about the potential
significance of latitude for community composition and dy-
namics. However, there have been few data available to test
these hypotheses. Our study was designed to examine
several such hypotheses. Specifically, (1) are the dominant
gradients within localities consistent between localities; (2)
do vegetation zones change position in a regular way with
latitude; (3) does beta diversity change with latitude; (4)
does the relative variation in species richness along gra-
dients remain constant with change in latitude; (5) are
forests floristically more similar at high elevations than at
low elevations; and (6) does the elevation range of low ele-

vation vegetation zones, and species, decline with increas-
ing latitude.

STUDY AREA

The Southern Rocky Mountain massif extends from the
Laramie Mountains (42°30'N latitude) in southern
Wyoming (or as far north as 45°30" according to some
authors; see Peet, 1988) to the southern end of the Sangre
de Cristo Mountains (35°30’N latitude) in northern New
Mexico. The eastern slope of the massif rises abruptly from
plains at ¢. 1600 m elevation to peaks of >4000 m eleva-
tion, aligned roughly north—south. The physical isolation of
these mountains in an otherwise semi-arid region has result-
ed in the development of a distinctive flora and its recogni-
tion as a discrete floristic unit (Daubenmire, 1943; Weber,
1965). We use data from three localities (Fig. 1). The first,
on the western slope of the Sangre de Cristo Mountains,
east of Taos, New Mexico (36°20'N, 105°30°W) includes
sites between 2060 and 3680 m elevation (see Baker,
1983). The second is immediately west of the Wet Moun-

tain Valley on the eastern slope of the Sangre de Cristo

Mountains of Colorado, between 2010 and 3605 m eleva-

tion (38°10°N, 105°40’W; see Allen & Peet, 1990). The

third consists of sites between 1720 and 3500 m elevation,

on the eastern slope of the Colorado Front Range in and im-
mediately east of Rocky Mountain National Park (40°20'N,

105°35"W; see Peet, 1981).

The Taos locality is predominantly underlain by Precam-
brian granites and gneisses, with local Tertiary extrusions
of rhyolite and latite (U.S.G.S., 1965). High elevations
(>2750 m) at Wet Mountain Valley are predominantly
underlain by Permian/Pennsylvanian arkosic sandstones,
siltstones and conglomerates (U.S.G.S., 1979). Lower ele-
vation sites are primarily over Tertiary sandstones, silt-
stones, and conglomerates, with Precambrian felsic and
hornblendic gneisses at lower elevations. The Rocky Moun-
tain National Park locality is largely underlain by Precam-
brian granites, gneisses and schists (U.S.G.S., 1979; see
Peet, 1981), but the eastern edge is over Permian/
Pennsylvanian arkosic sandstones and siltstones. Most rock
types found at the study localities have coarse texture, high
silica content, and weather to acidic, infertile soils.



The Southern Rocky Mountains were glaciated during
the Pleistocene (Richmond, 1972), and the high-elevation
physiography is partly the result of erosional modification
of formerly glaciated slopes. Geomorphic processes are im-
portant in determining the distribution of soil types at a
locality, so that topographic position often strongly corre-
lates with both soil properties and vegetation (Reider, 1983;
Allen & Peet, 1990).

Mitchell (1976) delineated the position of major climatic
gradients in the western United States. One of these is a
south-north gradient of increasing probability of summer
drought. A second gradient important to the study area cor-
responds to the winter southern limit of polar air masses at
¢. 41-42°N latitude. In short, increasing latitude is associat-
ed with an increasing probability of summer drought, par-
ticularly at low elevations, and an increasing probability of
winter cold stress, particularly at high elevation.

Representative climate diagrams at c¢. 2400 m elevation
are shown for the study area (Fig. 2). These show mean
annual precipitation to increase from 354 mm in the south
to 535 mm in the north, for an increase of about 46 mm per
degree latitude. Precipitation peaks in July and August at
Taos and the Wet Mountain Valley, but in May near Rocky
Mountain National Park. In the southern Sangre de Cristo
Mountains precipitation near timberline is ¢. 870 mm com-
pared with 1050 mm near Rocky Mountain National Park
(Miller, 1961; Peet, 1981). Mean annual temperatures at
2400 m elevation are 6.6°C, 6.1°C and 7.1°C respectively
for Taos, Wet Mountain Valley and Rocky Mountain Na-
tional Park.

The species composition and forest structure at each
locality reflect past disturbances. Natural fires are ubiqui-
tous in the forests of the Rocky Mountains. In the Wet
Mountain Valley locality, extensive areas of mid-elevation
forest near 130 years old probably originated after fires set
by early prospectors searching for silver, gold, and other
minerals (Allen & Peet, 1990). This pattern was not nearly
as marked at Rocky Mountain National Park (Peet, 1981).
Nonetheless, the pervasive importance of natural distur-
bance, particularly fire, in Rocky Mountain forests led Peet
(1981) to conclude that most ecological questions about
these forests should be viewed within the context of post-
disturbance forest-stand development.

METHODS

Samples from 617 forested stands were included in this
study. The 186 Wet Mountain Valley stands were sampled
over the summers of 1985 and 1986 and are discussed in
Allen & Peet (1990). In the Sangre de Cristo Mountains
adjacent to Taos 129 stands were sampled over the summer
of 1979 and are partially described in Baker (1983). The
302 Rocky Mountain National Park stands were sampled
over the summers of 1972 and 1973 and are analysed in
Peet (1981).

Data collection

Forest stands were sampled over the range of elevation
and topographic conditions found in each locality. Plots
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FIG. 2. Climate diagrams (after Walter, 1985) for a weather station
near each study locality. Abscissa in months starting in January, ordi-
nate is mean monthly precipitation (upper line), or temperature (lower
line). a=station, b=elevation, c=number of years of records (tempera-
ture, precipitation), d=mean annual temperature, e=mean annual
precipitation.

were located subjectively in comparatively homogeneous
vegetation (see Mueller-Dombois & Ellenberg, 1974). To
avoid the impact of logging, stands with cut stumps were
not included.

Each plot was 50 X 20 m (0.1 ha) and centred on a 50 m
tape. All trees in the plots were recorded by species and
diameter. A complete vascular plant species list was made
for the 1000 m? plot area. In Taos and Rocky Mountain
National Park stands, per cent cover of vascular species
<lm tall was estimated for twenty-five contiguous
0.5x2 m subplots along the length of the 50 m tape. In
Wet Mountain Valley stands, per cent cover of vascular
species was estimated using an eight-class modification of
the Braun-Blanquet cover-abundance scale (7 =>75%
cover; 6 =51-75%; 5=26-50%; 4=6-25%; 3 =2-5%;
2=1-2%; 1 =a few plants, <1%; 0 = solitary, with small



