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Abstract.   We remeasured a classic chronosequence study in the subalpine zone of the Alaska Range 
to evaluate how plant community attributes have changed across a set of different-aged terraces over a 
54-yr period (1958–2012). Our work focused on whether the tempo and trajectory of successional develop-
ment described in the original study have changed over this period during which summer temperatures 
warmed by approximately 2°C. Our work revealed a rapid increase in the distribution, stature, and abun-
dance of balsam poplar trees that was unanticipated in the original successional model alongside evidence 
that established late-successional plant communities have changed relatively little over the same time 
period. The spatial distribution of poplar expansion was both directional and highly variable, with greater 
expansion occurring in sites that were young surfaces in 1958, or else were disturbed during the interven-
ing period. We present evidence that early successional environments in this region may be particularly 
susceptible to rapid alteration stimulated by climate warming that has allowed tree establishment and 
growth in subalpine areas. Sparsely vegetated sites allow for invasion or expansion of some species to be 
quickly realized because there is less resistance from competition with established vegetation, including 
mosses that insulate and paludify the soil. We suggest that established vegetation communities may have 
physical characteristics (such as cold and/or acidic soil profiles) that are inimical to the establishment of 
balsam poplar and may also be a source of competitive inertia, conferring a measure of resistance to direc-
tional changes in the landscape mosaic. However, when an early successional species has traits that allow 
it to persist and fundamentally alter the vegetation mosaic over time, as is the case with balsam poplar, it 
may serve as the leading edge of compositional changes with profound consequences. Our results high-
light the capacity of a single species to catalyze the changes that may eventually lead to the altering of an 
entire landscape mosaic.
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Introduction

Vegetation change in response to a warming 
climate may transform large areas of Alaska in 
the coming decades (e.g., Chapin et al. 2010, Bar-
rett et al. 2011), and some suggest that a “biome 

shift” is currently underway in the region (Beck 
et al. 2011). However, Alaska supports a mosaic 
of vegetation types and plant communities that 
differ with respect to their resistance to changes 
in composition or process (Chapin et al. 2010). As 
a result, the rate of change in response to variation 
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in climate conditions will differ across the land-
scape based upon site and community-specific 
attributes (e.g., Johnstone et  al. 2010a). Ground 
disturbance can accelerate vegetation change in 
response to warming in the far north and alpine 
areas (Lantz et al. 2009, Munier et al. 2010) and 
open sites early in primary succession may be 
more susceptible to rapid directional change. In 
contrast, sites supporting well-established veg-
etation and increased competition change less 
rapidly (Davis et al. 2000).

Increasing human populations and accelerated 
climate change have the potential to increase levels 
of disturbance. Thus, understanding changing 
successional dynamics is crucial for predicting 
changes in the pattern and process of Alaska’s eco-
systems into the future. Substantial research has 
already focused on changes in postfire second-
ary succession in the subarctic as climate and fire 
regimes shift (e.g., Johnstone and Chapin 2006a, b,  
Johnstone et  al. 2010a, b, Kasischke et  al. 2010). 
However, a less-studied dimension of succes-
sional change in the region is changing primary 
successional trajectories following geomorphic 
disturbance, which is our focus here. In the far 
north, plant communities early in primary succes-
sion generally exhibit faster rates of compositional 
change than communities late in a successional 
sequence because competition is reduced. Indeed, 
decreased competition early in primary succes-
sion may present fewer impediments to invasions 
of species into ecosystems. In some cases, early 
successional communities may harbor higher 
numbers of exotic species than later seres (Belling-
ham et al. 2005).

We expect, then, that plant community chang-
es in response to climate shifts might manifest 
themselves first and most rapidly in early phases 
of primary succession as compared to well-
established standing vegetation which could 
have greater resistance to change. This is import-
ant because relatively small changes that occur 
early in succession may have large consequences 
in shaping the ultimate successional trajectory 
and tempo. A gain or loss of even a single func-
tionally distinct species early on can affect the 
fundamental trajectory of ecosystem develop-
ment (St. John et al. 2012).

To investigate how a changing climate may 
be affecting primary successional trajectories in 
Alaska, we revisited a classic study of primary 

succession (Viereck 1966). We anticipated that 
repeating this study would provide a unique per-
spective because the original fieldwork occurred 
before a pronounced trend of warming summer 
temperatures began in the 1970s. In addition, 
very few studies have directly assessed fine-scale 
plant community dynamics over half-century or 
greater spans of time based upon repeated field 
observations of specific study areas in the far 
north (but see Danby et al. 2011).

The original study was conducted on the out-
flow terraces of the Muldrow Glacier in Denali 
National Park and Preserve (then Mt. McKinley 
National Park, henceforth “Denali”) in 1958 (Vi-
ereck 1966). Viereck’s study described soil and 
vegetation development on a geomorphic chro-
nosequence spanning different-aged landscape 
surfaces that he used to develop a model of soil 
and plant community succession. His hypoth-
esized trajectory spanned sites occurring on re-
cently colonized alluvium supporting a seral herb 
community he called the “pioneer stage” (stand 1; 
25–30 yr old), through a “meadow stage” (stand 2; 
100 yr old). He suggested that with the expansion 
of dwarf birch (Betula nana) and willow shrubs, 
the meadow stage would succeed to the “ear-
ly shrub stage” supporting an open, low shrub 
canopy (stand 3; 150–200 yr old). He posited that 
the early shrub stage would succeed, through a 
deepening of the moss layer and a closing of the 
shrub canopy into a “late shrub stage” (stand 4; 
250–300 yr old). Viereck used a much older up-
land surface north of the river for his represen-
tation of a “climax” stage of low shrub sedge, 
tussock-moss tundra (stand 5; 5000–9000 yr old).

Viereck described how the vegetation occur-
ring on alluvium would develop and culminate 
(without further disturbance) into a low shrub, 
tussock-moss tundra community on wet, acidic, 
and organic-rich soils underlain by shallow per-
mafrost, a common and widespread vegetation 
type in this region. He hypothesized that the 
physical changes associated with a deepening 
of the insulating moss mat, along with the pro-
gressive accumulation of organic matter with 
time, were the primary mechanisms driving the 
changes in soil attributes and plant community 
composition from seral herbs on barren silt to low 
shrub sedge, tussock-moss tundra. Central to Vi-
ereck’s model of plant community change in this 
area was his hypothesis that soils progressively 
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cool over time, ultimately causing permafrost 
to develop, an assertion that relied both on his 
results and on other studies (Bliss and Cantlon 
1957). In addition, Viereck (1966) cited the capaci-
ty of winter winds to injure exposed plant tissues 
and redistribute the snowpack as important fac-
tors regulating community structure in the area.

We used data from Viereck’s (1966) study and 
a 2012 resurvey of the study area to evaluate 
the magnitude of plant species and community 
changes that have occurred across the Muldrow 
Glacier chronosequence over the last 54  yr. We 
also assessed the spatial variation in summer sur-
face soil temperatures and spring snow depths 
relative to the successional sequence. This data 
set provided us with a unique opportunity to 
assess the predictions of successional change 
from the original study (Viereck 1966) in light 
of a changed climate, while also providing in-
sights into how various plant communities may 
respond to continued climate warming in the fu-
ture. Our primary objectives were to:

1.	 Reevaluate the successional trajectory pro-
posed by Viereck (1966), to determine the 
degree to which observed changes matched 
the original successional model, while ex-
amining fine-scale changes at the species 
and plant community level over a period 
during which considerable climatic warming 
has occurred.

2.	I nvestigate the patterns in two physical at-
tributes of the successional stands that 
Viereck (1966) proposed as important, but 
did not quantify: variation in growing season 
soil temperatures and patterns in snow 
depth.

3.	 Quantify the apparent increase in abundance 
and distribution of trees (primarily Populus 
balsamifera) in the study area and investigate 
the possible consequences of this change 
for succession and plant community com-
position and distribution.

Materials and Methods

Study area
The study area is located on the north slope 

of the Alaska Range in Denali at approximately 
63°25′  N, 150°35′  W (Fig.  1) and is described 
by Viereck (1966). Here, the McKinley River 

flows west out of the terminal moraine of the 
Muldrow Glacier, forming an outwash plain of 
coarse gravel approximately 1 km wide by 15 km 
long. The study area encompasses a set of five 
distinct, “stepped” outflow terrace surfaces, sep-
arated by obvious several-meter breaks in ele-
vation (the entire study area lies between 730 
and 760  m). The youngest terrace surfaces are 
adjacent to the McKinley River and the oldest 
increasingly farther away to the north. The ter-
minal moraine on the eastern boundary of the 
study area has a minimum stabilization age of 
1300 yr (late Holocene; Dortch et al. 2010). Viereck 
(1966) identified this set of terraces as a chro-
nosequence, which he used to gain insights into 
how vegetation changes through time may occur. 
To assist in visualizing spatial variation of the 
primary vegetation structure, we created a veg-
etation map of the study area based on a su-
pervised classification of 2010 SPOT5 satellite 
imagery (Appendix S1: Table S1, Fig. S1, Data 
S1). A representative photograph of each stand 
from 2012 is shown in Fig.  2.

The study area has a subalpine, continental 
climate with long, cold, dry winters and short, 
warm summers. The mean annual temperature 
at the headquarters of Denali (628 m elevation) 
was −3°C, with a mean high of 20°C in July and a 
mean low of −22°C in January, and a mean annu-
al precipitation was 381 mm (1971–2000; Shulski 
and Wendler 2007). The majority of the annual 
precipitation in Denali falls during the summer 
(June through August). We used a 1-km spatial 
resolution PRISM (parameter-elevation regres-
sions on independent slopes model) downscaled 
version of the Climatic Research Unit 3.1 grid-
ded monthly temperature and precipitation data 
(Mitchell and Jones 2005, Simpson et  al. 2005, 
available at http://www.snap.uaf.edu/data.php) 
to calculate the mean monthly summer (May 
through August) temperature and precipitation 
sums for the period 1901–2009 (the entire period 
for which these data were available). Estimated 
average monthly temperature during the May–
August growing season significantly increased 
from a mean of approximately 9.5°C at mid-
century to a mean of about 11.5°C in 2009 (ad-
justed R2: 0.40; F = 36.62, df = 2, 106; P < 0.00001). 
The temperature trend through time was curvi-
linear with significant linear and quadratic terms 
and the majority of this temperature increase 

http://www.snap.uaf.edu/data.php
https://www.researchgate.net/publication/227714494_An_Improved_Method_of_Constructing_a_Database_of_Monthly_Climate_Observations_and_Associated_High-Resolution_Grids?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
https://www.researchgate.net/publication/227697084_Late_Quaternary_glaciation_and_equilibrium_line_altitude_variations_of_the_McKinley_River_region_central_Alaska_Range?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
https://www.researchgate.net/publication/33792675_Plant_Succession_and_Soil_Development_on_Gravel_Outwash_of_the_Muldrow_Glacier_Alaska?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
https://www.researchgate.net/publication/33792675_Plant_Succession_and_Soil_Development_on_Gravel_Outwash_of_the_Muldrow_Glacier_Alaska?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
https://www.researchgate.net/publication/33792675_Plant_Succession_and_Soil_Development_on_Gravel_Outwash_of_the_Muldrow_Glacier_Alaska?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
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occurred between the mid-1970s and 2009 
(Fig. 3). There was no trend in summer precipita-
tion for the study area over the period 1901–2009.

Sampling design
Our sampling plan integrated the remeasure-

ment of plots sampled during previous visits 
to the study area (1958, 1975, and 2000), and 
a new set of observations to expand the spatial 

coverage for the study area (Table  1, Fig.  1). 
Both the remeasured plots and new observations 
were made to compare with two legacy data 
sets: (1) the original 1958 field observations 
using a circular, variable-sized nested-plot de-
sign (Viereck 1966), henceforth “full plots,” and 
(2) a set of 90-m transects with 1- and 4-m2 
quadrats systematically located at 10-m inter
vals, henceforth “transects,” established in either 

Fig. 1. Map of the study area showing 2012 plot locations and types and an IKONOS image of the study area. 
The position of the study area on the landscape is shown in the lower center, and the position of Denali National 
Park and Preserve in Alaska in the lower right. Stand 0 outlines the newest deposited surfaces nearest to active 
channels of the McKinley River and is utilized in this study to approximate the successional position of stand 1 
in 1958. Stands 1–5 are outlined here as identified and described by Viereck (1966) in 1958. See Methods for plot 
type descriptions and selection methods.

https://www.researchgate.net/publication/33792675_Plant_Succession_and_Soil_Development_on_Gravel_Outwash_of_the_Muldrow_Glacier_Alaska?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
https://www.researchgate.net/publication/33792675_Plant_Succession_and_Soil_Development_on_Gravel_Outwash_of_the_Muldrow_Glacier_Alaska?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
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1975 (D. Densmore, unpublished data) or 2000 
(C. A. Roland, unpublished data).

Two of the original full plots were perma-
nently marked and thus relocated and remea-
sured in place (PQ1 and PQ6). The remaining 
original full plots (33) were not marked. We 
estimated their location using Viereck’s origi-
nal field notes, and established our plot at the 
nearest point in a 100-m systematic grid (with 
random start) in a geographic information sys-
tem (GIS). This yielded a set of plot locations 
possessing a broad similarity to the layout of 
the original study, while avoiding selection 
bias. We performed full plot sampling only in 
the first four successional stands (29 plots), be-
cause field investigation (C. A. Roland, unpub-
lished data) revealed that successional change 
had not occurred in the “climax” tundra stand 
on permafrost between 1958 and 2012.

We remeasured two of the original 1975 
transects (stands 1 and 5) and an original 2000 
transect (stand 0) based on the relocation of orig-
inal markers and photographs. However, the 
four remaining transects did not have permanent 
markers (installed in 1975: stands 2, 3, and 4; in-
stalled in 2000: stand 2). For these, we navigated 
to the estimated original transect end location in 
consultation with field notes and photographs, 
and used a random bearing and distance (≤ 20 m) 
to select the site for a new transect end nearby, 
installing new transects along the same bearing 
as the original transects.

In addition to resampling the two legacy 
data sets, we established a new set of plots and 
one transect to better quantify the spatial varia-
tion of woody vegetation and plant community 
composition throughout the study area. Eighty-
nine 200-m2 circular plots, henceforth “rapid 

Fig. 2. Photographs showing a representative view of vegetation in each successional stand of the Muldrow 
Glacier study area as viewed in 2012.
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plots,” were distributed along nine north–south 
transects (Fig. 1) using a GIS to choose the near-
est corresponding point in the same 100-m sys-
tematic grid used to re-establish the original full 
plot locations. One additional 90-m transect (in 
stand 4) and six additional full plots (two each 
in stands 2, 3, and 4) were installed within areas 
of balsam poplar woodland, henceforth “poplar 
transect” and “poplar full plots” (Table  1). The 
transect endpoint or full plot center was chosen 
via GIS, selecting the nearest corresponding point 
in the 100-m systematic grid that would allow for 

a 90-m line or 16 m diameter circle of relatively 
homogeneous overstory cover as determined by 
high-resolution Ikonos satellite imagery for the 
study area (Fig. 1).

Field methods
Photography.—The legacy data sets we queried 

(1958, 1975, 2000) included numerous photographs 
of the study area, both at plot and transect locations 
and at points of interest throughout the stands. We 
relocated original photograph locations, where 
possible, to take repeated photographs, matching 
the frame and direction of view to that of the 
originals as closely as possible. We compared these 
photographs to help visualize any changes in 
vegetation structure between the sample iterations 
for each stand type, and to illustrate noteworthy 
ecological dynamics in the area.

Vegetation surveys.—We used three sets of field 
methods to examine the variation in plant 
communities across the study area, each equating 
to one of the data sets described above. Unknown 
plant specimens were collected from the field and 
identified in the laboratory by the first (vascular 
plants) and second (mosses and lichens) authors. 
Nomenclature for vascular plants followed 
Hultén (1968), the Flora of North America (1993+), 
and Cody (1996). Nomenclature for nonvascular 
plants followed the Flora of North America 
(1993+) for mosses and Esslinger (2015) for 
lichens. Viereck also made a comprehensive set of 
voucher specimens during the original sample, 
allowing us to establish a rigorous synonymy 
across the sample iterations and improve our 
confidence in the comparability of our results.

In the 35 full plots (including poplar full plots), 
we employed the original vegetation sampling 

Table 1. Data sets used/plot types installed in the Muldrow Glacier study area of Denali National Park and 
Preserve, Alaska.

Plot type Stand 0 Stand 1 Stand 2 Stand 3 Stand 4 Stand 5
Year 1958 2012 1958 2012 1958 2012 1958 2012 1958 2012 1958 2012

Full plots 0 0 8 7 10 10† 10 9† 6 9† 5 0
Transects‡ 0 1 0 1 0 (1) 0 1 0 2§ 0 1
Rapid plots 0 0 0 4 0 41 0 28 0 16 0 0

Note: Value listed is the number of 200-m2 plots or 90-m transects sampled in each visit year.
† Including two poplar full plots.
‡ Installed in 1975, except for stand 0 that was installed in 2000.
§ Including one poplar transect. 

Fig.  3. Estimated mean monthly summer 
temperatures (°C) for the study area derived from 
climate data for each year (1901–2009) (available at 
http://www.snap.uaf.edu/data.php). The line illus
trates a significant increasing curvilinear trend in 
mean monthly temperature over the 109  yr shown 
(adjusted R2 = 0.3974, F = 36.62, df = 2, 106, P < 0.00001).

http://www.snap.uaf.edu/data.php
https://www.researchgate.net/publication/221958978_Flora_Alaska_and_Neighboring_Territories?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
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methods published in Viereck (1966). Starting at 
the plot center, we searched a series of concentric 
circular plots (0.01, 0.05, 0.1, 0.25, 0.5, 1, 2, 5, 10, 20, 
50, 100, and 200 m2) for all vascular species. Non-
vascular species were recorded up to the 20-m2 
plot size due to the smaller size and the pattern of 
variation in these taxa. We visually estimated per-
cent cover of each species for the 200-m2 plot size, 
regardless of which nested plot it was observed 
in. However, the cover estimation technique var-
ied somewhat between iterations. Viereck (1966) 
relied upon a modified Hult-Sernander system to 
estimate the cover using of the following catego-
ries: “r”—erratic occurrence, usually only one or 
a few plants in the plot (0.1%); “+”—occasional, 
but less than 5% of the total plot (1%); “1”—abun-
dant or common, but insignificant in cover, less 
than 5% cover of the entire plot (2.5%); “2”—very 
abundant or common, but low in cover, 5–25% of 
the total plot area (15%); “3”—25% to 50% cover, 
irrespective of the numbers of individuals (38%); 
“4”—50% to 75% cover (62%); “5”—75% to 100% 
cover (88%). In 2012, we estimated the cover, by 
species, using continuous cover percentages of 
all integers between 1% and 100%. To make com-
parisons between sample iterations, we used the 
midpoint percentage for Viereck’s original class 
estimates (given in parentheses above) and the 
continuous percentage estimates that we made 
in 2012. We measured diameter at breast height 
(1.37  m) of all live and dead trees ≥1.37  m in 
height and tallied live and dead seedlings (tree 
species ≤ 1.37 m in height) within a 20-m2 circular 
subplot (2.52 m radius from plot center).

We employed the original methods for sampling 
the 90-m transects (including the poplar transect; 
D. Densmore, unpublished data), based on Ohmann 
and Ream (1971). We placed a 1-m2 quadrat at 10-
m intervals along a 100-m tape in which the cov-
er of all vascular (excluding tall shrubs and trees) 
and nonvascular species was estimated. Where 
available, we used photographs taken in 1975 
to ensure that quadrat placement was accurate. 
Using the corner of the 1-m2 quadrat as the center 
point, we estimated the cover and density (in 1 cm 
diameter size classes) of tall shrubs and trees in a 
4-m2 circular plot (114 cm radius).

For the eighty-nine 200-m2 rapid plots, we 
recorded the percent cover and the mean and 
maximum height of a set of woody species 
selected based on their commonness within 

the study area and importance in one or more 
successional stages: Picea glauca, Populus balsamif-
era, Betula nana, Potentilla fruticosa, Salix alaxensis, 
Shepherdia canadensis, and Vaccinium uliginosum, 
as well as the genera Dryas, Ledum, and Salix. To 
quantify the density and basal area of tree spe-
cies, we employed the same methods as for the 
full plots listed above.

Physical covariate measurements.—We measured 
soil attributes, surface strata depths, and 
temperature in small (30–40 cm) soil pits at four 
points on the outer boundary of each full and 
poplar plot (described in Roland et al. 2013). We 
did not dig soil pits in the rapid plots due to time 
constraints. At each pit, we measured surface 
layer horizon depths, depth to restrictive feature 
(using metal probe), and soil temperature (at a 
depth of 10  cm into the mineral soil). We also 
measured probe depth and soil temperature on 
all seven transects (stands 0–5 and poplar), 
probing at the two corners of each 1-m2 quadrat 
that intercepted the transect, where quadrats 
were located at 10-m intervals.

We measured snow depths at the center of all 
full plots (including poplar full plots) and rapid 
plots and at an additional 261 points on a 100-
m systematic grid over the period 20–23 March 
2014, around the peak of annual snowpack depth 
for this area. During this time, the weather was 
stable and winds calm, with daily mean tempera-
tures of approximately −3.8°C. We accessed loca-
tions by skis and used an avalanche rescue probe 
marked with 1-cm gradations to measure depths.

Analytical methods
Comparing vegetation and physical covariates 

among stands and between sample iterations.—We 
compared the variation in physical and plant 
cover values among stands, and between sample 
iterations in the same stand, using the Kruskal–
Wallis nonparametric test to compare medians, 
treating full plots as replicates within each stand 
and each sampling year. We tested for the 
differences among stands using the pairwise 
Mann–Whitney U-test and the Benjamini–
Hochberg adjustment method for multiple 
comparisons (McDonald 2014). Because full plot 
data for both sample iterations only included 
stands 1–4, we used transect data to compare 
means of physical values across all stands (0–5). 
We did not use statistical tests on these 

https://www.researchgate.net/publication/233773909_Handbook_of_Biological_Statistics_2nd_Edition?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
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comparisons because individual quadrats on a 
transect were not independent.

We used data from the 1958 and 2012 full plot 
data set (including poplar plots) to compile species 
lists by stand and year. We calculated the mean 
cover by stand and sample iteration for 17 taxa 
that occurred with at least 5% mean cover across 
one of the stands in either sample iteration (the 
equivalent of cover-abundance category 2 in Vi-
ereck 1966, Table 1) and determined the net change 
in mean cover over the period. We concluded that 
change was significant if an exact or asymptotic 
permutation test for differences in means revealed 
a P-value  <  0.05. We excluded stand 5 full plots 
(1958; n = 6) from these analyses because we did 
not remeasure this stand in 2012. Total sampled 
area was then equal between sampling iterations 
(n = 35, area sampled = 7000 m2, in both 1958 and 
2012). Because some sampling variation among it-
erations was to be expected, we considered plant 
species either “gained” or “lost” from the two 35 
plot samples from stands 1–4 if only they occurred 
in at least four plots in one sample iteration and 
were absent from the other sample. We compiled 
the minimum and mean elevational range of these 
species in Denali, as quantified by a randomized 
landscape-scale systematic plot vegetation data 
set (Roland et al. 2004, Roland and Schmidt 2015) 
to investigate the elevational distribution of vas-
cular plant species lost from the 1958 sample or 
gained in the 2012 sample.

Ordination of plant community data.—We used a 
nonmetric multidimensional scaling (NMS) ordi
nation (PC-Ord version 5.33; McCune and Mefford 
2006) to visualize the variation in community 
composition among stands and between sample 
iterations. We ran the NMS ordination analysis on 
AutoPilot mode, slow and thorough, with a 
random starting configuration and the Sorenson’s 
distance measure selected. These settings choose a 
final dimensionality by comparing final stress 
values, and the best solution must be less than 95% 
of the randomized runs for that dimensionality (see 
McCune and Mefford 2006). Our main matrix 
consisted of estimated plot cover values of all 
species that occurred on three or more plots in 1958 
and/or 2012 (n = 113 species; plot n, not including 
poplar plots, = 64). Our secondary matrix consisted 
of categorical variables that described plot status 
(sample iteration, stand, poplar presence/absence) 
and a set of covariates describing vegetation 

character. Included in this matrix were measures of 
vascular plant, shrub, dwarf shrub, forb, and 
graminoid diversity; vascular plant richness; 
feathermoss, poplar, dwarf birch, and mineral soil 
cover; and living density and basal area of poplar.

We used NMS scores of selected species and all 
full plots (including poplar plots, whose scores 
were assigned post hoc) to plot their location in 
the existing ordination model. We rigidly rotat-
ed the ordination axes to align Axis 1 with stand 
number (116°), also displaying selected covari-
ates of interest. To approximate the successional 
trajectory and compare the change in the vegeta-
tion community of each stand between sampling 
iterations, we calculated and plotted within-
stand averages for each iteration, separating 
the 2012 poplar full plots as a separate sample 
iteration.

Poplar occurrence model.—We used logistic regre
ssion to model the probability of occurrence of 
poplar (any size class) and poplar seedlings 
(individuals < 1.37 m tall). We used stand number, 
distance to terrace edge, distance from the western 
edge of the study area (westernmost row of plots), 
and elevation as covariates in our models. Only the 
full plots and rapid plots measured in 2012 (n = 118) 
were included in this analysis, whereas the poplar 
plots were excluded because they were purposely 
selected. Distance from the western edge of the 
study area was included to test for a hypothesized 
west-to-east cline in occurrence of the species in 
the study area. Continuous covariates were 
standardized to have a mean of 0 and a SD of 1. 
Our model set included all possible combinations 
of these covariates, without interactions, and we 
used the Akaike information criterion (AIC) to 
select the most parsimonious model. Models were 
fit using program R 2.14.2 (R Development Core 
Team 2012) and the package “glmulti” (Calcagno 
2012), which uses automated model selection to 
select among competing models. We also calculated 
the proportional reduction in deviance between 
the  selected model and the null model to help 
assess fit.

Spatial variation in snow depth.—We created a con
tour map from a raster representing interpolated 
estimated snow depth across the study area using 
the Empirical Bayesian Kriging module in the 
ArcGIS Geostatistical Analyst, which accounts 
for  the error in estimating the underlying semi
variogram by using repeated simulations (default 
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settings; ESRI 2001). Measured snow depths and 
their associated coordinate locations (n = 385) were 
the input data for the model, which portrays the 
estimated variation in snow depth across the study 
area.

Results

Variation in cover by growth form
We detected several significant trends in 

species  cover in seven growth forms across the 

Fig. 4. The variation in species group cover percentages for (A) trees, (B) shrubs, (C) forbs, (D) graminoids, 
(E) dwarf shrubs, (F) mosses, and (G) lichens among the sets of full plots measured in stands 1–4 during two 
sampling iterations (1958 and 2012) and in the 2012 poplar plots (stands 2–4). Percent cover shown is a summation 
of individual species cover for all species in that group; thus, cover sometimes exceeded 100%; note varied axis 
lengths. Lower case letters annotate significant differences among stands in the 1958 sampling iteration. Upper 
case letters annotate significant differences among stands in the 2012 sampling iteration. Shaded stands indicate 
that we detected a significant difference over the sampling period (1958–2012) in that stand.
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successional stands and the sample interval in 
the full plot data (Fig.  4). In stand 1, cover of 
mosses, lichens, dwarf shrubs, shrubs, and trees 
increased significantly from 1958 to 2012, along 
with a concurrent decrease in mineral cover (bare 
soil, rock). In stand 2, significant increases in 
moss, lichen, shrub, and tree cover, coupled with 
decreasing cover of graminoid and forb species, 
marked the widespread transition of much of 
this stand from the “meadow” stage to the “early 
shrub” stage or to poplar woodland, depending 
on the site (e.g., Fig. 5). By comparison, changes 
in cover by growth form in older stands 3 and 
4 were less evident (e.g., Fig.  4), although sig-
nificant increases in moss, lichen, and tree cover 
and concomitant decreases in forb cover were 
observed in stand 3 (Fig.  4). Cover percentages 
of growth forms measured in poplar plots (stands 
2 through 4) showed substantial differences from 
the values observed in full plots within the same 
stand from either sample iteration (Fig. 4). These 
plots had higher cover of forbs and graminoids, 
and lower cover of mosses, lichens, and dwarf 
shrubs along with high tree cover (25–30%), as 
compared to corresponding full plots from the 
same stand in 2012.

Variation in dominant species cover
In general, the observed changes in dominant 

species cover follow the original model based 
on the successional position of species enumer-
ated by Viereck (see Viereck 1966, Table  1). 
For example, the dominant pioneer species Dryas 
drummondii and Astragalus adsurgens declined 
in stand 1 over the sample interval, while cover 
of the dwarf shrub Dryas integrifolia expanded 
(Table 2). The largest simultaneous species-level 
cover changes occurred in stands 2 and 3. In 
stand 2, major decreases in Leymus innovatus 
cover occurred contemporaneously with large 
increases in Betula nana and the moss Hylocomium 
splendens cover (Table 2). In stand 3, Pleurozium 
schreberi cover exhibited the greatest mean per-
cent cover change of any species in the full 
plot sample, as it increased by 39.5–61.9% mean 
cover in stand 3 over the sample interval. Cover 
of D. integrifolia and Salix barratiana decreased 
over the same period. Late-successional species 
such as Empetrum nigrum, Vaccinium vitis-idaea, 
and the moss Ptilium crista-castrensis also in-
creased in cover in stands 3 and 4, although 
the changes were not always significant 
(Table  2).

Fig. 5. Two photographs of Permanent Quadrat 1 in stand 2 of the Muldrow Glacier study area of Denali 
National Park and Preserve showing essentially the same view (the conduit marking plot center has not been 
moved). Over the intervening period, the vegetation of the plot has transformed from a graminoid-herbaceous 
floodplain meadow with two small clumps of Betula nana and a small stand of Populus balsamifera saplings in the 
background to a rather dense shrubland surrounded by patchy P. balsamifera woodland, with numerous tree 
saplings invading from the plot perimeter.
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Changes in P. balsamifera occurrence 
and abundance

In a major change relative to the 1958 sam-
ple when balsam poplar was documented only 
in stands 1 and 2, balsam poplar trees oc-
curred across the study area in 2012 (Fig.  6), 
with patches of high poplar abundance oc-
curring in stands 1 through 4 (Appendix S1: 
Fig. S1). This species increased in density 
and/or frequency in full plots measured in 
all stands in 2012 relative to its frequency 
in 1958 (Fig. 6). Indeed, balsam poplar showed 
a unique pattern among all species observed 
in this data set: increasing frequencies into 
the smallest nested plot sizes in the 2012 

sample relative to 1958 sample across all of 
the successional stands measured. For exam-
ple, poplars were not observed within any 
of the 5-m2 plots in any stand in 1958, but 
occurred in 71% and 14% of the 5-m2 plots 
measured in stands 1 and 2, respectively, in 
2012, indicating increases in the density of 
this species within these areas, and a con-
spicuous dynamic of P.  balsamifera establish-
ment at fine grain size within the study area 
over the sample interval.

The larger data set formed by combining the 
full and rapid plots confirms that balsam pop-
lar occurred widely across all of the succession-
al stands of the study area in 2012, although its 

Table 2. Estimated cover percentages for the 17 dominant species across stands 1–4 in two sampling iterations 
(1958 and 2012) and the difference in average cover between iterations in the Muldrow Glacier study area of 
Denali National Park and Preserve, Alaska.

Species Form
Stand 1 Stand 2 Stand 3 Stand 4

1958 2012 Δ 1958 2012 Δ 1958 2012 Δ 1958 2012 Δ

Dryas 
drummondii

f 10.8 3.5 −7.3 0 0 0 0 0 0 0 0 0

Astragalus 
adsurgens

f 12.2 7.2 −5 0 0 0 0 0 0 0 0 0

Dryas integrifolia ds 6.3 40.1 34 5.7 2 −3.6 6.8 0.3 −6.5 0 0 0
Ditrichum 

flexicaule
m 5.1 13.6 8.5 1 0 −1 0 0 0 0 0 0

Stereocaulon 
paschale

l 6.5 8 1.5 0.1 3.3 3.2 1 4.8 3.8 0.1 0 −0.1

Populus 
balsamifera

t 0.9 2.5 1.6 0.9 6.6 5.7 0 9.3 9.3 0 12.3 12.3

Leymus 
innovatus

g 1 0.95 −0.05 30 2.3 −27.6 1.5 0.7 −0.8 1.2 0.3 −0.9

Arctostaphylos 
uva-ursi

ds 1 5.2 4.2 11.3 8.3 −2.9 6.7 2.4 −4.2 0 0.3 0.3

Festuca altaica g 0 0.3 0.3 12.7 9.7 −3.0 5.0 4.2 −0.8 1.3 1.4 0.1
Betula nana s 0 0 0 8 30 22 62.2 59.7 −2.5 71 54.7 −16.3
Hylocomium 

splendens
m 0.1 1.4 1.3 31 65.8 34.8 43.1 35 −8 38.2 32.1 −6.1

Salix barrattiana s 0 0 0 8.6 8.9 0.4 24.2 3.6 −20.6 1.6 0.6 −1.0
Pleurozium 

schreberi
m 0 0 0 0 18.3 18.3 22.4 61.9 39.5 50.2 47.6 −2.5

Vaccinium 
uliginosum

s 0 0 0 1.8 1.6 −0.2 2.3 13 10.7 19.6 13.3 −6.3

Empetrum 
nigrum

ds 0 0 0 1.8 1.0 −0.8 3.9 7.1 3.2 6.9 14.2 7.3

Vaccinium 
vitis-idaea

ds 0 0 0 0 1.6 1.6 5.7 12 6.3 5.4 8.6 3.2

Ptilium 
crista-castrensis

m 0 0 0 0 3.0 3.0 0 4.7 4.7 2.5 15.3 12.8

Notes: Taxa reported had ≥5% cover in at least one stand and iteration and are sorted according to their original succes-
sional position with early successional taxa listed first and those associated with late succession listed last (see Viereck 1966, 
Table 1). Italicized values indicate significant decreases (using an exact or asymptotic permutation test for differences in 
means, P < 0.05), and boldface values indicate significant increases, in average cover of that species between the 1958 and 2012 
sampling iterations. Form abbreviations are as follows: f, forb; ds, dwarf shrub; m, moss; l, lichen; t, tree; g, graminoid; s, 
shrub.
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abundance (cover, density, and basal area) var-
ied considerably among sites (Table 3). Although 
abundance of this species was also spatially 
variable, it attained high abundance and tall 
canopies in patches across all of the stands by 
2012. Individual trees reached at least 5  m in 
height in plots in each stand, with the tallest trees 
in stands 2, 3, and 4 reaching 9.5 m, 8.25 m, and 
12 m tall, respectively (Table 3).

Our logistic regression models for overall 
poplar and seedling occurrence revealed sig-
nificant relationships between occurrence and 
characteristics of the study area. Occurrence 
probability of P.  balsamifera overall declined 
significantly from west to east across the study 

area and increased with increasing proximity 
to terrace edges. Additionally, stand 3 had 
significantly lower probability of poplar occur-
rence than stand 1, 2, or 4, which had occurrence 
probabilities that were not statistically different 
(Table 4). Stands 1 and 2 had significantly higher 
seedling occurrence probabilities than stands 3 
and 4 (Table 4).

Variation in species composition and richness
Comparison of the overall vascular flora of 

the study area across the two sample iterations 
yielded similar overall species lists in stands 
1–4. A total of 113 vascular plant species were 
observed across both iterations of full plots 

Fig. 6. Three-dimensional histogram showing the frequency of occurrence of Populus balsamifera in nested 
full plots measured in (A) 1958 and (B) 2012 across stands 1–4 in the Muldrow Glacier study area of Denali.
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sampled in 1958 and 2012. Seventy-two of the 
113 plant species (or 63%) were observed in 
one or more full plots in both 1958 and 2012. 
Only two species were present in four or more 
plots in 1958, but absent from the sample in 
2012 (species “lost”; Table  5), whereas eight 
species that occurred in four or more of the 
35 full plots measured in 2012 were not ob-
served in the 1958 full plots (species “gained”; 
Table  6). The two species lost from the sample 
are alpine taxa, whose minimum elevations in 
the Denali systematic sample (Roland and 
Schmidt 2015) were higher than the study area 
and mean elevations were much higher 
(Table  5). In contrast, the eight species that 
were new to the sample in 2012 all had 

minimum elevations more than 300  m below 
the elevation of our study area in the same 
systematic plot data set (Table  6). The species 
additions with highest frequency in 2012 were 
the xerophytic shrub Juniperus communis and 
the evergreen herb Pyrola grandiflora, which both 
occurred in nine 2012 plots. Perhaps the most 
noteworthy difference between the species lists 
compiled for the two sample iterations was the 
addition of a suite of mesophytic vascular plant 
taxa observed in plots in stand 4 in 2012 that 
were not recorded in 1958 (Table 6). Specifically, 
Calamagrostis canadensis, Polemonium acutiflorum, 
and Valeriana capitata, among others, are com-
mon species frequently observed in moist mead-
ows and riparian habitats in Denali.

The mean number of vascular plant species per 
full plot averaged across all full plots and stands 
(n = 70) was significantly higher in 2012 as compared 
to 1958 (27.5 vs. 21.2; adjusted P = 0.017; Fig. 7). At 
the stand level, only stand 1 showed a significant 
increase in richness when comparing the median 
values between iterations (Fig. 7). A pairwise Wil-
coxon test showed significant differences among 
stands in median plot species richness in both years, 
with species richness in stand 1 lower as compared 
to the other stands (Fig. 7).

Small sample sizes prohibited the statistical 
evaluation of vascular plant species richness dif-
ferences in the poplar full plots (n = 2 per stand) 
vs. full plots in the same stand. However, we 
found conspicuously higher vascular plant spe-
cies richness in the poplar plots as compared to 
full plots. Indeed, plot species richness values in 
the poplar full plots were beyond the range of 

Table  3. Mean values (±SD) for balsam poplar (Populus balsamifera) attributes (and height of tallest tree) in 
stands 1–4 of the Muldrow Glacier study area of Denali National Park and Preserve.

Stand
Sample 

size
Frequency 

(%)

Average 
cover  
(%)

Live basal 
area  

(m2/ha)

Density 
(no. of 

stems/ha)

Seedling  
density  

(no. of stems/ha)

Average 
height 
(cm)

Maximum 
height  
(cm)

Tallest 
individual 

(cm)

1 11 100 9.1  
(17.4)

0.9  
(2.7)

509  
(1138)

29,227  
(26,628)

107.8 
(121.2)

198.5  
(149.4)

500

2 48 89.6 13.9  
(17.2)

2.6  
(3.9)

1151  
(1215)

4458  
(8134)

278.3 
(206.7)

403.6  
(262.3)

950

3 36 61.1 5.2  
(12.2)

1.3  
(3.8)

543  
(1236)

513  
(1018)

124.2 
(131.4)

182.8  
(228.9)

825

4 23 65.2 7.3  
(10.8)

1.9  
(3.1)

1046  
(1551)

457  
(1107)

172.1 
(202.9)

260.4  
(309.0)

1200

Notes: Data come from full and rapid plots measured in 2012, excluding the poplar plots, which were selected for the 
presence of high poplar abundance (n = 118). Data for average height, maximum height, and tallest individual come only from 
rapid plots (n = 89). Maximum height is the average of the tallest individual in each plot across stands.

Table 4. Results of generalized linear model analysis 
of Populus balsamifera occurrence in the Muldrow 
Glacier study area of Denali National Park and 
Preserve, Alaska (n  =  118; model proportional re-
duction in deviance 0.27 for overall occurrence and 
0.15 for seedling occurrence).

Predictor Estimate z
Overall P. balsamifera occurrence

Intercept 2.46 0.0001
Stand 3 −2.38 0.0055
Distance from western edge of 

study area
−1 0.05

Distance to terrace edge −0.86 0.0413
P. balsamifera seedling occurrence  

(stems < 1.37 m in height)
Intercept 0.54 0.0497
Stand 3 −1.59 0.0022
Stand 4 −1.58 0.004
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variation observed in the other full plots for the 
same stand (Fig. 7).

Repeated measurements of two permanently 
marked quadrats—PQ1 and PQ6

Data from direct re-measurements of two 
permanently marked full plots were included 
in stand-level summaries presented above. 
Examining these data in detail increased our 
confidence that the observed trends at the stand 
level were not a sampling phenomenon, as all 
of the major changes observed paralleled those 
trends observed at the stand level in stands 2 
and 3, and allowed us to directly compare cover 
by specific taxa. The vegetation in PQ1 changed 
dramatically between 1958 and 2012, with an 
increase in Betula nana cover from 1% to 58% 
and decreases in Leymus innovatus cover from 
15% to 1% and Salix barrattiana cover from 15% 
to 0%. PQ1 also experienced a notable prolif-
eration in poplar saplings, and repeat photo-
graphs of the plot vicinity revealed a major 
increase in abundance and stature of poplar 
trees in the area surrounding this plot (Fig.  5).

PQ6 was located in the northern part of stand 
3 and was considered to be in the “early shrub 
stage” in 1958 (Viereck 1966). In PQ6, in contrast 
to PQ1 in stand 2, Betula nana cover remained 
mostly unchanged, with 62% cover in 1958 and 
58% cover in 2012 (see Fig.  8). In this plot, the 
late-successional ericaceous species Vaccinium 
uliginosum and Empetrum nigrum increased from 
3% to 14% and from 1% to 4% cover, respectively. 
Among the mosses, Hylocomium splendens cover 
decreased in both plots over the period (from 
38% to 28% in PQ1 and from 38% to 15% in PQ6), 
whereas Pleurozium schreberi cover increased 
dramatically (from 0% to 63% in PQ1 and from 
38% to 97% in PQ6). Additionally, cover of the 
moss Ptilium crista-castrensis increased from 0% 
to 7% in PQ6.

Spatial variation in surface soil attributes
Surface soil temperatures differed significantly 

across the successional gradient (H  =  17.818, 
P  <  0.0001 based on stands 1–4 full plot data; 
Table 7). Temperatures were warmest in the early 
successional stands and declined with increasing 

Table 5. The elevational distribution (±SD) of two species that occurred in four or more plots in the 1958 sam-
ple, but were absent from the 2012 sample in the Muldrow Glacier study area. Elevation distribution based on 
landscape-scale systematic vegetation plot data set†.

Species found in 
1958 only Form

Frequency in study 
area (%)

No. of plots in 
systematic sample

Elevation (m)

Minimum† Mean†

Astragalus 
nutzotinensis

Forb 22.9 10 761 1045 ± 192

Carex lachenalii Graminoid 11.4 24 969 1219 ± 147

† C. A. Roland (unpublished data); see Roland and Schmidt (2015).

Table 6. The elevational distribution (±SD) of eight species that were new to the sample in 2012 and occurred 
in at least four full plots in the Muldrow Glacier study area based on landscape-scale systematic vegetation 
plot data set†.

Species found in 2012 only (in ≥3 plots) Form

Frequency  
in study area 

(%)

No. of plots in  
systematic 
sample†

Elevation (m)

Minimum† Mean†

Juniperus communis Shrub 26 59 305 760 ± 281
Pyrola grandiflora Forb 25.7 98 310 898 ± 288
Calamagrostis canadensis Graminoid 22.9 370 153 625 ± 297
Moehringia lateriflora Forb 22.9 95 188 802 ± 263
Valeriana capitata Forb 22.9 198 211 954 ± 217
Carex concinna Graminoid 17 28 305 604 ± 261
Eurybia sibirica Forb 14.3 94 211 911 ± 309
Polemonium acutiflorum Forb 11.4 184 211 927 ± 226

† See Roland and Schmidt (2015).

https://www.researchgate.net/publication/33792675_Plant_Succession_and_Soil_Development_on_Gravel_Outwash_of_the_Muldrow_Glacier_Alaska?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
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surface age, reaching below-zero mean values 
in the permafrost-influenced stand 5 (Table  7, 
Fig.  9). The depth of the living moss mat and 
the surface organic horizon increased across the 
successional sequence, with thin layers in stand 
1 and deep layers in stand 4 (Table  7). Surface 
horizon depth (combined thickness of the living 
and organic mats) was negatively correlated with 
soil temperatures; thus with increasing surface 
horizon depth, soil temperatures decrease 
(Fig.  10). Poplar plots had consistently thinner 
living mat and organic horizon depths with con-
sequently warmer soil temperatures as compared 
to full plots or transects from the same stand 
(note the particularly conspicuous differences in 
stand 4 soil temperatures between poplar and 
full plots and the stand 4 transect and poplar 
transect [located within stand 4; Figs. 9 and 10]).

Spatial variation in snow depth
Median snow depth measured across the study 

area in March 2014 was significantly lower in 
stand 1 relative to stands 2 through 4 
(H = 16.216, P = 0.001) and trended higher within 
the poplar plots than within the full plots for 
the corresponding stand (Fig.  11). Our spatial 
analysis identified polygons with deeper snow 
in the western part of the study area (stand 2; 

Fig.  12) and particularly thin snow cover in 
the windblown southern part of the study area 
(stand 1; Fig. 12). Low snow depth also occurred 
in an area that corresponded to conspicuous 
meadow features occupying the southeast cor-
ners of stand 2 and stand 3 (Fig.  12). Our 
analysis also identified polygons of deep snow 
in the northern part of the study area, in the 
immediate vicinity of a steep bluff (Fig.  12). 
The polygons of deep snow largely correspond 
to areas with particularly high density of P. bal-
samifera (compare vegetation map and snow 
depth layers in Appendix S1: Fig. S1, Data S1), 
which accords with our snow depth results.

Ordination of plant community structure relative to 
successional stand

Our NMS ordination (which included both 
1958 and 2012 sample iterations but omitted the 
poplar plots) produced a stable two-dimensional 
solution exhibiting a stress of 9.7 and instability 
of 0.0 over 65 iterations representing 89.2% of 
the variance in the original Sorenson distance 
matrix. Full plots within each successional stand 
and sampling iteration clustered together and 
were arrayed along a successional trajectory of 
increasing stand age (Fig.  13; Appendix S2: Fig. 
S1, Data S1). Environmental and vegetation 

Fig. 7. The variation in vascular plant species richness observed among the sets of full plots measured in 
stands 1–4 during two sampling iterations (1958 and 2012) and in the poplar plots measured in 2012 in the 
Muldrow Glacier outflow terraces study area in Denali National Park and Preserve, Alaska. Lowercase letters 
indicate significant differences among stands in the 1958 sampling iteration. Uppercase letters indicate significant 
differences among stands in the 2012 sampling iteration. Shaded couplets indicate that we detected a significant 
difference over the sampling period (1958–2012) for this comparison. “All Stands” here includes the 2012 poplar 
plots (n = 70). Poplar plot values represent the mean value across two poplar plots per stand.
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covariates plotted on these axes approximated 
this trajectory of stand age, with young surfaces 
in stand 1 associated with high mineral soil 
cover and high vascular plant diversity and older 
surfaces in stands 3 and 4 correlated with high 
feathermoss and Betula nana cover (Fig.  13; 
Appendix S2: Fig. S1, Data S1).

Vectors connecting the within-stand averages of 
each sampling iteration (1958 and 2012) confirmed 

both the general diagonal orientation of the suc-
cessional trajectory and that the distance between 
centroids from the two iterations decreased with 
increasing stand age (as indicated by the length of 
the stand centroid vectors in Fig. 13; Appendix S2: 
Fig. S1, Data S1). A slight arch to the successional 
trajectory of increasing stand age accommodates 
the general alignment of Axis 2 with measures 
of diversity. Vectors connecting the within-stand 

Fig. 8. Two photographs of Permanent Quadrat 6 in stand 3 of the Muldrow Glacier study area of Denali 
National Park and Preserve showing essentially the same view (the conduit marking plot center has not been 
moved); however, note that the “notch” in the ridge in the background is in the center of the frame in the 
photograph on the right and is closer to the right edge of the frame in photograph at left. Over the intervening 
period, the vegetation of the plot has remained relatively constant.

Table 7. Summary of mean values (±SD) for selected soil characteristics organized by successional stand in 2012.

Stand Plot type n
Soil temperature 

(°C)
Soil probe 
depth (cm)

Living mat 
depth (cm)

Organic mat 
depth (cm)

0 Transect 10 12.8 ± 0.6 14.7 ± 3.7 n/a n/a
1 Transect 10 7.9 ± 0.5 11.8 ± 5.0 n/a n/a

Full plots 7 12.5 ± 3.1a 8.5 ± 2.0a 3.2 ± 1.1a 0.9 ± 0.6a

2 Transect 20 6.9 ± 1.5 10.8 ± 3.4 n/a n/a
Full plots 7 6.3 ± 0.8b 12.5 ± 1.4a 7.0 ± 1.4b 7.3 ± 1.1b

Poplar plots 2 6.6 ± 0.02 23.7 ± 3.3 2.8 ± 0.0 10.8 ± 3.2
3 Transect 10 4.3 ± 1.1 11.9 ± 3.1 n/a n/a

Full plots 8 4.2 ± 1.0c 18.2 ± 2.2b 8.9 ± 1.9b,c 11.7 ± 1.8c

Poplar plots 2 8.3 ± 0.7 16.6 ± 2.4 4.1 ± 1.9 10.3 ± 2.5
4 Transect 10 2.6 ± 0.8 21.4 ± 6.9 n/a n/a

Full plots 7 2.25 ± 0.7d 26.3 ± 3.4b 9.6 ± 1.0c 11.5 ± 2.4c

Poplar plots 2 6.9 ± 1.0 86.9 ± 15.3 2.1 ± 2.3 10.8 ± 0.7
Poplar transect 10 6.8 ± 1.4 78.3 ± 24.6 n/a n/a

5 Transect 10 −0.3 ± 0.2 21.9 ± 4.4 n/a n/a

Notes: Significantly different median values (P ≤ 0.001) for full plots in stands have different letter superscripts when reading 
down the column. Poplar plots (italicized rows) were excluded from analysis due to the low sample size.
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Fig. 9. Variation in mean soil temperature measured in 2012 among 1-m2 quadrats on transects in stands 0–5 
of the Muldrow Glacier outflow terraces study area in Denali National Park and Preserve, Alaska.

Fig. 10. The relationship between the combined depths of the moss and organic horizon and soil temperature 
in 35 full and poplar plots in the Muldrow Glacier study area of Denali National Park and Preserve, Alaska, in 
2012. Note that successional stands sort out along this axis of variation with early stands having relatively thin 
soil surface horizons and warm soil temperatures, with soil temperatures diminishing with time through this 
successional sequence with the development of increasingly deep and insulating moss and organic horizons. 
Also note the relatively high temperatures of the poplar plots (from stands 2–4) relative to the cluster of points 
from the full plots in the same stand. The regression fit line shown is included for visual display purposes.
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averages of the 1958 full plots to the 2012 poplar full 
plots were oriented at increasingly greater angles 
to the vectors connecting the 1958–2012 (nonpop-
lar) full plot means, highlighting the increasingly 

sharp differences in community composition in 
sites where high poplar cover has developed vs. 
the general vegetation mosaic of each stand. These 
poplar full plots clustered separately from the 

Fig. 12. A graphical representation of the snow depth model depicting the spatial variation in estimated 
snow depth (cm) based on an Empirical Bayesian Kriging analysis of 385 snow depth measurements recorded in 
the study area in Denali National Park and Preserve, Alaska, during March 2014. (An interactive version of this 
figure is provided in Appendix S1: Fig. S1.)

Fig. 11. Variation in the mean snow depth recorded in March 2014 for full plots (colored bars) and poplar plots 
(bars with Ps) in stands 1–4 of the Muldrow Glacier study area of Denali National Park and Preserve, Alaska.



July 2016 v Volume 7(7) v Article e0139819 v www.esajournals.org

Special Feature: Science for Our National Parks’ Second Century� Roland et al.

other plots in ordination space, skewed lower in 
Axis 1 (stands 2, 3, and 4) and higher on Axis 2 
(stands 3 and 4) than the full plot scores in their 
respective stands measured in either 1958 or 2012. 
Interestingly, the vector connecting the centroid 
position for the two iterations of sampling in stand 
1 full plots is oriented similarly to the vector be-
tween stand 4 full plots and stand 4 poplar plots, 
and orthogonally to the overall successional tra-
jectory for the full plots in the other three stands. 
The environmental covariate vectors for vascular 
plant species richness, forb and graminoid diver-
sity, and P. balsamifera cover align with the location 

of poplar plots in the ordination space (Fig.  13; 
Appendix S2: Fig. S1, Data S1).

Photographs
Qualitative comparisons of repeated photo-

graphs visually confirmed the evidence for both 
the dramatic changes and relative stasis within 
the study area revealed in our field data, sug-
gesting spatially variable patterns of vegetation 
change between our sampling iterations. Parti
cularly conspicuous changes were the transfor-
mation of stand 1 from a very open, discontinuous 
vegetation mosaic in 1958 into a well-vegetated 

Fig. 13. A graphical presentation of the results of a nonmetric multidimensional scaling ordination analysis 
showing the location of full plots in species space. Open symbols represent the plots measured in 1958; filled 
symbols are those plots measured in 2012. Red triangles represent stand 1 plots, green circles stand 2 plots, blue 
diamonds stand 3 plots, and black squares stand 4 plots. “P” symbols represent poplar plots (with corresponding 
stand color). Solid arrows connect the within-stand averages for 1958 and 2012 sample years and thus illustrate 
successional progression. Dashed arrows connect within-stand averages for 1958 plot data and 2012 poplar plot 
data within those stands, illustrating a potential alternate successional trajectory. Locations of selected dominant 
species from each stand are shown (see Table 4 for species names). Covariate vectors of interest are plotted 
(r2 > 0.1), with their length and direction representing the strength of their relationship with ordination scores. 
(An interactive version of this figure is provided in Appendix S2: Fig. S1.)
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area supporting patches of poplars and tall shrubs 
in 2012 (Fig.  14), as well as the general spread 
and increase in stature of poplar stands through-
out the study area (i.e., Figs. 5 and 14). Further
more, photographs taken in the region of transect 
0 (stand 0) show early-successional areas that 
are apparently being colonized by much larger-
statured woody vegetation than was previously 
the case (Fig.  15). In contrast to these early 
successional changes, photograph pairs taken in 
stand 3, where the vegetation was early shrub 
stage, showed relatively little structural change 
between 1958 and 2012 (Fig.  8). Furthermore, 
photographs and field observations from stand 
5 show no  changes in gross structure of the 
vegetation mosaic (Fig.  16). Additional photo-
graphs provided documentation of the impor-
tance of wind in the distribution of vegetation 
in the area. For example, occasional Picea glauca 
trees occurring in the study area showed obvious 
evidence of winter dieback above the shrub/
snow line (Fig.  17A), but under the protection 
of a P.  balsamifera canopy, the species appears 
to be capable of growing tall and thriving in 
this area (Fig.  17B).

Discussion

Our resampling of the Muldrow Glacier chro-
nosequence provides a unique perspective on 
plant community succession and directional 

change over a 54-yr period in a subalpine area 
where summer temperatures have warmed by 
about 2°C in recent decades. In some respects, 
our data confirm the original successional 

Fig. 14. A series of three photographs that show the changing vegetation mosaic in stand 1 of the Muldrow 
Glacier study area in Denali National Park and Preserve over the period 1958–2012. Vegetation has succeeded 
from a sparse early seral community with very scattered shrubs and considerable bare ground (at far left), to the 
mosaic of scattered, low patches of Salix spp. and Shepherdia canadensis (middle), to a continuously vegetated area 
with substantial patches of Populus balsamifera saplings and an interrupted shrub canopy (at right). These 
photographs show the west end of the stand 1 transect established in 1975 and resampled in 2012.

Fig. 15. Photograph of a newly established terrace in 
the vicinity of transect 0, stand 0, that was established in 
2000. The nature of the vegetation that is becoming 
established on this young surface is of a very different 
character and stature from the vegetation that developed 
in stand 1 prior to the initial measurements made in 1958 
(see the left-most photograph in Fig. 14 for comparison). 
Specifically, erect shrubs (Shepherdia canadensis and Salix 
spp.) as well as Populus balsamifera saplings appear to be 
establishing earlier, with less of an herbaceous meadow 
phase in evidence between barren gravel and the “early 
shrub” phase described by Viereck (1966).
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trajectory posited by Viereck (1966), particularly 
in mid- to late-successional stands 3 and 4 
where undisturbed patches of scrub tundra 
remained largely unchanged across the sample 
interval. However, our work also shows that 
the direction and tempo of primary succession 
in this area may have fundamentally changed 
over the interval separating the sample itera-
tions. Specifically, we documented an increase 
in balsam poplar occurrence and abundance 
across the area and development of high-cover, 
relatively large-statured poplar woodlands in 
all four successional stands. Poplar thus appears 
to have “captured” the original successional 
trajectory (see Fig.  18), likely (at least in part) 
in response to recent climate warming and 

amelioration of growing season conditions. This 
development was unforeseen in the original 
study and may ultimately facilitate the conver-
sion of this region from one dominated by 
shrub tundra ecosystems to a boreal forest 
mosaic over time.

Evaluation of the original successional trajectory
Stand 1 exhibited the greatest departure from 

the original successional trajectory. The expe
cted increase in herbaceous cover indicating a 
transition into the “meadow stage” did not 
occur. Instead, poplar increased substantially 
in stand  1 and the xerophytic dwarf shrub 
Dryas integrifolia reached much higher mean 
cover than was observed in 1958. This may 

Fig. 16. Four identical views of Viereck’s stand 5 underlain by shallow permafrost from 1958 through 2012. 
The photograph was taken from atop a hillock and the apparent depression seen in 2000 and 2012 photographs 
is the result of a slightly different angle of view. Essentially no change in the structure of the vegetation has 
occurred in this segment of the landscape (C. A. Roland, unpublished data).
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reflect divergent responses to recent climate 
warming among species groups (e.g., herbaceous 
forbs and graminoids vs. poplar and Dryas 
integrifolia), altered competitive interactions 
among species, or that some other stand attri-
butes are less conducive to the establishment 
of a meadow mosaic. Given the major expansion 
of poplar and shrubs in stand 1, future for-
mation of a meadow stage there is unlikely.

Our measurements in stand 2 revealed a 
widespread conversion of Viereck’s “meadow 
stage” to the “early shrub” stage as expected 
in his model. However, a major exception was 
the unpredicted expansion of poplar frequency, 
cover, and stature there. Such a conversion was 
unlikely given the prevailing climate norms in 
1958. Interestingly, both the predicted transition 
from herbaceous meadow into mossy scrub tun-
dra and the unexpected conspicuous expansion 
and growth of poplar in the study area were cap-
tured in our remeasurement and repeat photog-
raphy in the vicinity of PQ1 (see Fig. 5).

In stand 3, the significant differences in over-
all growth-form cover values over the sample 
interval were a modest decrease in forb cover 

and increases in moss, lichen, and tree cover. As 
predicted by Viereck (1966), decreases in cov-
er of early successional dwarf shrubs were bal-
anced by increases in the late-successional dwarf 
shrubs at the species level. Among low shrubs, 
a similar pattern was observed, with sharp de-
crease in the meadow-dominant shrub Salix 
barratiana occurring in conjunction with a sharp 
increase in the late-successional Vaccinium uligi-
nosum which occurs widely in cold, moist soils of 
shrub tundra across Denali. Among the feather-
mosses, a decrease in Hylocomium splendens over 
the sample interval coincided with increases in 
Pleurozium schreberi, and to a lesser extent Ptili-
um crista-castrensis. These patterns all follow Vi-
ereck’s expected trends in abundance of these 
species relative to stand development over time.

Similarly, in stand 4, the only substantial cover 
changes over the interval were a modest increase 
in moss cover concomitant with increasing cover 
of Ptilium crista-castrensis, and modest increases in 
the cover of late-successional dwarf shrubs with-
in the cold, mossy vegetation mosaic that occu-
pies much of this stand (especially in the central 
and eastern portions away from the moraines). 

Fig. 17. (A) Picea glauca sapling with dead, krumholz top but live (and relatively lush) needles and branches 
below the shrub canopy and presumably the snow line; (B) a photograph taken in March 2014 showing several 
young spruce trees with a normal growth form in the understory of a Populus balsamifera woodland within the 
study area.

https://www.researchgate.net/publication/33792675_Plant_Succession_and_Soil_Development_on_Gravel_Outwash_of_the_Muldrow_Glacier_Alaska?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==


July 2016 v Volume 7(7) v Article e0139823 v www.esajournals.org

Special Feature: Science for Our National Parks’ Second Century� Roland et al.

Fig. 18. Photographs showing the altered trajectory of vegetation development found in 2012 in poplar stands 
that have developed in three different terrace ages in the Muldrow Glacier study area, Denali National Park and 
Preserve, Alaska. In early stages, poplar trees are small and graminoid cover dominates, with scattered shrubs. In 
later stages, poplar have grown large and formed a complete canopy substantially altering light, temperature, and 
competitive dynamics at the ground level.
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Both of these developments are also consistent 
with Viereck’s successional model. An unantic-
ipated floristic change, however, was an influx 
of boreal taxa into stand 4, particularly a suite of 
common mesophytic species including Calama-
grostis canadensis, Cornus canadensis, Polemonium 
acutiflorum, and Valeriana capitata. The occurrence 
of these meadow species may reflect an increase 
in moisture availability in this area with the de-
velopment of a deeper organic layer over time, or 
else reflect a larger-scale dynamic of lowland taxa 
infiltrating into this subalpine area and becoming 
more common as temperatures ameliorate.

The expansion of poplar across the study area
Both qualitative (i.e., repeated photographs) 

and quantitative lines of evidence reveal that 
poplar distribution, abundance, and stature have 
expanded substantially in the study area in 
recent decades, representing a significant de-
parture from the successional dynamics extant 
at the time of the original study. Viereck’s (1966) 
only mention of poplar was in his discussion 
of stand 2: “Along terrace edges and where 
there are remnants of older channels, there are 
occasional clonal clumps of balsam poplar.” 
Furthermore, Viereck’s field notes indicated that 
these occasional clumps occurred mostly in the 
western part of the study area, where “a few 
P.  balsamifera reaching heights of 1.5  m” could 
be found growing in depressed areas (L. Viereck, 
personal communication). However, balsam poplar 
increased more than any other plant species 
in size, frequency, density, and distribution over 
the sample interval. In marked contrast to other 
taxa, poplar reached high cover and stature 
(in patches) across all stands 1–4. While the 
study area was generally alpine in appearance 
in 1958, much of it now supports a much taller, 
albeit patchy poplar woodland mosaic.

Recent summer warming that has occurred 
since the 1970s was perhaps the primary cata-
lyst for the expansion of poplar. Paleoecological 
work has correlated expansions in P. balsamifera 
in Alaska with intervals with warmer summers 
in the past (Nelson and Carter 1987, Mann et al. 
2010), and several experimental and observa-
tional studies show that balsam poplar requires 
warm soil temperatures to establish and persist 
in a site (Lawrence and Oechel 1983, Landhäuss-
er et  al. 1996, 2003, Hobbie and Chapin 1998, 

Kalischuk et al. 2001, Roland et al. 2013). Mean 
soil temperatures observed in stands 3–5 in 
2012 were below 5°C, a temperature thought 
to restrict the growth of P.  balsamifera seedlings 
(Landhäusser et al. 2003). However, in the more 
open environment of the earlier successional 
stands 1 and 2, the recent warm summer air tem-
peratures would have translated into warmer 
soil conditions favorable for P.  balsamifera seed-
ling germination and growth (approximately 6° 
to 12°C). Furthermore, a study of annual growth 
of poplar trees conducted adjacent to our study 
area found strong positive correlations between 
annual growth and increasing summer tempera-
tures (Lev 1987).

Several additional attributes of P.  balsamifera 
have likely allowed this species to take advan-
tage of the increasing summer warmth to rapidly 
become a dominant element of the vegetation 
mosaic over a very short time span. In an arctic 
treeline, P.  balsamifera was effective in invading 
formerly treeless areas due to its ability to re-
sprout vegetatively, produce copious seeds at an 
early age, and effectively disperse its windborne 
seeds over long distances (Landhäusser and 
Wein 1993). These attributes likely facilitated 
balsam poplar’s expansion into the Muldrow 
Glacier area as well, and in conjunction with 
poplar’s ability to colonize freshly exposed min-
eral soils (Zasada and Phipps 1990), allowed es-
tablishment very early in succession, providing 
a crucial “head start” against late-successional 
competitors such as Betula nana and feathermoss-
es. In this context, allelopathic balsam poplar 
litter could further add a competitive advantage 
(e.g., Jobidon and Thibout 1982).

Our occurrence model results indicate a direc-
tional cline of higher poplar probability of occur-
rence moving from the west to the east toward 
the glacier front. This pattern may reflect the 
consequences of a “wave” of poplar establish-
ment from lower elevations into formerly more 
alpine conditions up the valley through time. 
Large stands of poplars are a conspicuous ele-
ment of the alluvial terrace habitats in adjacent 
boreal areas of the park (Viereck et  al. 1993, 
Roland et al. 2013).

Spatial patterns in poplar distribution
The expansion of poplar across the study area 

over the period 1958–2012, although dramatic, 
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was also a spatially patchy phenomenon likely 
controlled by a suite of interacting climate and 
site factors. Foremost, sporadic and discontin-
uous opportunities for seedling establishment 
for poplar are controlled by seedbed conditions 
that can be highly variable in time and space. 
Poplar requires availability of moist, fine-
grained, and warm mineral soils in open sites 
during specific time periods coinciding with 
seed dispersal events to ensure germination and 
establishment of seedlings (Zasada and Phipps 
1990). These conditions were generally more 
prevalent in stands 1 and 2 of the study area 
in recent decades due to the younger age of 
the surfaces and lower vegetation density.

Upon establishment of seedlings, the clonal 
habit of P. balsamifera may exaggerate the patch-
iness inherent in uneven seedling establishment 
through the clonal expansion of individuals 
through suckering (Comtois et al. 1986). Further-
more, areas that contain deep, fine-textured soils 
with higher moisture-holding capacity, such as 
those created by small-scale geomorphic distur-
bance along terrace edges, are likely to support 
more dense and vigorous poplar establishment 
and growth (Zasada and Phipps 1990, Kalischuk 
et al. 2001). However, in the absence of ground 
disturbance, competition with established vege-
tation, particularly long-lived woody species in 
areas with a deep insulating surface moss mat 
and cold soils, would diminish the growth and 
expansion of poplar clone on older surfaces.

We found that large stands of poplar trees de-
veloped in stand 4 along the northern and east-
ern margins of the study area. These colonization 
events were likely due to (1) local geomorphic 
disturbances caused by material slumping and 
flowing from steep, unconsolidated morainal 
deposits and terrace edges with subsequent al-
luvial redistribution of these materials, and (2) 
increased protection from wind adjacent to high 
moraine bluffs likely decreased injury to trees 
and increased growth in these protected areas. 
We observed a sizeable debris flow emanating 
from the unconsolidated morainal deposits de-
bauching onto the surface of stand 4, creating 
freshly exposed sites with abundant, moist fines, 
and producing conditions for poplar establish-
ment similar to those in the earlier successional 
stands. Rood (2006) reported a similar dynam-
ic in western Canada when a large debris flow 

obliterated pre-existing vegetation, thereby cre-
ating edaphic conditions resembling floodplain 
deposits that were subsequently colonized by 
Populus trichocarpa (a close relative of P. balsamif-
era) instead of the dominant species that formerly 
occupied the area prior to the disturbance.

Resistance of the late-successional vegetation 
mosaic to change

Although the footprint of dense poplar wood-
lands is spatially discontinuous, their rapid 
expansion over the sample interval suggests 
that these stands could coalesce to create con-
tinuous poplar woodland across the study area 
over time. An impediment to this process is 
competition with established late-succession 
shrub vegetation. For example, Brodie et  al. 
(1995) found that a large poplar clone north 
of treeline in Quebec that was otherwise capable 
of expanding and producing new suckers 
had  little recruitment in areas where Betula 
glandulosa was dense (presumably due to 
edaphic conditions and competition). Our data 
indicate that, in the absence of disturbance, 
late-successional areas supporting mossy Betula 
nana and sedge-scrub tussock tundra mosaics 
(large areas of stands 3–5) have changed very 
little over the sample interval. Experimental 
and observational work has shown that the 
thickness of the moss mat plays a crucial role 
in regulating soil temperature in high-latitude 
ecosystems (e.g., Gornall et  al. 2007, Blok et  al. 
2011). Unsuitable seedbed conditions due to a 
lack of exposed mineral soil and cold soil tem-
peratures in the feathermoss-dominated under-
story are impediments to poplar establishment 
in late-succession scrub tundra.

Consequence of observed changes in early 
succession and P. balsamifera expansion

In the altered successional context instigated 
by warming, newly deposited surfaces under-
going primary succession in our study area will 
likely follow a different trajectory from the one 
that resulted in the establishment of the mossy, 
shrub-dominated vegetation mosaic that cur-
rently dominates older flat and gently sloping 
surfaces in this region. Instead, newly deposited 
surfaces are likely to be colonized by woody 
species (especially poplar) much earlier, and 
undergo transition to a larger-statured woodland 

https://www.researchgate.net/publication/6220374_Artic_mosses_govern_belowground_environment_and_ecosystem_processes?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
https://www.researchgate.net/publication/229738462_Clonal_constitution_and_sex_ratio_in_northern_populations_of_balsam_poplar_Populus_balsamifera?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
https://www.researchgate.net/publication/271804995_Development_of_a_Populus_Balsamifera_Clone_in_Subarctic_Quebec_Reconstructed_from_Spatial_Analyses?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
https://www.researchgate.net/publication/271804995_Development_of_a_Populus_Balsamifera_Clone_in_Subarctic_Quebec_Reconstructed_from_Spatial_Analyses?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
https://www.researchgate.net/publication/225237218_The_Cooling_Capacity_of_Mosses_Controls_on_Water_and_Energy_Fluxes_in_a_Siberian_Tundra_Site?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==
https://www.researchgate.net/publication/225237218_The_Cooling_Capacity_of_Mosses_Controls_on_Water_and_Energy_Fluxes_in_a_Siberian_Tundra_Site?el=1_x_8&enrichId=rgreq-e8e31966dccac4fb2b0e0f3134c39b76-XXX&enrichSource=Y292ZXJQYWdlOzMwNTQzMDQzODtBUzozODU2NTA2MDkxNDc5MDRAMTQ2ODk1NzY3ODk3OA==


July 2016 v Volume 7(7) v Article e0139826 v www.esajournals.org

Special Feature: Science for Our National Parks’ Second Century� Roland et al.

mosaic similar to what occurs in adjacent boreal 
lowland river terraces in the region (see Viereck 
et  al. 1993). In fact, our data indicate that taxa 
common and widespread in the boreal zone 
have already spread within this area, while some 
taxa that occur primarily in alpine areas in 
Alaska have become rarer over the past five 
decades.

Our analyses clearly indicate that the plant 
communities that occur with the development 
of poplar stands are distinctly different from the 
communities that developed in the dominant 
successional sequence described by Viereck 
(1966). Specifically, these woodland communities 
have a taller canopy, reduced cover and depth of 
the moss mat, warmer soil temperatures, altered 
species composition with more forbs, higher 
species richness of vascular plants, and deeper 
snow depths. Mean soil temperatures in our 
poplar plots were considerably warmer than the 
stand mean temperatures, a difference that was 
exaggerated with increasing stand age. Decidu-
ous litter has been shown to reduce the growth 
and survival of feathermosses through both 
physical shading and chemical inhibition from 
phenolic compounds in the leaf tissue (Startsev 
et al. 2008). The negative effect of leaf litter in the 
poplar stands may be intensified by the wind-
break effect that taller-statured poplar wood-
land vegetation creates, thereby increasing litter 
and its decomposition in situ relative to adjacent 
areas with low-statured scrub tundra vegetation. 
In the current warmer summer environment, 
understory conditions are unlikely to lead to the 
establishment of a deep and insulating moss mat, 
paludification, and cooling soils, as was formerly 
the case in this region (Viereck 1966). Thus, devel-
opment of poplar communities across the study 
area represents a sharp departure from the orig-
inal successional trajectory described by Viereck 
(1966). This alteration presages fundamental 
changes for the future landscape mosaic.

Another potentially important consequence 
of the increase in poplar is changing patterns of 
snowpack redistribution by wind where trees 
become established. We found that snow was 
deeper, on average, in poplar plots as compared 
to the full plots in the same stand. Viereck (1966) 
emphasized the importance of wind and its ef-
fect on snow accumulation, and how this dy-
namic interacts with vegetation development 

in the study area. He described the evidence 
of injuries to plant tissues from “snow or sand 
blasting” from high-velocity winter winds, and 
the importance of larger-statured vegetation for 
trapping snow and ameliorating winter condi-
tions at ground level during the course of suc-
cession. Indeed, the importance of interactions 
between snow distribution and depth and veg-
etation development in treeline environments 
has been recognized in a variety of ecosystems 
(e.g., Hiemstra et al. 2006, Zald et al. 2012). Ad-
ditionally, the deepening of the snowpack may 
translate into warmer soil profiles because the 
depth and character of the snowpack strongly 
controls heat exchange between the atmosphere 
and the soil profile (Jafarov et al. 2014, Park et al. 
2015). Experimental studies in northern Alaska 
have shown significant influences of variation 
in winter snow depth on summer soil tempera-
ture profiles with measureable ecophysiological 
responses by tundra plant species (Pattison and 
Welker 2014).

Importantly, the expansion of poplar wood-
lands in the study area seems likely to facilitate 
the recruitment of Picea glauca seedlings under 
the protection of a tree canopy (Viereck et  al. 
1993). We observed healthy P. glauca saplings 
growing in several parts of the study area in 2012, 
but only where they appeared to be protected by 
either sheltering topography or a dense poplar 
canopy. The protection from high-velocity winds 
and insulation provided by deeper snowpack 
may ultimately expedite the conversion of these 
areas from the low-statured scrub vegetation mo-
saic described by Viereck (1966) to a boreal coni-
fer forest mosaic through the intermediate stage 
of poplar woodlands. Furthermore, we would 
expect that a large increase in P.  glauca trees in 
this area would facilitate the direct colonization 
of dwarf birch scrub tundra there, because this 
species is capable of establishing within this type 
(Stueve et al. 2011, Roland et al. 2013). This con-
version would have profound implications for 
both ecosystem structure and function in this 
landscape.

Conclusions
We report the results of a resurvey 54  yr 

later of a chronosequence of primary succession 
on outflow terraces of the Muldrow Glacier. 
The original stand ages were reported as 
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25–30  yr (stand 1), 100  yr (stand 2), 150–200  yr 
(stand 3), and 250–300  yr (stand 4) in 1958 by 
Viereck (1966). The sampling interval was long 
enough for vegetation in plots to become more 
similar to 1958 plots in the next older stand 
age, although plots in stand 1 did not follow 
the expected trajectory of increasing herbaceous 
cover toward the establishment of the meadow 
stage (stand 2), but instead primarily experi-
enced increases in woody taxa.

Our work reveals a rapid increase in the distri-
bution, stature, and abundance of balsam poplar 
trees that strongly contrasts with the succession-
al dynamic described in Viereck’s original study 
(Viereck 1966) and appears to represent a direc-
tional change for this region. One likely reason 
for this unexpected change is the recent warming 
in summer temperatures that were unforeseen 
in 1966. We suspect that if this area is subject 
to continued warming, patches of poplar forest 
will continue to expand stimulating even more 
change. Our data suggest that the expansion will 
occur unevenly, proceeding rapidly in newly dis-
turbed areas, much more slowly in areas with 
established late-successional vegetation, and not 
at all in areas that remain underlain by shallow 
permafrost.

Expansion of poplar forest would likely facili-
tate the expansion of white spruce underway in 
the subalpine zone of Denali (Stueve et al. 2011, 
Roland and Stehn 2013), by providing a protect-
ed environment for seedling establishment and 
reduced winter injuries to conifer saplings. White 
spruce is better able to colonize established Betu-
la nana scrub tundra vegetation than poplar, like-
ly because of its larger seed mass and ability to 
tolerate cooler, more organic-rich soil conditions 
(Hobbie and Chapin 1998, Roland et  al. 2013). 
As more white spruce become established in the 
area and produce seeds, recruitment of this spe-
cies is likely in areas of established vegetation 
where poplar recruitment rarely occurs.

Our results highlight the capacity of a single 
species to potentially catalyze the changes that 
may lead to the altering of the landscape mosaic. 
In our study area, the dispersal and colonization 
traits of balsam poplar allowed it to establish 
early in primary succession in subalpine sites 
distant from continuous boreal forest and thus 
capitalize on warming conditions to increase in 
abundance and distribution as it has elsewhere 

in Alaska in the past (Mann et al. 2010). Another 
set of traits possessed by the species, including 
its tree growth form, clonality, and a deciduous 
habit, may in turn allow poplar to supersede the 
existing successional dynamic. Poplar may cap-
ture the successional dynamic by outcompeting 
smaller-statured shrub species, and then alter 
the understory dynamics by precluding the es-
tablishment of a deep, insulating moss mat. It 
appears that poplar may thus act as the “lead-
ing edge” of landscape change in this region, 
colonizing barren silt in the subalpine zone and, 
over time, leaving a substantially altered, boreal 
landscape in its wake. Furthermore, the effect of 
balsam poplar in facilitating recruitment of the 
more-shade and cool-soil tolerant white spruce 
may further catalyze the long-term conversion 
of subalpine areas of Denali into boreal forest in 
coming decades.
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