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Abstract

e Mixed coniferous, subalpine forest communities in the Rocky Mountains are historically dense and
have experienced infrequent, high-severity fire. However, many of these high-elevation stands are
thinned for a number of perceived benefits.

o We explored the effects of forest stand density on ecosystem properties in subalpine forests in Col-
orado, USA, 17-18 y after forests were managed for timber.

e Forest structure significantly altered the composition and chemical signature of plant communi-
ties. Previously managed stands contained lower density of overstory trees and higher ground cover
compared to paired reference stands. Foliar phenolic concentration of several species was negatively
related to basal area of overstory trees. Furthermore, reductions in stand density increased total foliar
phenolic:nitrogen ratios in some species, suggesting that gap formation may drive long-term changes
in litter quality. Despite significant changes in forest structure, reductions in stand density did not
leave a strong legacy in surface soil properties, likely due to the integrity of soil organic matter re-
serves.

o Changes in forest structure associated with past management has left a long-term impact on plant
communities but has only subtly altered soil nutrient cycling, possibly due to trade offs between litter
decomposability and microclimate associated with reductions in canopy cover.

Résumé — Effets de la densité du peuplement sur les propriétés des écosystemes des foréts sub-
alpines dans le sud des Montagnes Rocheuses aux USA.

o Les communautés subalpines de foréts mixtes de coniferes dans les Montagnes Rocheuses sont his-
toriquement denses et ont peu connu de feux tres séveres. Cependant, beaucoup de ces peuplements
de haute altitude sont éclaircis pour de nombreux profits.

e Nous avons étudié les effets de la densité des peuplements forestiers sur les propriétés des éco-
systemes dans les foréts subalpines du Colorado (USA), 17-18 ans apres que les foréts aient été
exploitées pour le bois.

e La structure de la forét a considérablement modifié la composition et la signature chimique des
communautés végétales. Auparavant les peuplements exploités renfermaient une plus faible densité
d’arbres de 1’étage dominant et une couverture du sol plus importante par rapport aux peuplements
de référence correspondants. La concentration des composés phénoliques foliaires de plusieurs es-
peces a été liée négativement a la surface terriere des arbres dominants. En outre, les réductions de
la densité du peuplement ont augmenté les rapports composés phénoliques foliaires totaux : azote
chez certaines especes, ce qui suggere que la formation de trouée peut conduire a des changements a
long terme de la qualité de la litiere. Malgré d’importants changements dans la structure forestiere, la
réduction de la densité du peuplement n’a pas laissé un héritage solide dans les propriétés de surface
du sol, probablement a cause de I’intégrité des réserves de matiere organique du sol.

e [ es changements dans la structure de la forét associés a la gestion passée ont laissé un impact a
long terme sur les communautés végétales, mais n’ont que discrétement modifié le cycle des nutri-
ments du sol, peut-étre a cause des échanges entre les possibilités de décomposition de la litiere et le
microclimat associé a des réductions du couvert forestier.

Article published by EDP Sciences


http://www.afs-journal.org
http://dx.doi.org/10.1051/forest/2009083
http://www.edpsciences.org

Ann. For. Sci. 67 (2010) 102

1. INTRODUCTION

Natural, mature forested landscapes are mosaics of spa-
tially uneven and temporally heterogeneous patches shaped
by abiotic and biotic processes (Bormann and Likens, 1979).
Humans have altered forest landscapes over millennia, pri-
marily through resource extraction and manipulation of fire
(Heckenberger et al., 2003). For example, large-scale clear-
cutting techniques and a century of fire suppression in the
USA have homogenized landscape structure and functioning
by removing patch-scale events (Fuller et al., 1998; Vellend
et al., 2007). While the creation of even-aged stands may have
economic benefits in the short-term (Gilless and Buongiorno,
2003), high stand densities and drought have increased the in-
cidence of crown fire and insect outbreaks while also causing
decline of native species (McCullough et al., 1998; National
Research Council, 2000; Veblen et al., 2000). As a result, for-
est managers are now seeking alternative harvesting strategies
such as thinning and uneven-aged stand management to max-
imize non-market values and other beneficial ecosystem ser-
vices (Franklin et al., 1985). Thinning causes changes in stand
density, which could alter resource availability and ecological
dynamics of remaining plants and microorganisms within for-
est soils.

Several decades of research have focused on the ecologi-
cal impacts of harvesting on forest ecosystems, prompted in
part by concerns in the late 1960’s about the sustainability of
clear-cutting and fueled recently by regional and controversial
national forest management policies (e.g. 1994 Northwest For-
est Plan; Healthy Forest Restoration Act of 2003); (Connaugh,
1970; Ranger et al., 2008). In particular, many studies have ex-
plored the short-term consequences of various thinning strate-
gies for ecosystem structure and functioning, including stand
productivity and biodiversity. While results vary considerably
between ecosystem types, most findings suggest that reducing
overstory biomass though selective harvest rapidly increases
the complexity of plant communities by encouraging under-
story growth within the first several years (Covington et al.,
1997). Furthermore, changes in habitat structure and species
composition, especially when debris is left on site, often leads
to increased abundance and diversity of breeding bird and
small mammal communities (Converse et al., 2006; Hagar
et al., 2004) and may increase arthropod diversity or species
composition (Apigian et al., 20006).

The consequences of reduction in stand density for biogeo-
chemical cycling, however, are less clear. Selective harvest-
ing of overstory trees alters microclimatic conditions at the
soil surface, often increasing soil temperatures, and thus can
change microbial communities, speed decomposition, and in-
crease nutrient cycling and losses in the short-term when plant
uptake is reduced (Kaye and Hart, 1998). However, some stud-
ies suggest these effects are subtle or absent after the har-
vesting event (Dannenmann et al., 2007; Feller et al., 2000;
Ganjegunte et al., 2004; Gundale et al., 2005, 2006), and oth-
ers show they are transient (Dannenmann et al., 2006). Re-
sults also vary in the long-term as some ecosystems support
altered rates of microbial activity and soil properties for years
following thinning (Boyle et al., 2005; Grady and Hart, 2006;
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Jonard et al., 2006; Maassen et al., 2006), while other ecosys-
tems show few long-term differences from reference condi-
tions (Gundersen et al., 2006).

While some variability between studies is likely due to
harvest methods, direct effects of forest management may
be less important to ecosystem biogeochemistry than indi-
rect effects through long-term changes in plant communities
that vary across ecosystems and management practices (Hart
et al., 2005). Nutrient turnover is modulated by microclimate
as canopies are opened, but rates of decomposition and nutri-
ent availability are largely driven by carbon supply to microor-
ganisms through litter quantity and quality. Thinning can im-
pact litter quality through changes in species composition, and
the extent of post-thinning species modification and persis-
tence may explain different biogeochemical outcomes of forest
management (Grady and Hart, 2006). Although less explored,
reductions of overstory cover or composition may also af-
fect litter quality through changes in the chemistry of remain-
ing plants and species assemblages (Forkner and Marquis,
2004). Many plant secondary metabolites are responsive to
environmental changes and play key roles in nutrient return
and herbivory (Hattenschwiler and Vitousek, 2000; Miiller
et al., 2006). For example, plant-derived polyphenolic com-
pounds can regulate soil nutrient cycling through their variable
function as stimulators or inhibitors of microbial growth, and
through their ability to mobilize or bind nutrients by complex-
ing with proteins and minerals (Hattenschwiler and Vitousek,
2000). However, few studies have explored the dynamics of
phenolic compounds or their impacts to biogeochemical cy-
cling in managed forest ecosystems (Forkner and Marquis,
2004; Hart et al., 2005).

Forest thinning has become a regular practice as a fuel re-
duction strategy throughout the United States in landscapes
that have a history of fire suppression, but due to recent
changes in policy and perceptions, it has also become com-
monplace in ecosystems that historically are not prone to fire
and naturally support dense plant communities (Schoennagel
et al., 2004). For example, prior to significant human influ-
ence, the mixed-coniferous subalpine forests of the Rocky
Mountains experienced relatively infrequent (up to many cen-
turies), high-intensity fires (Schoennagel et al., 2004; Sibold
et al., 2006). However, selective logging in subalpine forests is
currently widespread, in part to reduce perceived fire hazard,
but also to control outbreaks of forest pathogens and support
other desirable attributes, such as growth of aspen (P. tremu-
loides; Colorado Division of Forestry, 2005). Furthermore,
the impacts of stand density on ecological processes, includ-
ing insect outbreaks, are not well understood for high eleva-
tion ecosystems (Fettig et al., 2007). While many processes
are likely to operate similarly to lower elevation, fire-adapted
forests, variations in species composition and abiotic factors
such as climate, length of growing season, and phenology may
lead to significant differences in ecological outcomes (e.g.,
Griffin and Mills, 2007).

In this study, we assessed the effects of forest stand density
on plant community composition and ecosystem properties
in high elevation mixed-coniferous, subalpine forests in Col-
orado. During 2002 and 2003, we measured forest structure
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Table I. Characteristics of overstory vegetation in experimental plots in the mixed-coniferous, subalpine forest at the Catamount Center for

Geography of the Southern Rockies (CCGSR).

Basal area (m? / ha) # Stems Canopy

Plot No. Treatment Slope (°) Aspect (°) All species > 2.5 cm > 2.5 cm dbh/ha cover (%)
1 Reference 30 30 30.6 1201 78.4
1 Low-density 23 30 23.0 792 73.1
2 Reference 38 342 39.0 1619 85.4
2 Low-density 35 352 20.4 832 63.4
3 Reference 22 320 36.2 1924 81.6
3 Low-density 25 296 31.0 1276 80.4
4 Reference 9 2 38.8 1284 87.8
4 Low-density 2 12 26.0 838 69.1
5 Reference 34 354 46.1 1604 87.4
5 Low-density 28 26 21.7 788 74.9

D 0.02 0.01 0.04

* p-value calculated from paired #-test by treatment; n = 5.

and chemistry and soil nutrient cycling using a retrospective
approach by comparing plots that had been managed 17-18 y
ago (low-density) with paired plots that had not been managed
(reference). We also used a regression approach to explore
the importance of forest structure (basal area, stem density,
canopy cover) on ecosystem properties across all sites. We ex-
pected ecological processes in the subalpine to follow patterns
anticipated for post-management coniferous forests at lower-
elevations, including increased understory plant cover. We also
expected that rates of nitrogen cycling would be faster in low
density plots due to changes in microclimate (higher temper-
atures leading to higher rates of decomposition), and that nu-
trient enrichment would be significantly and positively related
to foliar tissue quality.

2. METHODS
2.1. Site description

We explored the effects of forest structure on ecosystem proper-
ties in subalpine forests within the privately-held Catamount Center
for Geography of the Southern Rockies (CCGSR), an 81-ha research
center located between 2 700-3 000 m in elevation on the north slope
of Pikes Peak, Colorado (Fig. 1). Mean annual temperature at the
CCGSR is 2.6 °C, ranging from —6.3 °C in January to 13.3 °C in July
(Ruxton Park Climate Data, Western Regional Climate Center, 2007).
Mean annual precipitation is 602 mm, 43% of which falls during
June, July, and August. Forests of the CCGSR are underlain by Pikes
Peak granite, the dominant geological feature of the region. Soils are
shallow, gravelly, coarse sandy loams of the Catamount-Guffey com-
plex, classified as Ustic Dystrocryepts and Ustic Haplocryalfs (Car-
penter et al., 1998; NRCS, 2006).

Selective logging occurred on CCGSR lands during 1983-84 as
prescribed by state forest service personnel for general forest stand
improvement purposes without clear statement of goals such as target
densities, age distributions, or stand composition. Tree stump diame-
ters are generally small and removal targets were specified in cords,

indicating small tree removal for a firewood sale rather than commer-
cial timber sale. Approximately half of the overstory trees on each of
several small tracts (ca 2-5 ha) were removed using hand methods
with trees bucked for fuel-wood sales and slash treated by lop-and-
scatter.

We combined a retrospective experimental design with a regres-
sion approach in order to analyze the impacts of overstory stand
density on ecological properties of these high elevation forests. Ret-
rospective designs are common in the literature and represent a pow-
erful method to assess long-term impacts beyond the time scale of
many field experiments (Grady and Hart, 2006; Powers, 1989). How-
ever, they are also inherently limited because treatments are not ran-
domly assigned and often initial conditions or harvest methods are
unknown. To minimize problems associated with a retrospective ap-
proach, we used stereo pairs of air photos and ground measurements
to identify 10 plots that we paired according to the following six cri-
teria (low-density and reference stands, n = 5, Fig. 1 and Tab. I): (a)
evidence of previous harvesting (stumps), (b) slope (< 7° difference
between pairs), (c) aspect (< 35° difference between pairs), (d) eleva-
tion (2930 = 15 m), (e) stand density (reference sites > 30% higher
stems/ha than low-density sites), and (e) species composition (sim-
ilar representation of dominant tree species in the overstory). Over-
story vegetation in the plots included Engelmann spruce (Picea en-
gelmannii Parry ex Engelm.), Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco), limber pine (Pinus flexilis James) and trembling as-
pen (Populus tremuloides Michx). Some 30 species of vascular plants
were found in the understory, varying among sites, with three woody
species common to all plots: Common juniper (Juniperus communis
L.), kinnikinnick (Arctostaphylos uva-ursi (L.) Spreng), and Wood’s
rose (Rosa woodsii Lindl.). Several species of terricolous lichens
were also present, including the nitrogen-fixing genus, Peltigera spp.
Few exotic species were present within the study area.

2.2. Forest structure

In each plot, we determined the composition and structure of over-
story tree species and ground cover of understory plant communities
across a ~0.5 ha grid (composed of 49, 10 m X 10 m grid squares).
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Within this grid, we counted, identified, and measured diameters of
all trees (> 2.5 cm DBH) and saplings (< 2.5 cm DBH and > 1 m
in height) of overstory species. At alternate grid intersections (i.e.
every 20 m), we measured canopy cover with a concave spherical
densiometer (Jennings et al., 1999). We obtained four closure mea-
surements at each intersection, facing each cardinal direction, and we
averaged these results to determine canopy closure for that point. A
within-plot average of 9 such point measurements (i.e. 9 X 4 den-
siometer readings) was used for the overall canopy closure for each
plot. To determine composition of understory vegetation, we placed
a 0.25 m? raised quadrat grid on the forest floor at each 10 m in-
tersection of the grid and identified the type of groundcover present
at each point in the quadrat (quadrat raised by four wooden legs,
area divided into 64 squares, 49 observations/quadrat). Woody un-
derstory plants were identified by species (J. communis, A. uva-ursi,
R. woodsii), while cover of coarse woody debris, moss, herbaceous
vegetation, and lichen (Peltigera or “Other””) were grouped. Lichens
of the Peltigera genus were identified separately from other terri-
colous lichens due to their potential to affect nitrogen inputs through
nitrogen-fixation (Knowles et al., 2006). We calculated percent cover
of each cover type/species by dividing the number of observations per
cover type by the total number of quadrat points (49).

2.3. Foliar carbon (C), nitrogen (N), and total phenolics

During late September, 2003, we sampled mature, current year
foliage from four individuals per plot of seven different species of
plants and lichen that were common to all plots. For overstory species
(P. engelmannii, P. flexilis, P. menzeisii), we collected and compos-
ited four subsamples per individual, two from intact branches within
arms reach and two from mid-level branches using a shotgun. Four
subsamples of mature, current-year leaves were also taken and com-
posited from four individuals per plot of other species (J. communis,
R. woodsii, A. uva-ursi, and Peltigera lichen). To measure total phe-
nolic content of foliage, we used the Folin-Denis method described
in Hattenschwiler et al. (2003). In brief, phenolic compounds were
extracted by shaking 30 mg of air-dried, finely ground plant mate-
rial in 50% ethanol every 15 min for 2 h and allowing the extract to
settle overnight. Within 24 h, we added 200 uL of the supernatant
to a 50 mL flask containing 25 mL deionized water and 2.5 mL of
Folin-Denis reagent. After 3 min, we added 5 mL saturated sodium
carbonate and brought the total solution to 50 mL with deionized wa-
ter. At 20 min, we measured the sample for absorbance at 760 nm.
We used three concentrations of tannic acid as a standard. Plant tis-
sue was also dried at 70 °C in paper coin envelopes, ground to a fine
powder on a ball mill, wrapped, and analyzed in triplicate for total C
and N on a NC2100 Combustion Analyzer (CE Elantech, Lakewood,
NJ) using certified standards.

2.4. Soil properties and processes

Surface soils were collected from each plot during two seasons in
2003, in mid-summer (July) and again in early winter before signifi-
cant snow cover (November). Three soil samples composed of three
cores each (15 cm depth) were taken from random locations across
each plot and stored in coolers (approx. 10 °C) until processing. All
soils were sieved to 2 mm and processed within 48 h of collection.
Total C and N were measured (summer only) on an NC2100 Com-
bustion Analyzer after drying at 70 °C and grinding with a ball mill.
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Organic matter was measured (winter only) by mass loss after com-
bustion for 2 h at 550 °C (Nelson, 1994). During both seasons, one
10 g subsample from each sample was immediately shaken for 1 min
in 50 mL 2N KCl, set aside for 18-36 h, filtered through pre-leached
Whatman #42 filters, and then frozen for later analysis for extractable
ammonium (NH;-N) and nitrite + nitrate (hereafter referred to as
NO35-N, as nitrite pools were assumed to be minimal). Another 10 g
subsample was placed in a small, capped cup and incubated in the
lab at 22 °C for 7 d. After the incubation, soils were extracted as de-
scribed above. All KCI extracts were analyzed colorimetrically for
NH;-N and NO3-N using a Lachat Quikchem 8000 autoanalyzer
(Hach Company, Loveland, CO). Net N mineralization was calcu-
lated as the difference between the sum of NH; and NOJ concen-
trations before and after each incubation. Net nitrification was calcu-
lated as the difference between NO3 concentrations before and after
each incubation. Gravimetric soil water was determined during both
seasons by drying soil subsamples for 24 h at 105 °C.

2.5. Statistical analyses

All statistical tests were performed using SPSS 11.0 software
(SPSS, 2005). Student’s paired t-tests were used to test differences be-
tween low-density and reference treatments in the paired experimen-
tal plots used in this study (n = 5). Non-parametric Wilcoxon signed
rank analyses were used for data that did not conform to paramet-
ric assumptions. Although Bonferroni corrections are often employed
when analyzing multiple variables within a system, use of this statis-
tical test in ecological studies is controversial (Moran, 2003). Rather,
we report statistical significance at p < 0.05 and interpret our results
in the context of what is likely to be ecologically, rather than simply
statistically, significant (Moran, 2003). Least-squares regression anal-
yses and Pearson’s coeflicients of correlation (r) were used to deter-
mine significant relationships between continuous variables. In par-
ticular, we tested the relationship between our response variables and
measures of forest structure, including stem density (stems > 2.5 cm
dbh/ha), canopy cover (%), and basal area of overstory trees (m?/ha).
In addition, we examined linear relationships between soil proper-
ties and processes to explore factors controlling nutrient availability.
Variables that were non-normally distributed or heteroscedastic were
log-transformed prior to analyses.

3. RESULTS
3.1. Forest structure

Structure of overstory tree species (defined as > 2.5 cm dbh)
was significantly different in low-density compared to refer-
ence plots (Tab. I). Low-density plots supported 14-53% lower
basal area, 34-51% lower stem density, and 7-26% lower
canopy cover compared to their reference pairs. Differences
were due primarily to reductions in P. engelmanii and P. men-
zeisii that were likely selectively removed from the site dur-
ing management (Tab. II). Furthermore, density of saplings,
including P. tremuloides, was not significantly related to total
overstory basal area, stem density, or canopy cover.

The structure of understory vegetation was also signifi-
cantly affected ~20 y after forest management. Low-density
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Table III. Soil properties and foliar chemistry paired experimental
plots.

Reference ~ Low-density Reference Low-density
Size class Species Mean SE Mean SE p= Mean SE Mean SE p
All trees P. engelmanii  823.8 1154 403.6 89.7 0.01 Soil properties
P. menzeisii  232.2 51.8 132.0 24.7 0.05 Soil organic matter (%) 14.55 1.08 1440 1.64 0.90
P. flexilis 2340 40.8 242.6 95.0 0091 Total soil carbon (%) 8.42 0.74 7.68 1.00 045
P. tremuloides 231.2 66.8 118.0 38.2 0.13 Total soil nitrogen (%)  0.36  0.02 031 0.03 0.14
All species  1521.2 130.0 896.2 92.0 0.00
Stems P. engelmanii  336.2 59.1 164.0 43.4 0.06 Foliar chemistry

2.5-10 cm dbh  P. menzeisii  68.6 23.0 214 7.0 0.05
P. flexilis 98.6 20.7 107.8 30.5 0.66
P. tremuloides 524 334 27.0 8.0 0.39

All species  555.8 90.4 320.2 30.8 0.05
Saplings P. engelmanii  300.6 50.9 214.6 72.7 0.21
<25cmdbh P menzeisii  31.0 7.5 35,6 10.2 0.74

P. flexilis 594 13.0 904 229 0.14
P. tremuloides 0.8 0.8 52 33 0.18
All species  391.8 48.1 3458 68.7 0.56

* Significance value from paired t-tests by species and size class. P-
values considered significant at p < 0.05 are represented in bold.

plots supported a higher percent cover of herbaceous vegeta-
tion and juniper in the understory compared to reference plots
and lower ground cover of moss (Fig. 2; Wilcoxon Signed
Rank test, p = 0.04 for all three plant groups). Cover of A. uva-
ursi and lichens were unaffected by stand density. Addition-
ally, of the three metrics of overstory structure, stem density
was most significantly related to cover of understory vegeta-
tion when plotted individually by cover type (Fig. 2). How-
ever, basal area was the only metric of stand density that was
significantly (and negatively) related to total vegetated ground
cover (Linear regression, log (% vegetated ground cover) X
basal area: > = 0.45, p = 0.03).

3.2. Foliar chemistry

Stand density significantly affected foliar chemistry of veg-
etation, including nutrient concentrations and elemental stoi-
chiometry of both overstory and understory species. Nitrogen
concentrations were significantly lower and C:N ratios higher
in foliage of J. communis, R. woodsii, and P. engelmannii in
low-density compared to reference plots (Tab. III). Total phe-
nolic content of foliage was also elevated in J. communis and
R. woodsii within low-density plots by 12% and 22%, respec-
tively. Furthermore, foliar phenolics in several species sur-
veyed were significantly and negatively related to structure of
overstory trees. Of the three metrics of forest structure used,
basal area was most strongly related to foliar phenolic con-
tent. Basal area was significantly related to foliar phenolic con-
tent in three of six species surveyed, including one overstory
species (P. flexilis) and two understory species (J. communis
and R. woodsii, Fig. 3).

Total nitrogen (%)

A. uva-ursi 1.25 0.02 1.18 0.03 0.18
J. communis 1.51 0.06 1.37 0.03 0.02
R. woodsii 1.76  0.11 145 0.13 0.03
Peltigera lichen 426 0.07 422 0.09 0.70
P. engelmannii 1.44  0.04 1.37  0.06 0.03
P. menziesii 1.26 0.02 1.26  0.01 0.91
P. flexilis 1.24  0.03 1.17 0.03 0.16

Total carbon:nitrogen

A. uva-ursi 42.11 0.75 4489 094 0.14
J. communis 34.05 1.40 38.15 1.09 0.01
R. woodsii 26.49 2.06 3243 319 0.04
Peltigera lichen 10.30 0.18 10.39 0.19 0.76
P. engelmannii 3491 1.05 3732 151 0.02
P. menziesii 40.60 0.66 40.51 026 0.87
P. flexilis 41.25 1.13 4349 095 0.18
Polyphenols (% dry mass)

A. uva-ursi 2271 1.12 2159 0.80 0.44
J. communis 8.60 0.39 9.63 0.24 <0.01
R. woodsii 16.06 0.72 19.49 0.64 <0.01
P. engelmannii 7.56 0.17 7.80 032 063
P. menziesii 6.28 0.21 6.19 0.19 085
P. flexilis 7.03 0.58 794 031 0.14

Stand density was also significantly related to relationships
between foliar compounds, which are often used as indices
of ecosystem processes such as decomposition (Tab. III and
Fig. 4; Aber and Melillo, 1980). Foliar C:N ratios were sig-
nificantly correlated to foliar phenolic content in J. commu-
nis (Pearson’s correlation, r = 0.54, p = 0.01), P. flexilis
(r = 0.74, p < 0.01), and R. woodsii (r = 0.85, p < 0.01),
but not in A. uva-ursi, P. engelmannii, or P. menzeisii. As with
the other ecosystem variables measured, basal area of over-
story trees best predicted the ratio of total phenolics to foliar
N. Basal area was significantly and negatively related to total
foliar phenolics: N in three of six species surveyed, including
R. woodsii, J. communis, and P. flexilis (Fig. 4).

3.3. Soil properties and processes

Despite clear changes in vegetation structure and chem-
istry, stand density had only subtle effects on soil properties
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Figure 1. Location of experimental plots at the Catamount Center for Geography of the Southern Rockies (CCGSR) in southern Colorado,
USA. Paired experimental plots are labeled 1-5, ¢ (control; reference plot) and t (thinned; low-density plot). Pairs were chosen to be similar
with respect slope, aspect, elevation, stand density, and species composition (similar representation of dominant tree species in the overstory).

or processes related to N cycling (Tabs. III and IV). We found
no significant effects of former management on organic mat-
ter, total soil carbon and nitrogen, gravimetric moisture, ni-
trate concentrations, or net nitrogen mineralization in the top
15 cm of soil. Similarly, none of these metrics were signifi-
cantly correlated with any measure of forest structure (basal
area, stem density, or canopy cover). Although not significant
at p < 0.05, pools of soil extractable ammonium (paired t-test
by treatment, p = 0.07) and rates of net nitrification (paired
t-test by treatment, p = 0.07) were always higher in reference
compared to low-density plots in summer. Gravimetric soil
moisture (Pearson’s correlation, r = 0.47, p = 0.04) and am-
monium concentrations (Pearson’s correlation, r = 0.53; p =
0.02) were significantly and positively correlated to organic
matter content in the top 15 cm of soil, but soil organic matter
was not related to forest density or percent vegetated ground
cover. Pools of ammonium were significantly larger than ni-
trate (the latter near or below the detection limit), in all plots
in both seasons (paired t-test by season; p < 0.03; Tab. IV).
Although July soils were wetter than those in November in
both low-density (paired t-test by season; p = 0.02) and refer-
ence plots (paired t-test by season; p = < 0.001), season had

Table IV. Soil nitrogen cycling in paired experimental plots in July,
2003 (summer) and November 2003 (winter).

Reference
Month Mean SE

Low-density
Mean SE p

Variable

July 2531 130 20.02 3.18 0.21
Nov 1210 1.60  10.70 1.54 0.51
Exchangeable NH July 9.09 148 6.43 0.86 0.07

Soil moisture (%)

(ngNgh Nov 8.02 144 6.79 1.11 0.28
Exchangeable NO3 July 0.11 0.11 0.04 0.04 06!
(ugNg™h Nov  0.01 0.01 0.02 0.02 075

Net N mineralization July  0.19 0.09 0.24 0.11 0.35
(ug N g'd™h) Nov -0.06 0.03 0.00 0.03 022
Net nitrification July 0.07 0.05 0.02 0.02 0.10
(ugNg'ltdh Nov  0.00 0.00 0.00 0.00 0.36

NH; = ammonium ion; NO;3 = nitrate ion.

no significant effect on inorganic N pools or net N transforma-
tions in either treatment.
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Figure 2. Linear relationships between density of stems (# stems > 2.5 cm dbh/ha) and percent cover of understory vegetation and litter in the
10 experimental plots at the CCGSR. Low-density and reference plots are represented as open (white) and closed (black) circles, respectively.
Statistics are from linear regression analyses (stem density X % cover of patch type). CWD = coarse wood debris.

4. DISCUSSION

After nearly two decades of regrowth, legacies of former
management remain in the structure and chemical composition
of the mixed-coniferous, subalpine forest community. Stand
density of the overstory was significantly correlated with cover
of understory species, leading to increased cover of herba-
ceous plants and woody shrubs in thinned plots, especially
J. communis, a common shrub in Rocky Mountain forests.
Changes in plant community structure have also had lasting
implications for foliar chemistry.

Because light is often limiting to the growth of understory
plant communities in dense, subalpine forests (Lajzerowicz
et al., 2004), a decrease in canopy cover due to harvest often
stimulates production in the seedling bank, shrubs, and herba-
ceous species (Lindgren et al., 2006). Furthermore, increased
light availability at the soil surface may increase temperatures

in the short term, stimulating heterotrophic microbial commu-
nities responsible for decomposition and increasing N avail-
ability for understory plants during the time when competition
is limited (Titus et al., 2006). Ecosystem simulation models
suggest that growth of remaining trees is increased follow-
ing thinning due to increased stem/leaf ratios and allocation to
aboveground vs. belowground biomass (Petritsch et al., 2007).
Thus, while high productivity ecosystems can reach canopy
closure within years of gap formation (Denslow et al., 1998),
it is likely that slow growth rates in these high elevation forests
allow canopy gaps to persist in formerly managed stands, thus
maintaining higher coverage of understory vegetation.
Although some studies have found that thinning increased
the density of young trees in the understory (Zenner et al.,
1998), we found no impact of stand density on abundance
or composition of saplings/suckers of overstory trees, includ-
ing the early successional and highly valued species, quaking

102p7



Ann. For. Sci. 67 (2010) 102

Total phenolics (% of dry weight)

Picea engelmannii

Pinus flexilis

S.J. Hall and P.J. Marchand

Pseudotsuga menziesii

10 87
L ] 71 ®
J o © e oy
8 P .‘ ° 61 .. .. L ]
61 5]
41
47 41 31
21 £=035 2] 2=040 2] g 008
p=0.07 p =0.05 1] p=0.64
0 T T T T O T T T v 07 T T T T )
0 10 20 30 40 50 0O 10 20 30 40 50 0 10 20 30 40 50
Arctostaphylos uva-ursi
307
4 ®
25 K s 2
e®
207 e o
15]
107
5 r?=0.06
p=0.51
0°r T T T T T 0°r T T T T 1 0°r T T T T 1
0O 10 20 30 40 50 O 10 20 30 40 5 0 10 20 30 40 50

Basal area of overstory trees (m? / ha)

Figure 3. Linear relationship between stand density (basal area of overstory trees, m?/ha) and foliar phenolic content (% dry weight) of six
plant species common to all plots. Statistics are from linear regression analyses (basal area X total phenolic content) by species.

Foliar Phenolics / N ratio

Picea engelmannii

Pinus flexilis

Pseudotsuga menziesii

0 -
8 1 8 8 1
.
o '003" o o LI Y I
4 1 Log Phenolic/N 4 4 1
|1 r”=017 =045 | ©”=001
= p=024 2 p=0.03 2 p=0.84
0 T T T T 0 T T T T v 0 T T T T d
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Juniperus communis Rosa woodsii Arctostaphylos uva-ursi
0 7 25 7 25 1
20 * e
8 20 1 e o °
6 15 1 15 L T
10 1 . 2
41 Log Phenolic/N 10 1
2 - r2=0.68 5 4 r?=0.55 5 r?=0.00
p<0.01 p=0.02 p=0.96
0 . : : 0 : : . . 0 . : . !
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Basal area of overstory trees (m2/ ha)

Figure 4. Linear relationship between stand density (basal area of overstory trees, m?/ha) and total foliar phenolic (% dry weight) / N (%) ratio
of six plant species common to all plots. Statistics are from linear regression analyses (basal area X phenolic/N content) by species. Y-axis
transformed for linear regressions where noted.

102p8



Effects of stand density on ecological structure in subalpine forest ecosystems

aspen (P. tremuloides). Recent surveys have shown a marked
decline in aspen communities across the United States, includ-
ing 50-95% loss of stands on the Colorado Plateau and 30%
decline since the 1930s in Wisconsin and Michigan (Bartos,
2000). Because aspen are adapted to disturbance, dense, fire-
suppressed coniferous forests combined with heavy ungu-
late browsing have been thought to be responsible for these
changes (Colorado Division of Forestry, 2005; Hessl, 2002).
Recently, however, research suggests that large scale declines
in aspen populations are also highly associated with drought
and natural successional processes (Colorado Forest Restora-
tion Institute, 2006; Hogg et al., 2005). Consequently, forest
managers have sought to encourage aspen growth through tim-
ber harvest combined with ungulate control via hunting and
predator reintroduction (Ripple and Beschta, 2007). A sizeable
population of elk and mule deer occupy the CCGSR and thus
may be responsible for insignificant growth responses to for-
est density in the aspen sapling community (Carpenter et al.,
1998).

While stem density affected plant communities of the
CCGSR, it also had consequences for foliar chemistry. We ex-
pected that a reduction in overstory density would increase nu-
tritional quality of foliage as competition is alleviated (Wang
et al., 2000). However, thinning significantly reduced foliar ni-
trogen content and increased C:N ratios in several overstory
and understory species, possibly due to increases in foliar
phenolic concentration. Phenolics play diverse roles in plant
physiology, as deterrents to herbivory, protection from uv ra-
diation or cold-induced photoinhibition, and signaling com-
pounds, among others (Lindroth and Hwang, 1996; Moore
et al.,, 2004; Weinig et al., 2004). Phenolic compounds can
be induced by leaf damage in some species, but they are also
controlled by nutrient limitation and physiological tradeoffs
between growth, defense, and other factors such as differentia-
tion and reproduction (Jones and Hartley, 1999; Stamp, 2003).
Although we did not measure herbivory in our study, prelim-
inary results from a pilot study in our sites suggest that abun-
dance of Lepidoptera is not different between low-density and
reference plots (S. Johnson, unpublished data). Furthermore,
soil inorganic N concentrations were not related to foliar phe-
nolic content in any of the species surveyed. Although evi-
dence from managed forest ecosystems is limited, foliar phe-
nolics have been shown to be responsive to environmental
factors associated with changes in forest structure, including
herbivory and light availability (Chacon and Armesto, 2006;
Covelo and Gallardo, 2001; Forkner and Marquis, 2004; Osier
and Lindroth, 2006). Increased light availability could lead to
production of uv-protective phenolics, particularly when plant
growth is limited by nutrients or cold temperatures (Moore
et al., 2004). Thus, it is possible that reduction of stand density
in this high elevation ecosystem led to phenolic biosynthesis
from excess photosynthate relative to growth, leading to possi-
ble benefits against uv radiation, frost damage, and herbivory
in several of the subalpine plant species found in our study.

Although variability in types of compounds and their possi-
ble fates confounds evidence in the literature, high concentra-
tions of phenolics relative to N in plant litter have been shown
to decrease rates of decomposition in soils, thus restricting nu-
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trient availability to plants and slowing ecosystem nutrient cy-
cling in a positive feedback cycle (Aerts and deCaluwe, 1997;
Lorena et al., 2005; Northup et al., 1998). In the subalpine
forests studied here, the ratio of total foliar phenolics:N in
fresh leaves was significantly and negatively related to over-
story density in three of the six species surveyed, P. flexilis, J.
communis, and R. woodsii. If the pattern in leaves holds also
for litter, reduction in stand density may decrease litter quality,
particularly if the foliar phenolic pool is composed of high
molecular weight compounds that remain through senescence
and resist solubility (Hattenschwiler and Vitousek, 2000).

However, despite changes in foliar chemistry, we did not
find strong evidence to suggest that rates of decomposition
or nutrient cycling are operating more slowly in low-density
compared to reference plots in this forest. Although statistical
power was limited by relatively low sample size combined
with inherent heterogeneity in soil processes, soil N con-
centrations or net rates of N mineralization during July and
November were not significantly related to any measure of for-
est density. If reduction in stand density negatively affects litter
quality of prominent overstory and understory species, other
factors may be operating to counteract this effect such that de-
composition rates remain similar to reference stands. Changes
in species composition with selective harvest could feed back
to speed decomposition depending on litter quality and quality
of remaining vegetation (Forkner and Marquis, 2004; Grady
and Hart, 2006). Low-density plots contained fewer individu-
als of P. engelmanii and P. menzeisii than reference plots, but
the fraction of each overstory species compared to all over-
story trees remained similar, suggesting that the composition
of the litter pool (by species) is also similar between refer-
ence and low-density plots. Low-density stands also supported
higher percent ground cover of herbaceous vegetation com-
pared to reference plots, which could speed decomposition
in this coniferous forest, although the relatively low produc-
tion of herbaceous biomass may lead to insignificant impacts
on nutrient cycling (average 19% ground cover of herbaceous
vegetation in low-density plots). Alternatively, duration of
snow cover has not been explored at the CCGSR, but thin-
ning has been shown to cause earlier snowmelt in other high-
elevation ecosystems (Winkler et al., 2005). Canopy open-
ness in low-density plots may increase soil temperatures, thus
speeding decomposition of high phenolic litter, particularly if
decreasing stand density leads to earlier snowmelt or warmer
microclimates between November and April when maximum
air temperatures are below 10 °C.

5. CONCLUSION

Mixed coniferous, subalpine forest communities in the
Rocky Mountains are historically dense and have experienced
infrequent, high-severity fire. However, many subalpine stands
are thinned for a number of perceived benefits, including fuel
and host reduction for the prevention of wildfire and insect
outbreaks. While the ecological outcomes of management are
relatively well studied in lower-elevation forests with a his-
tory of fire suppression, less is known about the importance
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of stand density on ecological properties of high elevation
coniferous forest communities. Nearly two decades after man-
agement, stand density significantly influenced the structure
and chemistry of subalpine forests in Colorado. Slow growth
rates in high-elevation forests may delay canopy closure af-
ter forest management, thus leading to long-term alterations
in factors associated with canopy openness, including changes
in plant community composition and foliar nutrient content.
However, overstory density had few effects on ecosystem nu-
trient cycling, possibly due to counteractive effects on micro-
climate that enhance decomposition of low quality litter. This
retrospective study did not address impacts of current forest
management practices; however our data suggest that reduc-
tions in overstory density in high-elevation ecosystems may
alter long-term ecosystem structure.
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