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Abstract Outbreaks of Dendroctonus beetles are causing

extensive mortality in conifer forests throughout North

America. However, nitrogen (N) cycling impacts among

forest types are not well known. We quantified beetle-

induced changes in forest structure, soil temperature, and N

cycling in Douglas-fir (Pseudotsuga menziesii) forests of

Greater Yellowstone (WY, USA), and compared them to

published lodgepole pine (Pinus contorta var. latifolia)

data. Five undisturbed stands were compared to five beetle-

killed stands (4–5 years post-outbreak). We hypothesized

greater N cycling responses in Douglas-fir due to higher

overall N stocks. Undisturbed Douglas-fir stands had

greater litter N pools, soil N, and net N mineralization than

lodgepole pine. Several responses to disturbance were

similar between forest types, including a pulse of N-enri-

ched litter, doubling of soil N availability, 30–50 %

increase in understory cover, and 20 % increase in foliar N

concentration of unattacked trees. However, the response

of some ecosystem properties notably varied by host forest

type. Soil temperature was unaffected in Douglas-fir, but

lowered in lodgepole pine. Fresh foliar %N was uncorre-

lated with net N mineralization in Douglas-fir, but posi-

tively correlated in lodgepole pine. Though soil ammonium

and nitrate, net N mineralization, and net nitrification all

doubled, they remained low in both forest types (\6 lg

N g soil-1 NH4
?or NO3

-; \25 lg N g soil-1 year-1 net

N mineralization; \8 lg N g soil-1 year-1 net nitrifica-

tion). Results suggest that beetle disturbance affected litter

and soil N cycling similarly in each forest type, despite

substantial differences in pre-disturbance biogeochemistry.

In contrast, soil temperature and soil N–foliar N linkages

differed between host forest types. This result suggests that

disturbance type may be a better predictor of litter and soil

N responses than forest type due to similar disturbance

mechanisms and disturbance legacies across both host–

beetle systems.

Keywords Pseudotsuga menziesii � Pinus contorta var.

latifolia � Disturbance ecology � Greater Yellowstone

Ecosystem � Biogeochemistry � Rocky Mountains

Introduction

Insect outbreaks are a common and widespread disturbance

type, and can be strong drivers of change in forest eco-

systems (Haack and Byler 1993). Insect-induced mortality

alters ecosystem structure by redistributing biomass among

ecosystem pools, often via the selective mortality of mature

canopy trees. In turn, vegetation-driven aspects of eco-

system function such as primary production and elemental

cycling may be affected from local to regional scales

(Schowalter 1981). Widespread outbreaks of native

Dendroctonus bark beetles are occurring within multiple

conifer forest types of western North America, yet the

consequences of this disturbance type for many ecosystem

functions are not well known. Furthermore, the pre-out-

break condition and biogeochemical characteristics of

infested stands can vary substantially among forests dom-

inated by different host tree species (Thomas and Prescott

2000; Giardina et al. 2001; Lovett et al. 2004). In turn,
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ecosystems organized around such foundation species, i.e.,

species with specific traits that control ecosystem dynamics

(sensu Ellison et al. 2005), could have unique responses to

similar bark beetle disturbance (Lovett et al. 2006). This

variation may arise from specific biogeochemical proper-

ties of the host (e.g., nutrient uptake rates; nutrient allo-

cation among tissues), host landscape position (e.g.,

elevation, slope, soil type), or post-disturbance succes-

sional trajectory (Schowalter 1981).

Extensive outbreaks of the Douglas-fir beetle (DFB;

Dendroctonus pseudotsugae Hopkins) and mountain pine

beetle (MPB; Dendroctonus ponderosae Hopkins) have

affected Douglas-fir [Pseudotsuga menziesii (Mirb.)

Franco], and lodgepole pine (Pinus contorta Dougl.) for-

ests of Greater Yellowstone (Wyoming, USA) since 2003.

At epidemic population levels, these closely related

Dendroctonus species utilize pheromone-mediated mass

attack strategies to overcome host trees (Raffa and Berry-

man 1987) and produce similar patterns of tree mortality,

litterfall, and canopy decay across host forest types. Both

beetle species tend to attack large canopy-dominant trees.

Stand-level mortality rates frequently exceed 50 % (Neg-

ron 1998; Safranyik and Wilson 2006), leaving post-out-

break stands with decreased live stem density and mean

stem diameter (McMillin and Allen 2003; Shore et al.

2006). Foliage of beetle-killed trees of both species turns

red in the year following successful attack (red stage), and

is shed to the forest floor within 2 or 3 years (gray stage)

(Negron 1998; McMillin and Allen 2003). Canopy opening

and subsequent inputs of needle litter to the forest floor

induced by bark beetles may influence soil temperature

(Griffin et al. 2011) by increasing soil insulation (Byers

1984), incident radiation (Hais and Kucera 2008), and air

flow through the stand (Boon 2009). These changes in soil

temperature and litter cover may in turn have an influence

on soil N cycling (Remsburg and Turner 2006).

Despite the similar mortality, litterfall, and structural

changes induced by both the MPB and DFB in their

respective host forest types, subsequent effects on nitrogen

(N) cycling may differ. Although lodgepole pine litter has a

slightly higher N content than Douglas-fir, the concentra-

tion of lignin in lodgepole pine litter is twice that of

Douglas-fir, resulting in a greater lignin:N ratio (Thomas

and Prescott 2000). The lignin:N ratio is a strong control on

litter decomposition (Scott and Binkley 1997) and sub-

sequent return of N to the soil profile (Prescott 2005).

Higher decay constant (k) values of Douglas-fir litter rel-

ative to lodgepole pine support this relationship (Keane

2008). Thus, in undisturbed systems N may be retained in

the litter layer longer in lodgepole pine forests than in

Douglas-fir. Insect-induced changes in needle senescence

and nutrient content are known to influence litter decom-

position rates in conifers (Koukol et al. 2008; Przybyl et al.

2008). Bark beetle disturbance has been shown to increase

fresh needle litter N concentration in both ponderosa pine

(Pinus ponderosae Laws.) and lodgepole pine (Morehouse

et al. 2008; Griffin et al. 2011), potentially increasing the

rate of litter decomposition. Changing concentrations of

other elements in foliage such as Mn could also influence

future decay rates of litter (Berg et al. 2007). Furthermore,

in undisturbed forests, Douglas-fir generally has greater

amounts of soil inorganic N and greater rates of net N

mineralization relative to lodgepole pine (Thomas and

Prescott 2000). Greater baseline soil N stocks are corre-

lated with accelerated N cycling between soil, foliage, and

litter N pools (Prescott et al. 2000), and may increase the

potential for nutrient loss following disturbance. Labora-

tory studies show uptake rates of inorganic N in Douglas-fir

roots are 73 % greater for NO3
- and 35 % greater for

NH4
? than in lodgepole pine (Hawkins et al. 2008). These

differences suggest that declines in stand-level nutrient

uptake following bark beetle outbreaks may be greater in

Douglas-fir forests relative to lodgepole pine, leading to

greater accumulation of inorganic N in soils. Differences in

N uptake rates may also contribute to variable responses of

foliar N content in unattacked or surviving trees following

disturbance.

In this study, we address two overarching questions:

(1) How does DFB disturbance alter forest structure, soil

temperature, and N cycling through litter, soils, and

vegetation in Douglas-fir forests? And (2) are the patterns

of change observed in beetle-disturbed Douglas-fir forests

similar to those in mountain pine beetle-disturbed lodge-

pole pine forests? Forest structure, soil temperature, litter

nitrogen pools, soil N, net N mineralization, net nitrifi-

cation, and foliar N pools were measured in both undis-

turbed and gray stage (4–5 years after peak outbreak)

beetle-killed forests. Hypothesized bark beetle effects and

suggested mechanisms are summarized in Table 1. We

expected beetle disturbance to decrease live canopy bio-

mass and initiate a pulse of litter to the forest floor that is

enriched in N relative to typical senesced litter. Insulation

by litter and shading by the growth of understory vege-

tation was expected to lower soil temperatures, while soil

N cycling rates and amounts of inorganic soil N were

predicted to increase resulting in increased foliar %N of

surviving unattacked trees. When comparing forest types,

we expected the absolute magnitude of increases in soil

inorganic N, net N mineralization, and net nitrification to

be larger in Douglas-fir. However, proportional increases

were predicted to be larger in lodgepole pine and there-

fore potentially have a greater impact on plant available

N. Foliar N response to changing soil N availability could

also vary among forest type, with the more N-poor

lodgepole pine forests showing larger increases in

foliar N.
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Materials and methods

Douglas-fir study area and sampling design

Douglas-fir study sites were located in the Greater

Yellowstone Ecosystem of northwestern Wyoming, USA,

within Grand Teton National Park and Bridger-Teton

National Forest in the Moran Junction/Buffalo River Val-

ley Region. July temperatures average 14.9 �C, January

temperatures average -11.2 �C, with 595 mm of annual

precipitation occurring mostly as snow (WRCC 2010). The

most recent outbreak of DFB in this area began in the early

2000s, though the region has experienced widespread

outbreak of multiple bark beetle species in recent years

including the mountain pine beetle in lodgepole pine and

whitebark pine (Pinus albicaulis Engelmann), and the

spruce beetle (Dendroctonus rufipennis Kirby) in Engel-

mann spruce (Picea engelmannii Parry) (USFS 2006a, b).

In 2008, we sampled ten spatially independent ([2 km

apart) Douglas-fir stands (five undisturbed, and five which

had peak bark beetle attack in 2003–2004 and which were

in the gray stage at the time of sampling). DFB-disturbed

stands were initially identified using aerial surveys of

insect damage (USFS 2006a, b), with subsequent field

inspection. Within each stand, an 8-m radius (201-m2) plot

was installed with GPS location, elevation, and slope

recorded at the plot center.

Undisturbed and beetle-killed Douglas-fir sites were

selected from a suite of possible study sites primarily for

similarity in stand structure (pre-disturbance), composition,

soils, slope, and aspect, and then secondarily for similarity

in elevation since accounting for this experimental control

variable was limited by the spatial distribution of insect

activity. However, small differences in elevation (\150 m)

among sites with the same aspect are likely to have much

less influence on soil N transformations and soil tempera-

tures than large differences in aspect would have for sites at

the same elevation. Due to the timing of both the Douglas-

fir beetle outbreak and our sampling, we did not have the

opportunity to establish sites in the earlier red stage

(1–2 years after outbreak), where trees are dead but needles

remain mostly in the canopy. In other beetle-killed forest

types, impacts on N and C cycling have been shown to

occur during this earlier red stage (Huber 2005; Morehouse

et al. 2008; Tahovska et al. 2010; Griffin et al. 2011), but

were not able to be evaluated in this study of Douglas-fir.

Vegetation

All live and dead trees greater than breast height (1.4 m)

were identified to species and measured for diameter at

breast height (DBH). Beetle-killed trees were identified by

the presence of exit holes on the bark exterior and distinctive

Dendroctonus galleries underneath the bark. For the beetle-

disturbed sites, pre-outbreak basal area was calculated by

summing the basal area of live and beetle-killed trees.

Mortality rates in disturbed plots were as high as 100 % of

canopy trees, and survivors were mostly smaller sub-canopy

trees contributing little basal area. Thus, the post-disturbance

basal area increment of surviving trees was not considered in

calculating the pre-disturbance basal area of beetle-killed

stands. Canopy biomass was determined for each tree using

allometrics developed for Rocky Mountain conifers (Brown

1978) and summed by plot. Ground cover was visually

estimated to the nearest 10 % by plant functional groups

(forbs, sedges, grasses, shrubs, and tree seedlings) in ten

0.25-m2 circular microplots; total cover was allowed to

exceed 100 % to account for multiple strata of ground veg-

etation. The microplots were located within the inner 5-m

plot radius using a stratified random design of fixed distances

Table 1 Hypothesized impacts of bark beetle disturbance in Douglas-fir (Pseudotsuga menziesii) and lodgepole pine (Pinus contorta)

ecosystems

Ecosystem

component

Hypothesized bark beetle effects in

Douglas-fir forests

Hypothesized differences in beetle effects in

Douglas-fir compared to lodgepole pine forests

Soil temperature Decreased soil temperature

• Insulating litter input

• Shading by understory growth

Similar effects; cooler soil temperatures in beetle-killed forests

of both species

Understory cover Increased cover

• Canopy opening

• Increased light, H2O, nutrients

Increased understory cover in beetle-killed forests of both

types, with more cover overall in Douglas-fir

Litter Increased litter mass, depth, and %N of

fresh needle litter

Greater increases in litter %N and N pool size in Douglas-fir;

greater litter N in Douglas-fir overall

Soils Increased NH4
?, NO3

-
, net N

mineralization, and net nitrification

Larger increases in pool size and flux rate in Douglas-fir;

greater soil N in Douglas-fir overall

Canopy of

unattacked trees

Increased %N in canopy foliage.

Sharp decline in N pool size

Similar effects; increased %N in canopy foliage and decreased

N pool size in beetle-killed stands of both species
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(one at 0.5 m; two at 1.5, 2.5, and 3.5 m; and three at 4.5 m)

and random bearings (in 10� increments) from the plot

center, and averaged by plot.

Soil temperature

To evaluate variation in growing-season soil temperature,

hourly measurements were made in three of the five plots

within each disturbance class from July 4 to August 31,

2008, using three pairs of iButton datalogger probes

(Maxim Integrated Products/Dallas Semiconductor, Sun-

nyvale, CA, USA) per plot. One iButton of each pair was

installed at the bottom of the litter layer (Oi), and the

second was installed 10 cm below the Oi layer. For each

soil depth, temperature probe data were summarized as

follows. First, plot-level hourly temperatures were deter-

mined by averaging data from the three probes per plot.

Plot-level daily mean temperatures, ranges, maxima, and

minima were then calculated from the hourly data, and

averaged to determine disturbance class-level daily means.

Plot-level growing season values were obtained by aver-

aging daily values across the sampling period, and distur-

bance class-level growing season means were then

calculated from these plot-level data.

Litter quantity and quality

In each 0.25-m2 microplot, litter depth (Oi) was recorded at

three locations and a 400-cm2 sample of the litter layer (Oi)

was collected and oven-dried at 60 �C. Plot-level litter

depth and mass (Oi) were obtained by averaging values

from the ten microplots. Litter (Oi) from each microplot

was sorted into three categories: fresh current-year needle

litter, identified by bright red color and lack of mottling on

surface (Morehouse et al. 2008); all-needle litter (all ages

of needles within the Oi horizon combined); and total litter

(all foliar litter components and woody litter components

\1.0 cm wide within the Oi). Sorted litter was composited

by plot for each category and ground to powder for C:N

analysis (Leco CNS-2000 at the University of Wisconsin

Soil and Plant Analysis Laboratory; UWSPAL 2010).

Soil chemistry, soil N, N mineralization,

and nitrification

One soil core was collected from each 0.25-m2 microplot

(n = 10 per plot) using a 5-cm-diameter 9 15-cm-long

PVC corer. Soils were not sub-sampled by horizon, and all

soil analyses were performed on composite samples (Oe,

A, and upper B horizons combined). Soils were processed

on the day of collection, and stored under refrigeration

until processing. Soils were sieved (2 mm), weighed, and

divided into three subsamples: 30 g oven-dried at 60 �C for

gravimetric percent moisture; 20 g extracted in 75 ml of

2 M KCl for 2 h, with the extract then filtered (0.45 lm)

and frozen for later analysis of NH4
? and NO3

-; and 20 g

air-dried and bulked by plot for soil texture and chemi-

cal analyses. Air-dried soil was analyzed for pH (water

extract with Sikora buffer; Sikora 2006), total N (Kjeldahl

digestion; Bremmer 1965), exchangeable Ca, Mg, and K

(NH4OAc extraction; Thomas 1982), available P (Bray P1

extract; Bray and Kurtz 1945), and organic matter (LOI

360 �C; Schulte and Hopkins 1996) at the University of

Wisconsin Soil and Plant Analysis Laboratory (UWSPAL

2010). Soil organic N was determined by difference using

total N and inorganic N values.

Net N mineralization and net nitrification were measured

using ion-exchange resin cores (Binkley et al. 1992), with

one core incubated in situ for approximately 1 year (July

2008–June 2009) in each 0.25-m2 microplot. Incubated cores

consisted of a 5-cm-diameter 9 15-cm-long PVC tube of

soil with an ion-exchange resin bag placed at the bottom. The

litter layer (Oi) was brushed aside, and cores were installed

through the Oe, A, and upper B soil horizons, with the Oi then

replaced over the core. Resin bags in the base of each core

were constructed using 20 g of ion exchange resin (IONAC

NM-60 mixed bed exchange resin, strong acid/strong base;

sulfonated alkyl quaternary ammonium polystyrene; J.T.

Baker #JT4631-1) tied inside a piece of un-dyed nylon

stocking material. Upon retrieval in summer 2009, core soils

were sieved (2 mm) and core soils and resin bags were

extracted separately in 2 M KCl in the same manner as the

2008 initial soil samples described above. All KCl extrac-

tions were analyzed for NH4
?-N and NO3

--N using colori-

metric methods on an Astoria Pacific II segmented flow

autoanalyzer. For each microplot, mineralization and net

nitrification rates were calculated as:

Rate ¼ ½ final soil Nþ resin bag Nð Þ
� initial soil N�=incubation time

and expressed in units of lg N g dry core soil-1 year-1. The

efficiency of resin extraction was not evaluated. Values were

then averaged by plot. Atmospheric N inputs in the region are

low (*1 kg N ha-1 year-1; http://www.epa.gov/castnet/

charts/YEL408totn.png) and were not factored into the soil

N calculations.

Foliar chemistry

In each plot, pole pruners were used to collect canopy

foliage from three live trees unattacked by bark beetles.

Two fully sunlit branches (0.5 m long) were clipped from

each tree and separated into two subsamples: current-year

foliage (from one branch per tree), and all-years foliage

(from the second branch per tree). Foliar samples were

oven-dried at 60 �C and ground to powder for chemical
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analyses. C and N analysis for both current-year fresh

foliage and all-year composite foliage was performed on a

Leco CNS-2000 analyzer. In current year fresh foliage, P,

K, Ca, Mg, S, Zn, B, Mn, Fe, Cu, Al, and Na were deter-

mined by ICP-OES (Thermo Jarrell Ash IRIS Advantage

Inductively Coupled Plasma Optical Emission Spectrome-

try) and ICPMS (VG Plasma Quad PQ2 Turbo Plus

Inductively Coupled Plasma Mass Spectrometry) (UW-

SPAL 2010). Tree-level canopy data (n = 3 per sample

type per plot) were averaged to obtain plot-level data. To

compute canopy N pool sizes, the mean foliar N concen-

tration for each plot was multiplied by biomass values

derived from the allometrics cited above.

Lodgepole pine sampling

Lodgepole pine study area, site characteristics, and all

lodgepole pine data used for our comparisons of forest type

are reported in Griffin et al. (2011), with the exception of

non-N foliar chemistry data which is first reported here for

both forest types. Vegetation, litter, and soil sampling

methods in mountain pine beetle-disturbed lodgepole pine

forests were identical to those described here for Douglas-

fir beetle-disturbed forests. No stands of either species had

any evidence of fire scarring on trees, or other more recent

disturbance including windthrow or older beetle outbreaks.

In brief, lodgepole pine sites were located within Yellow-

stone National Park and Bridger-Teton National Forest of

northwestern Wyoning, USA. Undisturbed and gray sites

were 2,400 ± 17 and 2,476 ± 48 m in elevation, respec-

tively (mean ± 2SE; n = 5). Lodgepole pine study sites

were approximately 200 m higher in elevation than

Douglas-fir sites, in accordance with the stratified distri-

bution of forest types in this region.

Statistical analyses

All statistical analyses were performed in SAS (SAS

Institute 2003), and unless otherwise noted all reported

variance values are ±2SE. All variables were checked for

normality and transformed if necessary to satisfy the

assumptions of statistical methods. A sample size of n = 5

per disturbance class was used for all analyses of Douglas-

fir forests except those using soil temperature data, where

n = 3 as only three of five plots per disturbance class were

instrumented. For all analyses comparing forest types,

n = 10.

ANOVA models were used to test for differences

between both undisturbed and beetle-killed Douglas-fir

forests, as well as undisturbed Douglas-fir and undisturbed

lodgepole pine, in basal areas, site characteristics (slope,

elevation, aspect, and soil chemistry), understory cover,

soil temperatures, litter quantity and quality, soil N, foliar

N concentrations, and foliar N pools. We also used

ANCOVA models to account for potential covariate effects

of soil pH, bulk density, and C:N ratio in addition to dis-

turbance class when testing for differences in net miner-

alization and net nitrification rates in Douglas-fir sites,

though no significant effects were found. Relationships

between soil N availability and fresh foliar N concentra-

tions were explored using Pearson correlation and linear

regression. Linear regression was also used to test whether

abiotic changes in soil temperature or biotic changes in

litter N were more closely related to changes in soil N

cycling. To test whether litter N, soil N, and foliar chem-

istry of lodgepole pine and Douglas-fir forests responded

differently to bark beetle disturbance, we used general

linear models of the form: y = species ? disturbance class ?

species 9 disturbance class. A significant (P B 0.05)

interaction term in these analyses indicates differing

response to beetle disturbance by forest type.

Results

Douglas-fir forests

Site characteristics, stand structure, and soil temperature

Undisturbed and beetle-killed Douglas-fir stands occupied

similar landscape positions, with no differences in either

slope or aspect between disturbance classes (Table 2).

However, due to the spatial distribution of the Douglas-fir

beetle outbreak, beetle-killed sites were on average 140 m

higher in elevation than undisturbed (Table 2). Soil horizon

depth (Oe ? A) was similar between disturbance classes,

as were soil organic matter, Ca, Mg, K, P, and pH

(Table 2). Douglas-fir basal area comprised 97 % of total

stand basal area among all sites and did not differ between

undisturbed and beetle-killed sites (Table 2). Live Doug-

las-fir basal area averaged 98 % of the total Douglas-fir

basal area in the undisturbed class and 7 % in beetle-killed

stands (Table 2). In beetle-killed stands, Douglas-fir mor-

tality averaged 93 % of stem density, with an estimated

concurrent decline in live canopy biomass averaging

15,796 ± 1,704 kg ha-1 (Table 2). Total cover of under-

story vegetation was greater in beetle-killed compared to

undisturbed stands (103 vs. 79 %, respectively), driven by

greater forb (36 vs. 19 %) and grass (49 vs. 18 %) cover

(Fig. 1). Growing season soil temperatures were not sig-

nificantly different between Douglas-fir disturbance classes

at either soil depth (Table 2). Mean daily temperature

ranges, minimums, and maximums were also consistent

between disturbance classes at both depths (Table 2).
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Litter quantity and quality

Litter quantity did not differ between undisturbed and beetle-

killed Douglas-fir stands; litter depth averaged 3.2 ±

0.4 cm, and total litter mass averaged 1,842 ± 247 g m-2

(Table 2). However, litter quality did differ between dis-

turbance classes. The N concentration in needle litter of all

ages increased by 55 % in beetle-killed stands, and total litter

layer N concentration increased by 25 % (Table 3). Current-

year needle litter N concentrations were 0.70 and 0.79 % in

undisturbed and gray stands, respectively, but this difference

was not significant (Table 3). Increases in litter %N resulted

in significant concurrent declines in litter C:N ratio in all

three litter categories. However, differences in total litter N

pool size (product of total litter mass and total litter %N)

were not significant (Table 3), as litter mass varied consid-

erably among sites.

Soil N, N mineralization, and nitrification

Soil inorganic N and soil N transformation rates differed

between undisturbed and beetle-killed Douglas-fir stands

(Table 3). Extractable ammonium in beetle-disturbed

stands was twice that of undisturbed stands (0.47 ± 0.07 vs.

0.24 ± 0.08 g N m-2; see Table 3 for units in lg N g

soil-1), extractable nitrate was almost four times greater

Table 2 Site characteristics in

undisturbed and bark beetle-

killed Douglas-fir forests

n = 5 per disturbance class.

Significant (a\ 0.05) ANOVA

P values are shown in bold

Site characteristic Douglas-fir disturbance class ANOVA P

Undisturbed Beetle-killed

Topography

Elevation (m) 2,186 ± 38 2,325 ± 107 0.0400

Aspect (SW index) 0.367 ± 0.691 -0.085 ± 0.566 0.9201

Slope 26 ± 12 22 ± 11 0.6282

Canopy vegetation

Basal area (m2 ha-1)

Total 62.7 ± 9.9 75.3 ± 12.2 0.1468

Douglas-fir 58.7 ± 12.6 75.1 ± 12.1 0.0973

Live Douglas-fir 57.6 ± 13.2 5.2 ± 2.9 0.0001

Dead Douglas-fir 1.1 ± 1.2 69.9 ± 11.2 <0.0001

Live foliar biomass (kg ha-1) 15,179 ± 4,021 2,551 ± 1,538 0.0004

Soils

Growing season temperature

Litter–soil interface (�C)

Mean 13.5 ± 0.7 12.7 ± 2.0 0.5073

Range 8.2 ± 1.2 9.4 ± 2.8 0.4607

Maximum 18.1 ± 1.0 18.3 ± 3.7 0.9094

Minimum 9.9 ± 0.8 8.9 ± 1.0 0.1953

10 cm soil depth (�C)

Mean 11.2 ± 1.1 10.5 ± 1.6 0.4899

Range 1.4 ± 0.6 1.5 ± 0.3 0.7494

Maximum 11.9 ± 1.3 11.3 ± 1.7 0.5892

Minimum 10.5 ± 0.8 9.8 ± 1.5 0.4284

Composite soil properties (Oe, A, B combined to 15 cm depth)

Organic (Oe, A) depth (cm) 4.2 ± 1.5 5.5 ± 2.0 0.3078

Organic matter (%) 8.4 ± 4.8 8.6 ± 2.2 0.9299

pH 6.2 ± 0.3 6.4 ± 0.2 0.2073

Ca (lg g-1; exch.) 2,401 ± 808 2,702 ± 253 0.4974

Mg (lg g-1; exch.) 187 ± 52 220 ± 14 0.2527

K (lg g-1; exch.) 225 ± 79 218 ± 42 0.8696

P (lg g-1; exch.) 49 ± 8.4 51 ± 15 0.7950

Litter (Oi)

Depth (cm) 3.0 ± 0.5 3.5 ± 0.6 0.2968

Mass (g m-2) 1,760 ± 365 1,924 ± 357 0.5385
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(0.51 ± 0.46 vs. 0.13 ± 0.06 g N m-2; see Table 3 for

units in lg N g soil-1), and total extractable inorganic N

(NH4
? ? NO3

-) in beetle-disturbed stands was more than

double that in undisturbed stands (0.98 ± 0.40 vs. 0.37 ±

0.12 g N m-2; see Table 3 for units in lg N g soil-1).

Annual net N mineralization rates were highly variable and

were not significantly different between disturbance classes.

Annual net nitrification rates increased 50 % in beetle-dis-

turbed stands relative to undisturbed (0.69 ± 0.12 vs.

0.45 ± 0.16 g N m-2 year-1; see Table 3 for units in

lg N g soil-1 year-1). Neither net N mineralization nor net

nitrification rates were significantly correlated with any

metric of soil temperature (Pearson P [ 0.05; n = 6; data

not shown), nor was net N mineralization correlated with any

metric of litter N (Pearson P [ 0.05; n = 10; data not

shown). Nitrification fraction (the proportion of net nitrifi-

cation to net mineralization) averaged 0.38 ± 0.10 and did

not differ among disturbance classes, nor did soil C:N, soil

%N, or soil inorganic N (Table 3).

Foliar N

The DBH range of trees sampled for foliar N was smaller

in beetle-killed stands because only smaller trees remained

after outbreak. Mean DBH of trees sampled for foliar N

was 40.1 ± 10.9 cm (range 16.5–98 cm) in undisturbed

stands and 19.5 ± 4.0 cm (range 5.5–33.0 cm) in beetle-

killed stands. However, there was no relationship between

DBH and foliar N in either class (linear regression;

P [ 0.5; df = 14) and only a weak relationship across all

stands (linear regression; P = 0.03; R2 = 0.16; df = 29).

Beetle disturbance impacted both foliar N concentration

and foliar N pool size. N concentration in the fresh foliage

(current year) of unattacked Douglas-fir trees averaged

1.28 ± 0.11 % and did not differ between disturbance

classes. However, N concentration in all foliage of unat-

tacked Douglas-fir was 18 % greater in beetle-disturbed

stands than in undisturbed, with a concurrent decrease in

C:N ratio (Table 3). Foliar N pool size mirrored changes in

live foliar biomass and declined sharply by 79 % (Table 3).

Neither fresh foliar %N nor C:N were significantly corre-

lated with any metric of inorganic soil N, including NH4
?,

NO3
-, total inorganic soil N, net mineralization, net nitri-

fication, or soil C:N (Pearson correlation; data not shown).

However, foliar %N of all needles was positively related to

both soil NO3
- (linear regression P = 0.0553, F = 5.03,

Adj. R2 = 0.31) and total inorganic soil N (linear regres-

sion P = 0.0132, F = 10.06, Adj. R2 = 0.50), and the C:N

ratio of all needles was negatively related to total inorganic

soil N (linear regression P = 0.0253, F = 7.53, Adj.

R2 = 0.42).

Forest type comparison

Landscape position (slope and aspect) did not differ among

Douglas-fir and lodgepole pine sites (P [ 0.08), though

Douglas-fir sites were approximately 200 m lower in

elevation (2,255 ± 71 vs. 2,438 ± 35 m; P \ 0.0001;

Douglas-fir data in Table 2, lodgepole pine data reported in

Griffin et al. 2011), consistent with the species’ distribution

in the region (Despain 1990). Douglas-fir soils were higher

in pH and contained greater concentrations of organic

Fig. 1 a Tree basal area and b understory cover by plant functional

group in undisturbed and bark beetle-killed lodgepole pine and

Douglas-fir forests. Plotted values are untransformed mean ± 2SE.

LP and DF denote a significant effect of disturbance class within

lodgepole pine (LP) or Douglas-fir (DF) forests only (P \ 0.05;

n = 10; GLM:y = disturbance class). SPP, CL, and S 9 C denote

significant (P \ 0.05; n = 20) effects of species (SPP), disturbance

class (CL), and their interaction (S 9 C) in the global GLM:y = spe-

cies ? disturbance class ? species 9 disturbance class. Total basal

area SPP, S 9 C. Total cover LP, DF, SPP, CL. Lodgepole pine data

have been previously published in Griffin et al. (2011). U undisturbed

sites; B-K beetle-killed sites
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matter, Ca, Mg, K, and P than lodgepole pine (P \ 0.01;

Douglas-fir data in Table 2, lodgepole pine data reported in

Griffin et al. 2011). Compared to lodgepole pine, Douglas-

fir sites contained higher total basal area (all sites

69.0 ± 8.5 vs. 42.7 ± 7.6; P = 0.0003; Fig. 1), beetle-

killed basal area (Fig. 1), and percent mortality of pre-

outbreak living stems [1.4 m (93 ± 3 vs. 52 ± 17 %).

Undisturbed forests

In the absence of bark beetles, forest types differed in

understory cover, understory composition, and soil tem-

perature. Total biotic cover was greater in Douglas-fir

(79 ± 6 vs. 29 ± 10 %; P \ 0.0001), driven by greater

cover of shrubs, total graminoids (grasses ? sedges), and

tree seedlings compared to lodgepole pine (P \ 0.02;

Fig. 1). Soil temperatures at the litter–soil interface in

undisturbed forests were cooler and had a lower range in

Douglas-fir (temperature 13.5 ± 0.7 vs. 15.4 ± 1.0 �C;

temperature range 8.2 ± 1.2 vs. 27.4 ± 2.9 �C; P B 0.03;

Douglas-fir data in Table 2, lodgepole pine data reported in

Griffin et al. 2011). Temperatures at 10-cm soil depth in

undisturbed forests were not significantly different among

forest types, and averaged 10.9 ± 0.6 �C. However, the

range of 10-cm depth temperatures was lower in Douglas-

fir (1.4 ± 0.6 vs. 2.4 ± 0.2 �C; P = 0.0236; Douglas-fir

data in Table 2, lodgepole pine data reported in Griffin

et al. 2011).

Undisturbed Douglas-fir and lodgepole pine forests also

differed in several metrics of litter, soil, and foliar N. Litter

depth and all measurements of litter N content and pool

size were greater in Douglas-fir (Fig. 2), though there was

no difference in total litter mass. In soils, extractable

NH4
?, NO3

-, total inorganic N, and total organic N were

also greater in Douglas-fir (Fig. 3). Net N mineralization

rates did not differ between undisturbed forest types;

however net nitrification rates in undisturbed Douglas-fir

were twice that of undisturbed lodgepole pine (Fig. 3).

Composite foliage in undisturbed forests did not differ in

foliar biomass, %N, or N pool size (Fig. 4), however fresh

foliar %N was greater in Douglas-fir (Fig. 4). P, K, Ca, and

B concentrations in fresh foliage were also greater in

Douglas-fir, while Mn and Al concentrations were greater

in lodgepole pine (Table 4).

Table 3 N concentrations, pool

sizes, and transformations in

litter, soil, and canopy of

undisturbed and bark beetle-

killed Douglas-fir forests

n = 5/disturbance class; values

in table are untransformed

mean ± 2SE. Significant

(a\ 0.05) ANOVA P values

are shown in bold

* Results for which

0.05 \ P \ 0.07
a lg N g soil-1

b lg N g soil-1 year-1

c ANOVA performed on

log(x) transformed data
d ANOVA performed on

1/x transformed data

N concentration, pool, or flux Douglas-fir disturbance class ANOVA P

Undisturbed Beetle-killed

Litter (Oi)

Total litter N pool (g N m-2) 19.3 ± 3.3 26.4 ± 5.8 0.0666*

Total litter %N 1.10 ± 0.06 1.37 ± 0.13 0.0054

Total litter C:N 44 ± 2 35 ± 3 0.0008

All needles %N 0.89 ± 0.07 1.38 ± 0.10 <0.0001

All needles C:N 57 ± 5 36 ± 2 <0.0001

\1 year old needles %N 0.70 ± 0.06 0.79 ± 0.07 0.0641*

\1 year old needles C:N 72 ± 6 62 ± 5 0.0266

Soil (Oe, A, and B to 15 cm depth)

Total soil N pool (g N m-2) 192 ± 78 237 ± 42 0.3353

%N 0.23 ± 0.15 0.26 ± 0.07 0.7782

C:N 19.2 ± 2.9 16.7 ± 0.4 0.1109d

Organic N (mg N g-1) 2.34 ± 1.52 2.58 ± 0.70 0.7836

NH4
?a 2.5 ± 0.6 5.0 ± 0.8 0.0010

NO3
-a 1.5 ± 1.0 5.5 ± 5.2 0.0520c,*

Total inorganic Na 4.0 ± 1.7 10.5 ± 4.7 0.0060c

Net N mineralizationb 14.3 ± 9.3 24.8 ± 11.2 0.0950c

Net nitrificationb 4.8 ± 0.6 7.2 ± 1.0 0.0295

Nitrification fraction 0.42 ± 0.18 0.34 ± 0.11 0.4724

Canopy foliage

Foliar N pool (g N m-2) 11.5 ± 1.7 2.4 ± 1.5 0.0004

All needle %N 0.76 ± 0.04 0.90 ± 0.07 0.0101

All needle C:N 63 ± 3 54 ± 4 0.0046

\1 year needle %N 1.23 ± 0.19 1.34 ± 0.12 0.3853

\1 year needle C:N 40 ± 7 36 ± 3 0.3499
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Fig. 2 Litter (Oi) quantity and N metrics in undisturbed and bark

beetle-killed lodgepole pine and Douglas-fir forests. Plotted values

are untransformed mean ± 2SE. a Litter depth, b litter mass, c fresh

(\1 year) needle litter %N, d all needle litter %N, e total litter %N,

f total litter N pool. Values inset within each panel are P values from

the GLM:y = species ? disturbance class ? species 9 disturbance

class. Lodgepole pine data have been previously published in Griffin

et al. (2011). Black bars undisturbed sites, gray bars beetle-killed

sites
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Fig. 3 Soil N metrics in undisturbed and bark beetle-killed lodgepole

pine and Douglas-fir forests. Plotted values are untransformed

mean ± 2SE. a Extractable NH4
?, b extractable NO3

-, c net N

mineralization, d net nitrification, e nitrification fraction, f organic

N. Values inset within each panel are P values from the GLM:y =

species ? disturbance class ? species 9 disturbance class. Lodgepole

pine data, with the exception of nitrification fraction, have been

previously published in Griffin et al. (2011). Black bars undisturbed

sites, gray bars beetle-killed sites
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Ecosystem response to bark beetle disturbance

Despite differing pre-disturbance communities, the response

of understory cover to comparable bark beetle disturbances

was similar between forest types. Significant disturbance

class effects were found for increased grass and forb cover

(P B 0.04; Fig. 1), but there were no significant interac-

tions between species and disturbance class for any cover

variable (Fig. 1). However, soil temperature response did

vary between forest types. Significant disturbance class

effects were found for decreases in the mean, range, min-

imum, and maximum temperature at the litter–soil inter-

face, though significant interactions between species and

disturbance class for the range and maximum show that

decreases in these variables were limited to lodgepole pine

(P \ 0.04; Douglas-fir data in Table 2; lodgepole pine data

reported in Griffin et al. 2011). No significant disturbance

class or species 9 disturbance class effects were found for

10-cm depth soil temperatures.

Outbreak-induced changes in N cycling also varied

between forest types. Significant effects of disturbance class

were found for all metrics of litter quality and quantity except

total litter mass, which did not differ by either species or

disturbance class (Fig. 2). Nitrogen concentration in both

fresh and total litter also showed a significant interaction

between species and disturbance class, indicating that fresh

litter %N increased only in lodgepole pine and total litter %N

increased only in Douglas-fir (Fig. 2). In soils, significant

disturbance class effects were found for increases in

extractable NH4
? and NO3

-, net N mineralization, and net

nitrification. No significant effects were found for nitrifica-

tion fraction, and there were no significant interactions

between species and disturbance class for any soil N metric

(Fig. 3). In stands unattacked by bark beetles, all foliar

N metrics showed a significant disturbance class effect

except for fresh foliar %N (Fig. 4). N concentration of un-

attacked current year foliage was higher in beetle-killed

lodgepole pine stands, and composite foliar N was higher in

Fig. 4 Canopy foliar N metrics and foliar biomass in undisturbed

and bark beetle-killed lodgepole pine and Douglas-fir forests. Plotted

values are untransformed mean ± 2SE. a Fresh foliar %N, b total

foliar %N, c live canopy biomass, d canopy N pool. Values inset

within each panel are P values from the GLM:y = species ? distur-

bance class ? species 9 disturbance class. Lodgepole pine data have

been previously published in Griffin et al. (2011). Black bars
undisturbed sites, gray bars beetle-killed sites
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beetle-killed stands of both species. Live canopy biomass

and canopy N pool size were lower in beetle-killed stands of

both types, but also showed a significant interaction between

species and disturbance class indicating that declines in these

variables were greater in Douglas-fir compared to lodgepole

pine (Fig. 4). Fresh foliar %N was positively related to net N

mineralization in soils of lodgepole pine (Adj. R2 = 0.56;

P = 0.0202; data not shown) but not in Douglas-fir.

Foliar concentrations of Ca, Mg, and Mn in fresh foliage

(needles\1 year) of unattacked Douglas-fir trees were sig-

nificantly lower in beetle-killed stands than in undisturbed

stands, while foliar concentrations of P, K, Mg, S, Zn, B, Fe,

Cu, Al, and Na did not differ between Douglas-fir distur-

bance classes (Table 4). Foliar Mn and Al were also sub-

stantially lower in beetle-killed lodgepole pine forests

(Table 4). Forest types differed overall in foliar P, K, Ca, and

S with higher concentrations in Douglas-fir. Foliar Mn, Cu,

and Al also differed by type, with greater concentrations in

lodgepole pine (Table 4). Across both forest types, there was

a significant disturbance class effect for P, Mn, and Al, with P

increasing and Mn and Al decreasing in beetle-killed stands

relative to undisturbed (Table 4).

Discussion

Comparable bark beetle disturbances initiated similar

changes in N cycling through litter and soil in both Douglas-

fir and lodgepole pine forests, despite substantial differ-

ences in pre-disturbance forest structure and ecosystem N

dynamics. Disturbed sites were measured 4–5 years after

peak outbreak, thus observed changes are likely the result of

several important processes occurring since initial tree death

including loss of canopy plant demand, inputs of litter,

microbial turnover, and enhanced understory growth. Pat-

terns of increased litter depth, needle litter N concentration,

and litter N pool size were consistent in these two forest

types, though concurrent increases in total litter %N were

limited to Douglas-fir. In soils, patterns of increased

extractable inorganic N and N transformation rates following

bark beetle disturbance were proportionally similar among

forest types. This was surprising, given that Douglas-fir has

more N-rich soils overall with approximately six-fold greater

organic N content, as well as a greater amount of graminoid

cover which would produce relatively low C:N and low

lignin litter. Increases in net N mineralization may be driven

Table 4 Foliar chemistry of new needles from unattacked trees in undisturbed and beetle-killed stands of Douglas-fir and lodgepole pine in the

Greater Yellowstone Ecosystem

Foliar nutrient Douglas-fir Lodgepole pine Species comparison ANOVA P

Undisturbed Beetle-killed ANOVA P Undisturbed Beetle-killed ANOVA P Species Class Species 9 class

N (%) 1.23 ± 0.19 1.34 ± 0.12 0.3853 0.82 ± 0.03f 1.00 ± 0.06f 0.0048 <0.0001 0.0578* 0.6043

C:N 39.7 ± 7.1 35.8 ± 3.3 0.3499 59.1 ± 3.9f 49.5 ± 2.4f 0.0044 <0.0001 0.0154 0.2613

N:P 5.5 ± 0.4 5.3 ± 0.4 0.5771 6.1 ± 0.2 6.4 ± 0.5 0.4200 0.0010 0.7615 0.3123

P (%) 0.23 ± 0.03 0.25 ± 0.03 0.2099 0.14 ± 0.00 0.16 ± 0.01 0.0555* <0.0001 0.0426 0.9067a

K (%) 1.2 ± 0.1 1.1 ± 0.1 0.4180 0.50 ± 0.04 0.58 ± 0.04 0.5153 <0.0001 0.3032 0.9785a

Ca (%) 0.40 ± 0.05 0.31 ± 0.04 0.0236 0.14 ± 0.04 0.15 ± 0.04 0.8026 <0.0001 0.1104 0.0565*

Mg (%) 0.11 ± 0.00 0.10 ± 0.01 0.0344 0.09 ± 0.01 0.10 ± 0.01 0.4742 0.2624 0.9954 0.1255

S (%) 0.09 ± 0.01 0.10 ± 0.01 0.7073 0.07 ± 0.00 0.08 ± 0.01 0.8023 0.0011 0.6660 0.8831

Zn (ppm) 28.5 ± 4.3 27.5 ± 4.0 0.7352 31.9 ± 1.5 31.5 ± 9.4 0.4993e 0.2523 0.6608 0.9437a

B (ppm) 13.6 ± 0.7 13.7 ± 2.8 0.9178 12.0 ± 0.9 11.9 ± 3.1 0.9644 0.1836 0.9822 0.9203

Mn (ppm) 132 ± 45 67 ± 22 0.0331 340 ± 18 200 ± 34 0.0010 <0.0001 <0.0001 0.0537*

Fe (ppm) 44.4 ± 28.4 33.7 ± 7.9 0.5810d 32.0 ± 2.4 29.1 ± 3.5 0.2780 0.3743 0.4461 0.6734b

Cu (ppm) 7.3 ± 3.1 7.7 ± 2.5 0.8277 2.3 ± 0.6 3.1 ± 0.8 0.1714 0.0001 0.2954 0.5322a

Al (ppm) 52.0 ± 41.9 18.8 ± 8.4 0.0780a 492 ± 114 329 ± 48 0.0217 <0.0001 0.0048 0.4533c

Na (ppm) 12.4 ± 4.5 11.2 ± 1.4 0.6255 8.7 ± 3.2 11.3 ± 3.4 0.3455 0.3085 0.6951 0.2966

n = 5 stands per disturbance class; values in table are untransformed mean ± 2SE. Significant (a\ 0.05) ANOVA P values are shown in bold.

%N and C:N values for lodgepole pine forests have been previously published in Griffin et al. (2011)

* Results for which 0.05 \ P \ 0.07
a ANOVA performed on log10(x) transformed data
b ANOVA performed on x-2 transformed data
c ANOVA performed on Hx transformed data
d ANOVA performed on 1/x transformed data
e ANOVA performed on 1/x2 transformed data
f Previously published in Griffin et al. (2011)
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by reduced plant demand, or by the turnover of microbial N

which accumulated in response to disturbance-induced litter

inputs. Live foliar N pools declined sharply with beetle-

killed basal area in both forest types.

Two important ecosystem properties, soil temperature

and soil N–litter N linkages, did vary between these foun-

dation species (Ellison et al. 2005), and may be explained

by differences in pre-disturbance ecosystem characteristics.

Total inorganic N in soils was four-fold higher in Douglas-

fir, and foliar N in undisturbed Douglas-fir averaged 1.23 %

compared to 0.82 % in lodgepole pine. These data suggest

higher overall N stocks in Douglas-fir forests, which may

explain why the response of foliar %N in unattacked trees to

increased soil N in beetle-killed stands was limited to

lodgepole pine forests. Forest types also differed in the

response of abiotic soil conditions. Soil temperature was

lower in beetle-killed lodgepole pine forests, presumably

due to insulating effects of litter input and increases in soil

moisture. This effect was not seen in Douglas-fir, where the

shading effect of abundant understory cover may be the

dominant control on soil temperature. Soil temperature has

been negatively correlated with net N mineralization across

longer periods of time-since-disturbance (30 years) in

lodgepole pine (Griffin et al. 2011); however, neither forest

type showed this relationship using data from undisturbed

and gray stage periods only. Furthermore, no litter N met-

rics were correlated with net N mineralization in either

forest type at this time scale. Though unmeasured in this

study, soil moisture and soil C dynamics are also potential

controls on soil N processes and would be expected to

change following bark beetle disturbance (Morehouse et al.

2008; Spielvogel et al. 2009).

Observed changes in litter and soil N cycling of both

forest types were consistent with mechanisms of distur-

bance specific to the bark beetle insect guild. Rapid tree

death appears to inhibit the resorption of N from foliage

prior to needlefall (Morehouse et al. 2008; Griffin et al.

2011), and deposits a large pulse of needle litter in a rel-

atively short time (2–4 years) followed by a longer period

(decades) of reduced litterfall until canopy biomass is

replaced. Though dead conifer needles may leach some N

compounds before dropping (Stadler et al. 2005), bark

beetles do not alter fluxes of inorganic N from the canopy

to soils in the same way as the frass of conifer defoliators

(le Mellec et al. 2009; Pitman et al. 2010). Beetle-induced

inputs of N to the soil surface are largely in the form of

organic N in litter, which can be a N sink during a period of

net N immobilization in the early stages of decomposition

(Fahey et al. 1985; Remsburg and Turner 2006).

Effects of bark beetle disturbance on the cycling of other

elements could also be important for post-beetle N cycling.

Beetle-induced tree death reduces the delivery of photo-

synthate C to ectomycorrhizal fungi. In lodgepole pine

stands of the Yellowstone region, a similar loss of C

delivery to ectomycorrhizal communities following 50 %

defoliation has been shown to double the level of manga-

nese peroxidase activity in soils (Cullings et al. 2008), an

extracellular fungal enzyme used to metabolize lignin-

based C sources. Greater demand for Mn to support

increases in this enzymatic pathway could reduce soil Mn

availability to plants and may explain the considerable

declines in foliar Mn levels of unattacked, surviving trees in

beetle-disturbed stands of both forest types. In turn, litter

produced from this foliage may also be lower in Mn con-

tent, which is known to slow decomposition rates (Berg

et al. 2007) and, thus, subsequent return of N to soils from

the litter layer. Observed declines in foliar Al are more

difficult to interpret, as foliar Al has been shown to increase

in conifer foliage following other disturbance types (Mac

Donald et al. 1998). Decreased foliar Al in the live trees of

beetle-killed stands may be indicative of increased vigor in

these survivors (Hallett and Hornbeck 1997).

A recent conceptualization of disturbance that empha-

sizes the importance of initial system properties, mecha-

nisms of disturbance, and disturbance legacies (Peters et al.

2011) may provide insight into why the response of

Douglas-fir and lodgepole pine forests to bark beetle out-

breaks were similar. Although some initial system prop-

erties differed (e.g., nitrogen stocks and foliar chemistry)

between forest types, stand structure and biomass were

similar in these mature stands prior to the outbreaks. Car-

bon stocks are remarkably similar in Rocky Mountain

conifer forests [100 years old, despite differences in ele-

vation, climate, and species composition (Bradford et al.

2008). Regional climate drivers were also likely to be

comparable in both forest types, and although there were

some differences in soil nutrients these soils are all rela-

tively infertile. Further, the mechanism of disturbance

(selective mortality of large trees) was the same in both

forest types, as were the legacies of disturbance (i.e., litter

inputs, surviving trees, herbaceous vegetation). Collec-

tively, these similarities in initial system state, disturbance

mechanisms, and disturbance legacies were associated with

qualitatively similar responses to bark beetle disturbance,

which suggests the possibility that other bark beetle–host

pairings might also respond in analogous ways.

Conclusions

Forest types dominated by different species can have unique

biogeochemical responses to a common disturbance type. In

this study, litter and soil N cycling was significantly

impacted by bark beetle outbreak in Douglas-fir forests, and

patterns of change in these properties were similar to those

previously observed in lodgepole pine forests. Contrasts
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between forest types in pre-disturbance ecosystem structure

and N status resulted in differing responses of soil tem-

perature and differing soil N–foliar N relationships fol-

lowing disturbance. Though soil temperature and plant

uptake can affect soil N dynamics, Douglas-fir and lodge-

pole pine forests showed qualitatively similar responses of

increased litter N inputs, increased soil N transformations,

and increased soil inorganic N concentrations despite sub-

stantial differences in pre-disturbance N stocks. Together,

these data suggest that litter and soil N stocks may be

stronger controls over N mineralization in beetle-disturbed

forests than abiotic conditions (temperature) or plant uptake

(soil N–foliar N linkage). Changes in foliar chemistry were

also similar across forest types including a decline in foliar

Mn, which could result in slower litter decomposition rates

and thus slower return of N to soils following beetle dis-

turbance. These results suggest that disturbance type may

be a better predictor of ecosystem response to disturbance

than forest type, due to similar disturbance mechanisms and

legacies across multiple beetle–host systems.
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