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Ecosystems and ecosystem services are subjected to both typical disturbances (e.g., fire) and shifting cli-
matic baselines resulting from anthropogenic drivers. Recovery from these perturbations is of prime
interest to researchers and land managers. We explore how differing regeneration of the coniferous forest
to specific disturbances and a shifting climate are mediated through managerial responses, in terms of
both species composition and an important ecosystem service, carbon sequestration in the southern
Rocky Mountains, Colorado, USA. 112 sites across a variety of disturbance histories were surveyed for
post-fire regeneration; carbon stock growth was then simulated in the US Forest Service Forest Vegeta-
tion Simulator under a variety of climate change scenarios for 100 years. Simultaneously, we simulated
three managerial responses to the disturbance: no action, planting of local species (resilience-oriented
management), and planting of the most climatically suitable species (adaptation-oriented management).
These managerial responses simulate varying levels of intervention which attempt to maintain forest
properties and associated carbon stocks. Carbon stocks, initially, were more resilient than the coniferous
forest system; areas with little coniferous regeneration recovered carbon at a similar pace due to an
influx of deciduous seedlings. However, future climate exerts a strong influence on carbon stocks. Both
the no-action scenario and the resilience-oriented management scenario transitioned to non-forest by
the end of the simulation period, due to climatic changes. Active, adaptation-oriented management,
which included establishment of non-local species, maintained forest structure and carbon stocks under
most future climate projections, albeit at lower densities. So while this preserves the presence of a forest,
it does not preserve the presence of a specific forest. However, for ecosystem services associated with the
mere existence of forest cover (e.g., carbon stocks and general forest habitat), this may be sufficient. In a
sense, disturbances are opportunities for more climatically-adapted species/communities to establish,
although the complexities of assisted migration and novel ecosystems remain.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction Disturbances are expected to increase across a wide range of forest
Ecosystems, and the services they provide, will experience two
types of perturbations in the future: discrete disturbances such as
fire and the slower change imposed by shifting climatic regimes.
Disturbances are inevitable in the majority of forests around the
world. Continuation of a forest in any given location through multi-
ple cycles of disturbances is contingent upon ecosystem resilience:
the recovery of the system to a similar state (Holling, 1973; Gun-
derson, 2000). This may be rapid, depending on initial post-distur-
bance establishment (Brown and Johnstone, 2012) or protracted
through early and late successional stages. In the future, however,
recovery will take place in an era of changing temperatures, precip-
itation, and disturbance regimes, and so any long-term projection
of ecosystem recovery must take those factors into account.
ecosystems (e.g., Dale et al., 2001; Flannigan et al., 2009) and may
trigger shifts in species ranges (e.g., Johnstone and Chapin, 2003) or
eliminate forests all together (Brown and Johnstone, 2012). Inter-
actions between multiple disturbances may cause novel distur-
bance characteristics (Buma and Wessman, 2011), differential
recovery (D’Amato et al., 2011; Brown and Johnstone, 2012), and/
or regime shifts (Paine et al., 1998). Given the potential for distur-
bances to cause such large changes in ecosystem character, and the
likely increasing rates of disturbance, it is important to investigate
their impact on ecosystems and their properties going forward.

Carbon storage in ecosystems is related to local climate (David-
son and Janssens, 2006), topography, species composition and struc-
ture (Wessman et al., 2004), soil characteristics (Lal, 2005) and
disturbance history (Brown and Johnstone, 2011), among other fac-
tors. Forest growth sequesters a large amount of carbon in biomass
and soils (1086 Pg globally, Lal, 2005). They do not store that carbon
in perpetuity, however; disturbances and mortality return a portion
of that carbon to the atmosphere through either combustion (direct
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carbon emissions, usually as CO2) or through the resultant decompo-
sition of the killed biomass. Yet if the forest recovers to a similar
structure and density, the total carbon exchange will be neutral over
the time period of recovery (Kashian et al., 2006). This recovery may
be fairly rapid; regenerating vegetation may quickly take up enough
carbon to offset decomposition. Investigation in Canadian lodgepole
pine forests with heavy insect infestations found that even high
mortality stands were a growing season carbon sink within a few
years (Brown et al., 2010). This was attributed to the understory veg-
etation rapidly fixing carbon in response to the newly available re-
sources freed up by the death of the overstory trees (Bowler et al.,
2012). Given that the system recovers to a similar state, it is likely
that carbon stocks will recover as well. Changing ecosystem states,
however, may have large impacts on total carbon stocks due to fun-
damental changes in plant structure, density, and soil inputs. For
example, woody plant encroachment may have a strong effect on
the carbon balance of the landscape, mainly through the increase
in plant biomass (Wessman et al., 2004), although the magnitude
of change depends upon moisture and other factors. In other cases,
regimes may change without a concurrent shift in carbon stocks.

Using a forest growth simulator supported by extensive field
measurements in disturbed forest landscapes, carbon stock recov-
ery was simulated in the context of a changing climate and various
regeneration/management scenarios. The pre-disturbance ecosys-
tem was mature spruce-fir forest; the post-disturbance recovery
is highly heterogeneous – in some areas, dominated by coniferous
regeneration, in others, deciduous or graminoid, as a result of the
different disturbance histories in the area (Buma and Wessman,
2011). Here the resilience of the coniferous forest is defined as
the relative amount of conifer regeneration one decade post-fire.
This heterogeneity is followed through the coming century and to-
tal ecosystem carbon (non-mineral soil) was simulated to deter-
mine the relative influence of disturbance history/regeneration,
management, and climate change on forest carbon stocks. We
ask the following questions:

1. How does differing post-fire regeneration (both in species and
amount) influence carbon stock growth under various climate
scenarios?

2. How do differing management scenarios affect carbon stock
growth under various climate scenarios?

2. Methods

2.1. Site and plot design

A combination of disturbances (blowdown, logging, fire) in
the Routt National Forest in north central Colorado, USA, re-
sulted in a spectrum of post-fire recovery rates and trajectories
in a subalpine spruce-fir forest (Buma and Wessman 2011,
2012). The forest (approx. 2700–3300 m elevation) is comprised
of spruce (Picea engelmannii), subalpine fir (Abies lasiocarpa),
lodgepole pine (Pinus contorta), and quaking aspen (Populus tre-
muloides). Precipitation averages approximately 1000 mm a year,
mostly as snow (NRCS 2010). The blowdown (October 1997, ap-
prox. 10,000 ha, Baker et al., 2002) left a mosaic of severities,
from zero to near 100% blowdown. Salvage logging, conducted
post-blowdown (1998–2001), took place on approximately
900 ha. In the summer of 2002, the Mt. Zirkel fire complex
burned approximately 12,500 ha of undisturbed, blown-down,
and salvage logged forest. The blowdown altered fire severity
(Kulakowski and Veblen, 2007), as well as postfire recovery
(Buma and Wessman, 2012).

112 15 � 15 m plots were censused for post-fire regeneration of
woody plant species and woody debris. All plots were located in
areas identified as closed-canopy spruce-fir forests prior to the
disturbances (US Forest Service RIS (Resource Information System)
data and personal observation, unpublished). These plots were
grouped according to their disturbance history (Fig. 1): no/low
blowdown and fire (0–20 downed trees/ha; n = 27), medium blow-
down/fire (20–55 downed trees/ha; n = 41), areas of high blow-
down/fire (55 + downed trees/ha; n = 33), and logged blowdown/
fire (55 + downed trees/ha and prior logging; n = 11). Standing
dead trees (snags) were measured on a subset of plots (no/
low = 22 plots; medium = 8 plots; high = 10 plots; logged = 8
plots). This grouping scheme corresponds with decreasing conifer
resilience (as defined by seedling densities, Fig. 1 middle); areas
with little to no conifer regeneration were considered non-resil-
ient, for example.

At each plot, seedlings were counted and measured for height.
Coarse woody debris (CWD) totals were estimated via methods
from Brown (1974). All standing dead trees were measured for
their diameter at breast height (DBH) and height. To compare
recovering carbon stocks to undisturbed forests and estimate
belowground carbon stocks, 10 additional plots were established
within undisturbed spruce-fir forests. The same measurements
were conducted, with species, DBH and height recorded for all
trees.

2.2. FVS

Carbon dynamics were simulated in the USDA Forest Vegetation
Simulator (FVS) using the carbon sub-model contained in the Fires
and Fuels extension (FVS-FFE, Rebain, 2010) and the climate exten-
sion module (Climate-FVS, Crookston et al., 2010), for 100 years
(2010–2109). FVS is a well-known forest simulator often used for
carbon and disturbance simulation (e.g., Hurteau and North,
2009) and is parameterized for different geographical regions;
the Central Rockies variant was used here. Plant growth (calculated
decadally) occurs based on species-specific relationships between
local climate/topography and the local community (e.g., crown clo-
sure and tree density), and was calibrated according to DBH (diam-
eter at breast height) and height allometric relationships (Jenkins
et al., 2003). Mortality occurs via two processes, background mor-
tality (species and size specific probabilities) and density depen-
dent mortality, which is species specific and determined based
on stand density and species shade tolerance. Regeneration is user
specified, and so was implemented according to the management
strategies described below. Each plot was grown independently.
Elevation was obtained from the national elevation dataset (USGS
2009), with a resolution of 30 m. Aspect and slope were calculated
from this dataset using ArcMap (ESRI, 2010).

Live seedlings were input into the simulator and their total C
was calculated according to Jenkins et al. (2003). Field estimated
CWD was used to initialize downed debris loads; FVS-FFE allomet-
rics were used to calculate C in initial snags (based on field survey).
Because species could not be determined for the burned snags, all
snags were considered Engelmann spruce, the dominant species in
unburned stands. Forest floor (e.g., duff) and shrub/herb layers
were calculated using Smith and Heath (2002) via FVS-FFE and
based on canopy cover percent, age, and dominant tree species.

The initial amount of dead coarse roots could not be determined
for each plot because it was impossible to determine pre-fire tree
sizes and densities with any certainty. In addition, logging re-
moved the majority of the tree boles, and some stumps, so their
coarse roots would be unaccounted for if stumps or snags were
used to initialize belowground dead coarse roots. Instead, the
mean belowground coarse root carbon totals (live and dead) from
the undisturbed plots was used to initialize all the burned plots.
This makes the assumption that the burned plots were composi-
tionally similar to the control plots, and is a statistically conserva-
tive decision, reducing the variability between the treatments. The



To
ta

l C
 (M

g/
ha

)
C

on
ife

r d
en

si
ty

 

0 
   

  
 4

0 
   

  
80

   
   

 
0 

   
  

10
00

   
   

  
0 

   
   

  

As
pe

n 
de

ns
ity

 

Low (0-20 down)  LoggedMedium (20-55 down)  High (55+ down)

12
0

30
00

20
00

60
00

30
00

 

(s
te

m
s/

ha
)

(s
te

m
s/

ha
)

Fig. 1. Groupings for the simulations, and their corresponding initial carbon totals (mineral soil excluded, top), conifer seedling densities (middle), and aspen seedling
densities (bottom). Differences are in terms of pre-fire blowdown severity (downed trees/ha) and the presence or absence of salvage logging.
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initial root carbon value was decayed for 8 years to match the ini-
tial time since fire, and the resulting value was used as the initial
dead coarse root C for all disturbed plots. Root decay was set at
the FVS Central Rockies variant default of 4.25%/year. Movement
between pools and decay (e.g., standing dead trees to CWD) is cal-
culated according to species specific rates found in Rebain (2010)
and references therein. Mineral soil dynamics are not simulated
in FVS. Carbon estimates are calculated every year for the simula-
tion period and are the sum of living tree biomass (above and
belowground), dead trees (standing and fallen), dead roots, the
herbaceous layer and the organic soil.

2.3. Regeneration/management scenarios

Estimating future establishment is difficult, and so this study
bracketed potential establishment by looking at the endpoints –
no (further) future establishment, and two scenarios for future
establishment – heavy establishment of local species (resilience-
oriented) and heavy establishment of climatically suitable tree
species, local or not (adaptation-oriented). These scenarios parallel
the actions proposed by Millar et al. (2007) for forest management
responses to climate change. The no action scenario explores the ef-
fect of differing resilience on long-term carbon stocks, without hu-
man intervention or further establishment. The plots are simulated
using only seedling densities observed in the field.

The resilience scenario describes a high-conifer resilience situa-
tion, bolstering current seedling levels by establishing Engelmann
spruce (990 trees/ha (400 trees/acre, standard planting density,
USFS personal communication); 0.3 m average height) whenever
the tree densities fell below 40% of optimal (full stocking, defined
via FVS defaults, Rebain, 2010). Engelmann spruce can survive
planting on the open, bare mineral soil found in the plots. The no
action and resilience scenarios can also be considered as bracketing
potential natural recovery, from no further establishment to pro-
lific recovery of the local forest.
The adaptation scenario allowed establishment of any central
Rockies tree species. The species in the adaptation scenario were
chosen based on what would survive the best based on climatic
conditions at the time (full listing of the species is in Appendix
A). This option simulates management oriented towards mainte-
nance of a forest, rather than maintenance of a specific forest. This
should provide better continuity in forest-specific (as opposed to
species-specific) ecosystem services, like snow interception and
carbon stocks. The four most adapted species, as determined by
the Climate-FVS model (Section 2.4), are established in each plot
in the same fashion as spruce in the resilience scenario.

2.4. Growth and climate

Climate-FVS modifies growth in the context of three general cir-
culation models (GCMs) and four emission scenarios, for a total of
seven GCM/scenario combinations which cover a range of severi-
ties of projected climate changes (Table 1). First, species-specific
climate suitability profiles were created from 35 climate variables
such as mean annual temperature and frost free period length. Cli-
mate variables to build these profiles were calculated based on
splined 1961–1990 climate normals and presence/absence data
largely from USFS plots (n = 45,000); each species does not neces-
sarily use all 35 variables in determining its climatic suitability
profile. Full details are available in Crookston et al. (2010) and
based on methodology from Rehfeldt et al. (2009); climate/suit-
ability maps can be found at http://forest.moscowfsl.wsu.edu/cli-
mate/ (retrieved August 2012). Climate-FVS then incorporates the
simulated change in those climate variables derived from the
GCMs and underlying climate (from 2010 to 2109) to alter tree
growth, mortality, and site carrying capacity, with deviations from
‘‘suitable climate’’ for a given species resulting in altered growth
and/or mortality rates (Crookston et al., 2010).

Each plot was run from 2010 to 2109 under each climate
scenario. Because FVS is usually run as deterministic simulator,

http://www.forest.moscowfsl.wsu.edu/climate/
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Table 1
GCM and emission scenarios used in the simulations.

Abbreviation Group SRES
scenario

Description Name

CGCM3 Canadian Center for Climate Modeling and
Analysis

A2 Heterogeneous world, rapidly increasing population, production oriented CGCM3 A2
CGCM3 A1B Homogenizing world, rapid growth, balanced energy sources CGCM3

A1B
CGCM3 B2 Heterogeneous world, slowly increasing population, more

environmentally friendly
CGCM B2

GFDL A2 Geophysical Fluid Dynamics Laboratory A2 Heterogeneous world, rapidly increasing population, production oriented GFDL A2
GFDL B1 B1 Rapid growth, global problem solving, service and information economy

emphasis
GFDL B1

HAD A2 Hadley Center for Climate Prediction and
Research

A2 Heterogeneous world, rapidly increasing population, production oriented HAD A2
HAD B2 B2 Heterogeneous world, slowly increasing population, more

environmentally friendly
HAD B2

Table 2
Initial values for the groupings presented in Fig. 1; mean and standard deviation (in
parentheses). Significance groupings denoted by superscripts (pairwise Wilcoxon
rank sum test, Holm correction). Groups were significantly different in terms of initial
carbon and conifers (except for the medium and logged groups); aspen was more
variable.

Group Non-soil carbon (Mg/
ha)

Conifer (seedlings/
ha)

Aspen (seedlings/
ha)

Low 68.6 (16.9)1 1052 (875)1 1484 (1702)1,2

Medium 94.7 (23.4)2 336 (390)2 709 (928)1,2

High 52.7 (18.6)3 88 (207)3 795 (1451)1

Logged 24.6 (8.3)4 283 (209)2 2570 (4226)2
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estimating uncertainty requires an extra step. To generate means
and confidence distributions which better describe the variability
in sampling, each group was bootstrapped 1000 times: At each
time step, 1000 random subsamples (n = group size) with replace-
ment was selected from the group, and the mean and 5/95% quan-
tiles were calculated from that 1000 sample population.

Carbon budgets are sensitive to the model used (Melson et al.,
2011), however the main purpose of this study is comparison be-
tween resilience levels and management choices, rather than abso-
lute prediction, and the results should be viewed as such. For the
most severe climate change scenario (‘‘severe’’ in terms of its effect
on the species present in the plots), GFDL A2, the total number of
live trees/ha was followed to explore the consequences on forest
persistence in addition to total C stocks.

3. Results

3.1. Initial differences

Each group was significantly different in terms of initial non-
soil C as a result of their disturbance history (Table 2). The groups
also had different levels of conifer establishment, according to their
disturbance history (Fig. 1, middle), with all pairwise comparisons
significantly different except the medium and logged groups (Wil-
coxon rank sum test, p < 0.05). Aspen establishment was abundant
in all groups and highly variable (Fig. 1, bottom; and Table 2).

3.2. Near term (2010–2060)

Carbon stocks began to recover after a period of negative carbon
balance (yearly loss) due to decomposition (Fig. 2) and the source-
to-sink conversion predicted by Kashian et al. (2006) was pro-
duced. Despite the fact that conifer regeneration essentially failed
as a result of the compound disturbance interaction in the high
interaction group (averaging 88 seedlings/ha), aspen established
prolifically. The logged site, which started with substantially lower
C than the other groups as a result of CWD/snag removal, grew
equal to the other groups within approximately 40 years (Fig. 2);
logged plots also saw the highest aspen seedling densities, at
2570 seedlings/ha on average (Table 2). In the end, the differential
conifer regeneration observed had little effect on C stocks.

3.3. Long term (2060–2109)

In terms of management strategies, there was no long-term dif-
ference between no-action and resilience-oriented management.
The adaptation oriented approach diverged from the other strate-
gies around 2060, and large differences appear by the end for some
climate scenarios (Table 3). Low emission projections (CGCM3 B1
and GFDL B1) maintained climates mostly hospitable to current
species, and carbon stocks continued to recover under the pro-
jected climate regime regardless of managerial strategy, although
the adaptation approach did have higher C stocks (Fig. 2, top
row; and Table 3). For the other climate scenarios, current species
were unable to survive in the projected climate, and high rates of
mortality reduced tree levels and carbon stocks. Differences be-
tween the no-action and resilience scenarios were slight, and by
the end of the simulation were minimal; the adaptation plan had
consistently higher C stocks, although the magnitude of the differ-
ence depended upon the climate scenario (Fig. 3; note that this
combines the disturbance histories into single management sce-
narios, which makes the assumption that the plots are essentially
interchangeable. Given their rapid convergence (e.g., Fig. 2) this
seems valid, but the figure should be interpreted with this caveat
in mind.) The forest type transitioned, however, from a spruce/
fir/lodgepole/aspen community to oak/juniper/pinion pine domi-
nated woodland (Fig. 4).
3.4. Tree densities

Disturbance history had no influence on final tree densities (Ta-
ble 4), however they were much higher in the adaptation oriented
scenario than in the no action and resilience oriented approaches,
which both had zero live trees at the end of the simulation period
(Fig. 5). Tree numbers were slightly declining in the adaptation
scenario, likely due to natural thinning. This is also likely responsi-
ble for the leveling off and even slight reductions in carbon stocks
as the forest moved into a more open woodland configuration
(Fig. 2).

The complete simulation outputs can be found in Appendix A
(species composition and relative contribution to total C in the
adaptation scenarios, as in Fig. 4) and Appendix B (total C for all
scenarios, as in Fig. 2).



Low (0-20 downed trees/ha)
Medium (20-55 downed trees/ha)
High (55+ downed trees/ha)
Salvage Logged
Undisturbed

Low (0-20 downed trees/ha)
Medium (20-55 downed trees/ha)
High (55+ downed trees/ha)
Salvage Logged
Undisturbed

Low (0-20 downed trees/ha)
Medium (20-55 downed trees/ha)
High (55+ downed trees/ha)
Salvage Logged
Undisturbed

Low (0-20 downed trees/ha)
Medium (20-55 downed trees/ha)
High (55+ downed trees/ha)
Salvage Logged
Undisturbed

Low (0-20 downed trees/ha)
Medium (20-55 downed trees/ha)
High (55+ downed trees/ha)
Salvage Logged
Undisturbed

Low (0-20 downed trees/ha)
Medium (20-55 downed trees/ha)
High (55+ downed trees/ha)
Salvage Logged
Undisturbed

Low (0-20 downed trees/ha)
Medium (20-55 downed trees/ha)
High (55+ downed trees/ha)
Salvage Logged
Undisturbed

Low (0-20 downed trees/ha)
Medium (20-55 downed trees/ha)
High (55+ downed trees/ha)
Salvage Logged
Undisturbed

CGCM3 B1CGCM3 B1CGCM3 B1

CGCM3 A1B CGCM3 A1B CGCM3 A1B

GFDL A2GFDL A2GFDL A2

Year Year Year

M
g 

C
 / 

ha
M

g 
C

 / 
ha

M
g 

C
 / 

ha
0 

   
  

 5
0 

   
  

10
0 

  
15

0 
   

   
 

20
0

0          20    40         60      80   100

G
FD

L 
A2

C
G

C
M

3 
A1

B
C

G
C

M
3 

B1

No Action Resilience Adaptation

Low (0-20 downed trees/ha)
Medium (20-55 downed trees/ha)
High (55+ downed trees/ha)
Salvage Logged
Undisturbed

0          20    40         60      80   100 0          20    40         60      80   100

0 
   

  
 5

0 
   

  
10

0 
  

15
0 

   
   

 
20

0
0 

   
  

 5
0 

   
  

10
0 

  
15

0 
   

   
 

20
0

Fig. 2. Carbon stocks for each group, undisturbed plots, and three model/emission scenarios (CGCM3 B1, CGCM3 A1B, and GFDL A2). Differences in categories (low, medium,
high, and salvaged) reflect the different initial densities of the current species related to their fire resilience, their longevity under the different scenarios, and how much
flexibility that afforded to the plantings. The effect of differing resilience levels is found in the spread of projections within each graph, the question of differences between
management scenarios are addressed by comparison between columns, differing climate scenarios are on different rows. Lines show each resilience grouping bootstrapped
1000�, dotted lines represent the 5/95% percentiles. Each line was smoothed with a 10 years moving average.

220 B. Buma, C.A. Wessman / Forest Ecology and Management 306 (2013) 216–225
4. Discussion

4.1. The effects of regeneration and climate on carbon stocks

Differences in coniferous regeneration amongst the disturbance
histories had minimal effect on carbon stocks (Fig. 2). In the near
term, the establishment of aspen more than compensated for any
loss of coniferous species, to the point where plots with zero conif-
erous seedlings were similar in terms of total carbon stocks to
areas with ample coniferous regeneration. So while the aspen for-
est will be different in many other respects (e.g., forage, understory
composition, phenology), carbon stocks should recover more or
less similarly across the groups in the near to mid-term due to
the aspen. This parallels the results of Kashian et al. (2006), who
hypothesized that differences in post-fire recruitment rates would
cause changes in carbon stocks initially but those levels would con-
verge as forests developed (however that study did not simulate
growth/mortality changes due to climate). The rapid growth of as-
pen (relative to the conifer species) appears to have accelerated
this process, and further infilling and establishment may hasten
recovery, at least in the near term.

In the long-term, C stocks were more responsive to the climate
scenario than their initial conditions. The majority of the GCM/
emission scenarios used here resulted in climatic conditions



Table 3
Simulated carbon outputs for each climate and management scenario for the midpoint (2060) and final year (2109) in the projections. Values represent the median plot level
totals (non-soil pools), over all disturbance histories. 5% and 95% percentile values are from the bootstrapped distribution to give an estimate of variability. Totals are quite similar
for 2060, but diverge for many of the projections by 2109.

Climate model Management scenario Projection year 2060 (Mg/ha C) Projection year 2109 (Mg/ha C)

Median 5% 95% Median 5% 95%

CGCM3 A1B No plant 82.9 55.9 118.2 82.1 53.9 114.1
CGCM3 A2 No plant 82.4 55.9 118.9 69.6 46.6 99.0
CGCM3 B1 No plant 81.4 55.3 118.1 147.8 106.8 214.1
GFDL A2 No plant 57.1 34.0 101.9 31.3 11.7 61.8
GFDL B1 No plant 79.9 55.2 116.8 119.2 58.9 158.4
HAD A2 No plant 73.9 53.8 118.5 44.9 24.8 80.0
HAD B2 No plant 77.0 55.0 116.7 71.4 43.3 101.8

CGCM3 A1B Plant spruce 83.3 60.1 121.0 82.6 55.5 115.3
CGCM3 A2 Plant spruce 83.3 60.8 124.8 71.2 48.5 100.9
CGCM3 B1 Plant spruce 82.4 60.5 119.4 152.5 119.5 210.0
GFDL A2 Plant spruce 59.8 34.4 103.8 32.3 12.4 64.1
GFDL B1 Plant spruce 80.1 58.7 120.8 118.6 59.4 158.3
HAD A2 Plant spruce 75.0 53.9 121.1 45.7 25.6 79.0
HAD B2 Plant spruce 77.3 58.6 119.0 71.4 43.2 102.4

CGCM3 A1B Plant any 97.9 75.0 141.4 115.1 80.4 152.6
CGCM3 A2 Plant any 97.4 75.3 139.2 99.2 64.1 136.9
CGCM3 B1 Plant any 95.7 76.9 140.8 210.6 169.6 241.5
GFDL A2 Plant any 74.5 46.9 122.2 40.8 18.0 69.6
GFDL B1 Plant any 93.9 73.3 136.9 159.4 87.6 204.4
HAD A2 Plant any 91.2 69.6 138.0 68.1 36.0 102.2
HAD B2 Plant any 94.4 78.6 143.4 99.3 63.0 136.9
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Fig. 3. Different management/regeneration scenarios compared to the no action/no
further establishment scenario. The resilience strategy, simulating the establish-
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contrast, the adaptation scenario saw larger increases in C stocks for all climate
models, although the magnitude was highly variable. See the text for further
interpretation.
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outside the range of the current suite of species, which over-
whelmed any signal of the differential response to the disturbances.
Planting of spruce increased carbon stocks in the mid-term (20–
50 years) by filling in low density plots, but was not successful in
the longer term (50 + years), as the simulated climate conditions
moved outside the expected tolerance of spruce. Large-scale climate
related mortality has been observed; for example, sudden aspen de-
cline (SAD), the large scale dieoff of aspen stands in the southern
Rockies, has been tied to climate drivers (moisture stress/hydraulic
failure, Worrall et al., 2010; Anderegg et al., 2011). To the extent that
these drivers become more common, further dieoffs (as simulated
here) may become more likely. In any case, rapid die-offs are cer-
tainly possible, and must be considered in any long-term planning.

Allowing for species shifts (Fig 4) resulted in higher carbon
stocks and maintained tree cover (Figs. 3 and 5). These species
are different in many respects, but could provide many of the same
ecosystem services going forward (i.e., snow capture, and soil tem-
perature regulation). Even in the most severe change scenarios
(e.g., GFDL A2), tree species were still viable, albeit at a low density,
resulting in low standing carbon stocks (Fig. 2, bottom row).

The control plots further illustrate this point. The control plots
were comprised primarily of spruce and fir, two species which
were extirpated in many of the climate scenarios quickly. In many
of the simulations, the control plots were very similar to the dis-
turbed plots by the end of the period due to mortality of the spruce
and fir. Interestingly, the control plots were often lower in the
adaptation-oriented scenarios, lagging behind the disturbed plots
in terms of carbon stocks (Fig. 2, Appendix B). This is likely due
to the lack of opportunity for alternate species establishment,
which required a minimum number of stems on the plots before
planting could commence. This would likely reflect reality to a de-
gree, in that competition from living trees may inhibit the estab-
lishment of non-local species. The disturbance facilitated their
establishment by eliminating that competition.

This suggests the hypothesis that perhaps disturbances may
facilitate the establishment of more climatically suitable species
– species more tolerant of the hot and dry post-disturbance envi-
ronments – facilitating natural adaptation towards warmer and
dryer climates, in the near-term at least. In this study, the lower
magnitude climate change scenarios showed higher C in the dis-
turbed plots than the undisturbed plots (at the end of the simu-
lated period; CGCM3 B1 and GFDL B1), as did the majority of the
adaptation-oriented simulations. Simulation results in Scandinavia
(Sykes and Prentice 1996) also demonstrated that more distur-
bances facilitated faster adaptation to changing climates, assuming
no dispersal limitations. This exercise made a similar assumption
by relying on managerial actions to get suitable species to the area.
There are dispersal limitations in reality, however. Given the rapid-
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Table 4
Numbers of live trees/hectare (GFDL A2 climate model) for the adaptation oriented
management scenario for the final year. Each group was bootstrapped 1000�, the 5/
95% percentiles are reported. Groups are not significantly different.

Treatment Mean 5% 95%

Low 938 889 987
Medium 956 909 1004
High 917 872 966
Logged 925 816 1033
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ity of expected temperature shifts, populations must migrate very
quickly (for example, Loarie et al., 2009 estimate a mean tempera-
ture movement of 0.42 km/year for the A1B scenario, meaning spe-
cies ranges would need to shift at that rate to maintain equilibrium
with temperature). Naturally migrating populations require not
only the ability to move that distance, but also opportunity to
establish and time to reach maturity prior to the next dispersal
event. Spatially explicit models may be of use in simulating these
dynamics (for example, LANDIS-II; see Scheller and Mladenoff,
2007). The extent to which disturbances may facilitate the transi-
tion to more climatically suitable species assemblages will be lim-
ited by the dispersal ability of the species themselves, and the
community dynamics that emerge from the assemblage of estab-
lishing species.

Post-disturbance management, especially management ori-
ented towards adaptation to future conditions, must deal with
both high variation in climate/emission scenarios (which makes
it difficult to select an objective) and the fact that species suitable
in 50–100 years are not necessarily suitable now, which will make
planting/establishment of species suitable for future conditions
difficult. A hybrid approach to post-disturbance forest manage-
ment is likely the most reasonable – planting currently viable spe-
cies en masse (using more climate appropriate provenances where
possible, e.g., Rehfeldt et al., 1999), but also providing for ‘‘seed is-
lands’’ of species which may be viable in the future and that cannot
be expected to migrate naturally. These seed islands would provide
critical information on how a changing forest would alter ecosys-
tem components such as understory composition, biogeochemis-
try, and herbivores (e.g., Chapin et al., 2007), needed before any
mass transplanting should commence, and potentially provide
seed to replace the current species as the increasingly inhospitable
climate and future disturbances remove them. There are valid con-
cerns about this strategy, which essentially amounts to assisted
migration, and they should be considered (McLachlan et al.,
2007). The way bioclimatic tolerances are defined should be con-
sidered, as well as how uncertainty is considered when using bio-
climatic models (Mbogga et al., 2010), as well as the potential for
invasive species and other detrimental effects of relocating species.
Local knowledge and skills will be needed to establish species in
currently non-hospitable climates. However, the risks of inaction
must also be considered, and they may be outweighed by the risks
associated with assisted migration (e.g., Gray et al., 2011). In addi-
tion to planting individuals from more southerly provenances,
nurseries are working with geneticists to develop more appropri-
ate genotypes for future conditions (Tepe and Meretsky, 2011). In
any case climatic adaptation, facilitated by humans or not, is inev-
itable. Whether that adaptation occurs naturally, subject to the dis-
persal limitations discussed earlier, or is facilitated via planting is a
matter of policy, and should consider the extent to which specific
ecosystems and ecosystem services are desirable or irreplaceable.

Resilience to future disturbances should also be considered
(Solomon and Freer-Smith, 2007). This study looks at the effect
of subalpine conifer resilience to a fire now (and did not simulate
future disturbance events), but potential future fire events must
be considered. Further work needs to explore some potentially
contrasting effects of climate change on future fire behavior, and
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from there, future fire resilience. Fire weather is almost universally
expected to increase in western North America (Moritz et al.,
2012). Severity (in terms of post-fire regeneration) is more difficult
to forecast, but is likely dependent upon species composition and
the relative proportion of fire adapted species. The increase in tree
mortality expected to result from climate change (e.g., SAD) may
result in less continuous fuel loading, which may alter fire behavior
and severity as well. Combinations of vegetation simulation re-
sults, like those presented here, need to be further integrated with
models of future fire likelihood, which are often statistical and do
not consider feedbacks with vegetation (e.g., Westerling et al.,
2006,2011). This would extend the range of planning options to
not only look at a single ecosystem service, but also the value of
different management options to potential future events.

4.2. Limitations

As in all studies which explore non-analog conditions (such as
future climate), questions about FVS’s ability to handle projections
which are inherently extrapolations occur. Bioclimatic envelope
based models are prime examples. Bioclimatic envelopes make
several assumptions, including the lack of biotic interactions, the
lack of local adaptation, and the exclusion of dispersal limitations
in terms of the current range of species (Hampe, 2004). However,
they are still useful for baseline estimates of general future change
(Pearson and Dawson, 2004; Lawler et al., 2009).

It should also be noted that these GCM projections involve the
mean monthly temperature, precipitation, etc., whereas in some
cases distributions and survivorship may be better described by
climatic variability, such as extreme cold weather events, which
are relatively infrequent but may have a disproportionate influence
of distributions, but are not currently considered in Climate-FVS. In
addition, this simulation did not consider potential future distur-
bances. Subalpine forest ecosystems typically see infrequent, yet
severe, disturbances on a multi-century timescale (Veblen, 2000)
and so this omission is reasonable.
Another limitation regards the role of mortality in FVS. The
mechanistic nature of climate-induced mortality is still under
investigation, with several non-exclusive means by which the trees
may be killed, such as hydraulic failure due to xylem cavitation/
collapse, carbon starvation, biotic attack, and the interaction be-
tween these and other stressors (Hartmann, 2011; McDowell
et al., 2011). This is an active area of research, and it is likely that
the relative contribution of these mechanistic factors are species
dependent, varying on several factors including stomatal behavior,
rooting depth, and relative growth. One could argue that these
mechanistic causes for mortality are built into bioclimatic enve-
lopes, especially for ecosystems strongly structured by abiotic con-
straints. However, current distributions may not reflect the actual
physiological bounds of a species in historical time, either. For
example, Minckley et al. (2012) have recorded stable coniferous
ecosystems despite variation in climate over a 6000 years period
in lake cores approximately 100 km from the study area, indicating
that lodgepole pine is resilient to somewhat variable disturbance
and climate regimes over long time periods. FVS increases probabi-
listic mortality when the climate shifts out of that observed for a
given species. The basic mortality methodology present in Cli-
mate-FVS was successful in mapping areas of sudden aspen decline
(Rehfeldt et al., 2009), and the majority of research agrees that
mortality will rise (McDowell et al., 2011); supporting the conclu-
sion that active management will be required to maintain tree cov-
er if natural dispersal of more climatically appropriate species
proves insufficient.

Finally, future establishment is an unknown. The scenarios used
here bracket the possibilities – either no future establishment or
prolific establishment, both with local and more climatically suit-
able species. Results should be interpreted with this in mind.

5. Conclusions

Disturbances can be seen as opportunities for adaptation. They
allow for new species to establish, and (potentially) reset the
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community to something that is more in tune with the current cli-
mate. For this system, the importance of differing levels of conifer
regeneration (on ecosystem carbon accumulation) appears to be
relatively minor due to the prolific establishment and rapid growth
of aspen. In addition, the implications of climate change on tree
viability are more predominant than the differing levels of regen-
eration in the long term.

Maintaining natural system dynamics (no action) may have an
ecological appeal. However, an approach that preserves the struc-
tural system (e.g., a forest) may, in some cases, better sustain crit-
ical or desired ecosystem services even if it requires direct
intervention. In the resilience parlance, this is an example of adap-
tive transformation; the social system transforms the ecological
system to maintain resilience in the face of climatic change, using
disturbances as windows of opportunity to move the system into a
more adaptive state. There are drastic transformations at the com-
munity level (and so the concept of resilience at the species/com-
munity level may be of less value due to shifting baseline
conditions from climate change), but at the ecosystem service le-
vel, resilience is maintained. The tools of restoration ecology,
which have been long developed both professionally and academ-
ically, will certainly be of use in conjunction with silvicultural
techniques to both plan and establish communities resilient to
emerging conditions (e.g., Tepe and Meretsky, 2011; Seidl et al.,
2011).

This is a place-based analysis, one specific example of a broader
issue. It brings an important reference point to discussions on resil-
ience and climate change – these simulations are based on actual
plots, at an actual place, and simulated for that place. A look at cli-
mate projections shows that this degree of change is not unusual
throughout the globe, so while this example is place-specific, the
generalities it explores are not. Resilience of ecosystems is not
guaranteed, nor is the background climate on which that resilience
plays out. Timely action is needed and has already been explored in
some parts of the globe (Seidl et al., 2011). Species ranges are mov-
ing, often faster than the species themselves can disperse (Loarie
et al., 2009). Ecosystem resilience to disturbances may be less
important than their tolerance to shifting temperature and precip-
itation regimes expected in the next century.
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