
Forest Ecology and Management 310 (2013) 242–255
Contents lists available at ScienceDirect

Forest Ecology and Management

journal homepage: www.elsevier .com/ locate/ foreco
A 100-year conservation experiment: Impacts on forest carbon stocks
and fluxes
0378-1127/$ - see front matter Crown Copyright � 2013 Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.foreco.2013.06.048

⇑ Corresponding author. Tel.: +1 250 654 4010.
E-mail addresses: Tara.sharma@pc.gc.ca (T. Sharma), Werner.kurz@NRCan-

RNCan.gc.ca (W.A. Kurz), Graham.stinson@NRCan-RNCan.gc.ca (G. Stinson), Mar-
low.pellatt@pc.gc.ca (M.G. Pellatt), Qinglin.li@gov.bc.ca (Q. Li).

1 Canada National Parks Act defines ecological integrity as ‘‘a conditio
determined to be characteristic of its natural region and likely to persist,
abiotic components and the composition and abundance of native spe
biological communities, rates of change and supporting processes’’.
Tara Sharma a,⇑, Werner A. Kurz b, Graham Stinson b, Marlow G. Pellatt c, Qinglin Li d

a Parks Canada, 2220 Harbour Road, Sidney, BC V8L2P6, Canada
b Natural Resources Canada, Canadian Forest Service, Victoria, BC V8Z1M5, Canada
c Parks Canada, 300-300 West Georgia Street, Vancouver, BC V6B6B4, Canada
d Forest Analysis and Inventory Branch, B.C. Ministry of Forests, Lands, and Natural Resources Operations, P.O. Box 9512 Stn Prov Govt, Victoria, BC V8W9C2, Canada

a r t i c l e i n f o a b s t r a c t
Article history:
Received 26 April 2013
Received in revised form 26 June 2013
Accepted 27 June 2013

Keywords:
Carbon
Climate change
Mitigation
Forest
Conservation
National park
Forest conservation is an important climate change mitigation strategy. National parks in Canada’s Rocky
and Purcell Mountains offer a rare opportunity to evaluate the impacts of a century of conservation on
forest carbon (C) stocks and fluxes. We studied forest ecosystem C dynamics of three national parks in
the Rocky and Purcell Mountains of British Columbia – Yoho, Kootenay, and Glacier National Parks – over
the period 1970–2008 using the CBM-CFS3 inventory-based forest C budget model. We hypothesized that
parks and protected areas would contain higher forest C density and have lower CO2 uptake rates com-
pared to their surrounding reference areas because of the exclusion of timber harvesting and resulting
predominance of older, slower growing forest stands. Results for Glacier National Park relative to its ref-
erence area were consistent with our hypothesis. Forests in Kootenay National Park were substantially
younger than those in its reference area despite the exclusion of harvesting because natural disturbances
affected large areas within the park over the past century. Site productivity in Kootenay National Park
was also generally higher in the park than in its reference area. Consequently, Kootenay National Park
had both higher C density and higher CO2 uptake than its reference area. Yoho National Park forests were
similar in age to reference area forests and more productive, and therefore had both higher C stocks and
greater CO2 uptake. C density was higher in all 3 parks compared to their surrounding areas, and parks
with younger forests than reference areas had higher CO2 uptake. The results of this study indicate that
forest conservation in protected areas such as national parks can preserve existing C stocks where natural
disturbances are rare. Where natural disturbances are an important part of the forest ecology, conserva-
tion may or may not contribute to climate change mitigation because of the risk of C loss in the event of
wildfire or insect-caused tree mortality. Anticipated increases in natural disturbance resulting from glo-
bal warming may further reduce the climate change mitigation potential of forest conservation in distur-
bance-prone ecosystems. We show that managing for the ecological integrity of landscapes can also have
carbon mitigation co-benefits.

Crown Copyright � 2013 Published by Elsevier B.V. All rights reserved.
1. Introduction

Establishment of Canada’s national park system began over one
hundred and twenty-five years ago. Several national parks were
established in the Rocky Mountains and nearby Purcell Mountains
between 1885 and 1920. The development of trans-continental rail
lines brought these landscapes to the attention of the Canadian
public, and law makers soon protected them from resource extrac-
tion activities that were rapidly expanding throughout the Cana-
dian West. National parks are dedicated to the people of Canada
for their education and enjoyment so they will be left unimpaired
for future generations. As mandated by the Canada National Parks
Act in 2001, maintenance of ecological integrity1 has become the
first priority of the Parks Canada Agency (Woodley, 2009).

The contribution of these parks to wildlife conservation and
biodiversity protection has been intensively studied by conserva-
tion biologists. The largely intact nature of the ecosystems con-
served by the collection of Canadian and US protected areas in
what is termed the Yellowstone to Yukon corridor make these
parks important components of continental conservation
n that is
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strategies seeking to maintain all the original top predators and
key species for the region while addressing issues of landscape
and habitat connectivity and climate change adaptation.

More recently, the potential contribution of these parks to cli-
mate change mitigation has become a question of policy and man-
agement interest. Protected areas are recognized worldwide as
being important components of climate change mitigation and
adaptation strategies because of their governance structures, per-
manence, and management effectiveness (Dudley et al., 2010). In
developing countries, protected areas can play an important role
in reducing carbon (C) emissions by reducing deforestation, i.e.
the conversion of forest to non-forest land uses (Soares-Filho
et al., 2010). In developed countries, where deforestation rates
are generally lower, the effectiveness of conservation as a strategy
for reducing C emissions or increasing C sinks is debated because
the alternative to conservation is typically forest management
rather than deforestation. Forests in Canada are generally not
threatened by deforestation because they are predominantly on
public land that is allocated for forestry and governed by legisla-
tion and codes of practice to promote sustainable forest manage-
ment. It is not clear how forest C dynamics differ between forests
managed for sustainable timber harvest versus those protected
for conservation, particularly when both are subject to natural dis-
turbance, as is the case in boreal forest ecosystems (Kurz and Apps,
1999; Bond-Lamberty et al., 2007; Kurz et al., 2008a,b). Some for-
est ecosystems lose C when converted from natural to managed
disturbance regimes (Kurz et al., 1998; Trofymow et al., 2008)
while others may not (Ter-Mikaelian et al., 2008).

Canadian temperate and boreal forests have been recognized as
important regions of C storage (Keith et al., 2009; Pan et al., 2011;
Stinson et al., 2011), but projected changes in natural disturbance
regimes may affect their ability to act as sustained C sinks (Kurz
et al., 2008a; Scott et al., 2008; Keith et al., 2009; Metsaranta
et al., 2010). The future C balance of Canada’s forests is uncertain
because of uncertain future impacts of natural disturbances, but
the prevailing expectation amongst policy makers and managers
is that forests in Canada’s national parks have a role to play in cli-
mate change mitigation because protection from harvesting has re-
sulted in greater forest C stocks (i.e., C sequestration).

The C budget of Canada’s managed forests, including protected
areas, is tracked by the Canadian Forest Service (Stinson et al.,
2011) but there are limited data specifically about the C balance
of National Park forests (Kulshreshtha et al., 2000; Scott et al.,
2008). To date no studies have explicitly examined National Park
forest C dynamics relative to surrounding managed forests.

In order to understand the role that Canada’s national parks
may play in climate change mitigation, we put forth four key
questions:

1. Are forests protected by Parks currently disturbed less fre-
quently than those in the surrounding managed forest
landscape?

2. Are forests in national parks older than those in the surrounding
managed forest landscape?

3. Do forests in national parks have higher C density than those in
the surrounding managed forest landscape?

4. Do forests in national parks take up more atmospheric CO2 than
those in the surrounding managed forest landscape?

We chose three national parks in British Columbia, Canada (Gla-
cier, Kootenay, and Yoho National Parks) that were established be-
tween 1885 and 1920 to estimate the impacts of a century of
conservation on forest C dynamics and to quantify the past role
of protected areas in climate change mitigation.

We examined the forest stand age structures and the nature and
frequency of disturbances, and compared total C stocks and fluxes
in protected forest areas with surrounding forests using the Carbon
Budget Model of the Canadian Forest Sector (CBM-CFS3, Kurz et al.,
2009). We hypothesized that natural disturbances occur at a sim-
ilar extent and scale inside and outside of parks. Since parks and
protected areas are relatively unaffected by anthropogenic distur-
bances such as timber harvesting, the lower disturbance frequency
should result in a higher average forest stand age in parks com-
pared to surrounding forests. We also hypothesized that parks
have higher C stocks and lower CO2 uptake because older forest
stands tend to have higher C density and lower productivity than
younger forest stands (Coursolle et al., 2012).
2. Methods

2.1. Study area

Our study area (Fig. 1) is located in south-eastern British
Columbia, Canada, covering a geographic area of 26,000 km2,
including 15,000 km2 of forest. The study area boundary corre-
sponds with the boundaries of the Invermere and Golden Timber
Supply Areas (BC MFLNRO, 2012). The study area includes three
national parks (Yoho, Kootenay and Glacier), numerous provincial
protected areas, large publicly owned managed forests (Crown
Timber Supply Area (TSA) and Tree Farm License (TFL) lands) and
a few small privately owned forests and woodlots.

In the center of this area lies the Rocky Mountain Trench – a
broad, flat valley through which the Kootenay River flows south
and the Columbia River flows north. The trench is straddled by
two mountain ranges – Rocky Mountains to the east and Purcell
Mountains to the west. The area contains 6 biogeoclimatic zones
(Meidinger and Pojar, 1991). Glacier National Park covers portions
of three zones: Alpine Tundra (AT), Engelmann Spruce Subalpine
Fir (ESSF) and Interior Cedar Hemlock (ICH). Kootenay National
Park includes AT, ESSF, and Interior Douglas-fir (IDF) zones while
Yoho National Park includes AT and Montane Spruce (MS) biogeo-
climatic zones (Fig. 1).

Natural disturbances have a strong influence on forest ecology
throughout the study area (Wong et al., 2003). Wildfire is the dom-
inant stand-replacing disturbance at the landscape scale, while
other disturbances such as avalanche and wind throw are locally
important. Fires regularly occur during the hot, dry summer
months and many dominant tree species have developed specific
adaptations to this fire regime. Fires are generally confined by
topography to the mountain valley in which they ignited. Large
areas of forest can burn in one valley during a bad fire year while
a nearby valley remains unburned, even with similar fuel loadings
and fire weather conditions.

When forest stands are not burned and the trees are able to
grow old, they often become more susceptible to attack by insects
or disease, and uneven-age stand structures develop as individuals
or groups of trees are killed. Periodically, outbreaks of bark beetles
or other insects cause widespread tree mortality (Safranyik et al.,
2004). In order to restore ecological integrity to forests that have
been affected by fire suppression, Parks Canada has recently begun
prescribed burning in many of its national parks including Kooten-
ay and Yoho but these have been limited to small areas and were
not considered in this study.

The size of the forested valleys in our study area is relatively
small, and our study period is relatively short within the context
of the natural history and life-cycle of disturbance and regenera-
tion in these forests. The forests in one valley could have been
younger than those in a neighbouring valley 100 years ago (before
park establishment) simply as a result of random chance (e.g.,
lightning happened to ignite fires in one valley but not the other).
The C dynamics of the forests we see today are strongly influenced



Fig. 1. Study area.
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by the legacy effects of past disturbances, even as long as 100 years
ago. The disturbance history of each mountain valley is unique, and
therefore no two valleys have identical forests, even when they
share common ecological characteristics and natural history.

In our study, we compared forests under different management
histories (conservation versus no conservation) and similar ecology
and natural history, but our design cannot fully control for distur-
bance history because of the stochastic nature and spatial scale of
forest disturbance in our study area, where two different forest
areas can be subject to the same disturbance regime, yet have dif-
ferent disturbance histories.
2.2. Study design

The study consisted of two components – (i) characterizing and
comparing the forest stand age structure and disturbance regimes
inside and outside of parks, and (ii) assessing and comparing the
carbon stocks and fluxes, impacted by these disturbances, inside
and outside of parks. To make comparisons inside and outside of
the national parks, each park’s forests were compared with the
managed forests in its immediate surroundings, which we termed
‘reference areas’ (Table 1 and Fig. 2). Some surrounding areas were
adjacent to more than one park and thus contributed to more than
one reference area. We did not account for C dynamics of non-for-
est ecosystems; only forested lands in the parks and their reference
Table 1
Parks and protected areas, and their respective reference areas.

Geographic unit Geographic area (km2) Forest area (km2)

Yoho National Park 1310 665
Yoho_Ref 7505 4622
Kootenay National Park 1406 818
Kootenay_Ref 8514 5920
Glacier National Park 1349 373
Glacier_Ref 8998 5046
ProtArea 4730 2233
ProtArea_Ref 15,274 9659
Overall study area 26,307 15,055

Note that some of the reference areas are overlapping, such that the sum of the
areas of the geographic units analyzed is greater than the overall study area.
areas were considered. Because of the rugged, mountainous land-
scape, only approximately half of the study area supports forest.
Results were aggregated and summarized for 8 geographic units
which included the three national parks (Glacier, Kootenay, Yoho)
individually, all provincial parks and protected areas combined to-
gether into one category (‘ProtArea’), as well as four Reference
areas (Glacier_Ref, Kootenay_Ref, Yoho_Ref, and ProtArea_Ref).
2.3. CBM-CFS3 model

The Carbon Budget Model of the Canadian Forest Sector (CBM-
CFS3) was used to estimate the C stocks and changes during the
period 1970–2008 in annual time steps. CBM-CFS3 is a forest C
dynamics model that operates at scales from individual stands to
nations (Kurz et al., 2009). The model uses empirical yield func-
tions to describe stand-level forest growth rates. It converts esti-
mates of volume per hectare into aboveground biomass
components using a library of stand-level volume to biomass con-
version equations (Boudewyn et al., 2007). Below-ground biomass
in fine and coarse roots is estimated from stand-level equations for
softwood and hardwood species (Li et al., 2003). The model simu-
lates dynamics of dead organic matter and soil C in 11 pools,
including standing dead trees, coarse woody debris, fine woody
debris, litter and humified organic matter in the forest floor and
mineral soil (Kurz et al., 2009). Here in this paper, we refer to all
these dead organic matter and soil C pools collectively as DOM.

The CBM-CFS3 accounts for continuous processes (growth,
decomposition) that occur in all forest stands in all years, and dis-
turbances that occur in some stands in some years. Disturbances
represented in the model include fires, insects, and human activi-
ties such as clearcut, partial cut and salvage harvesting (Kurz
et al., 2009). Disturbances affect the distribution and quantity of
C in all pools and can transfer C to the atmosphere (e.g. in the case
of fire) and to the forest product sector (e.g. in the case of harvest-
ing). Disturbances can also affect stand age, and the post-distur-
bance yield trajectory. Following international reporting
conventions, here we assumed that all C contained in wood har-
vested and removed from the forest is subject to instantaneous
oxidation and release to the atmosphere. While it is understood
that harvested wood products in use and in landfills store C for
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many years to decades (Apps et al., 1999; Skog, 2008), tracking the
processing steps and fate of C harvested from our study areas is be-
yond the scope of this study. Woody biomass, slash, and roots left
on site after harvesting (or other disturbances) will decompose and
the release of CO2 to the atmosphere in the years after the distur-
bance events is represented in the model.

The CBM-CFS3 is used widely in Canada and internationally and
numerous papers describe its application at various spatial scales
and for various scientific questions. Recent national-scale applica-
tions in Canada are described in Stinson et al. (2011), and Metsa-
ranta et al. (2010) and regional-scale applications in BC include
Trofymow et al. (2008) and Kurz et al. (2008b). Details on the
use of the model are outlined in the model Users’ Guide (Kull
et al., 2011). The model and its documentation are freely available
at http://carbon.cfs.nrcan.gc.ca.

In addition to estimates of C stocks, annual stock changes, and
fluxes of CO2, CO and CH4, the model generates ecological indica-
tors including estimates of total Net Primary Production (NPP),
heterotrophic respiration (Rh), Net Ecosystem Production (NEP),
Net Ecosystem Exchange (NEE) and Net Ecosystem Carbon Balance
(NECB). Consistent with the definitions summarised by Chapin
et al. (2006), NECB is defined here as Net Biome Production
(NBP) integrated over space, and NEP is the net balance between
gross primary production and ecosystem respiration which con-
ceptually analogous to NPP minus heterotrophic respiration. NEE
is a measure of the vertical exchange of C between the forest and
the atmosphere, as would be observed by a flux tower (e.g., Cour-
solle et al., 2012) or an inverse model over larger domains (Hayes
and Turner, 2012). The model estimates the values of these indica-
tors for each year in the study period, which were then used to
compute mean value over the study period, standard deviation,
and standard error values.

2.4. Data and assumptions

2.4.1. Forest management and natural disturbances
Natural disturbances such as wildfires and forest insects can

have a significant impact on age structure and species composition
in forests, and therefore on C dynamics. Typically, forest inventory
data include limited information on past disturbances. Disturbance
data can be obtained from historical records maintained by gov-
ernment agencies, where available, or can be derived from a histor-
ical time series of remote sensing data such as Landsat data (White
et al., 2011; Masek et al., 2013). Records of fire history and insect
outbreaks have been maintained in BC since the 1920s and these
were available in a GIS database. Wildfire data were also compiled
from a GIS fire history database maintained for national parks by
Parks Canada and we also integrated recent mapping data from
the Canadian National Burn Area Composite, a product maintained
by the Canadian Forest Service (CFS) which combines provincial

http://www.carbon.cfs.nrcan.gc.ca
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Fig. 3. Area disturbed by (a) wildfires, (b) all insects, and (c) harvest.

246 T. Sharma et al. / Forest Ecology and Management 310 (2013) 242–255
and federal government agency fire mapping with moderate- and
medium-resolution satellite remote sensing mapping.

CFS, in cooperation with provincial agencies, conducted annual
systematic province-wide aerial overview surveys of forest insect
outbreaks from 1959 to 1996 (Van Sickle et al., 2001). These sur-
veys recorded insect species, attack year, severity of attack – light,
moderate, severe – the boundaries of the outbreak and the polygon
size. After 1996, the BC Ministry of Forest Lands and Natural Re-
source Operations (MFLNRO) took over this function and has since
carried out these annual surveys.

In this study, only six insect types which substantially affected
trees in this area were considered: mountain pine beetle (Dend-
roctonus ponderosae), balsam bark beetle (Dryocoetes confusus),
Douglas fir beetle (Dendroctonus pseudotsugae), western black-
headed budworm (Acleris gloverana), two-year cycle budworm
(Choristoneura biennis), and western hemlock looper (Lambdina fis-
cellaria lugubrosa). Disturbances by insects were simulated in the
model as partial-mortality events killing a portion of softwood bio-
mass pools. The remaining stand continues to grow as per the de-
fined yield of the stand. Damage by beetles was represented using
four impact classes ranging from low (5%) mortality to very severe
(50%) mortality while defoliators were represented by three im-
pact classes ranging from low (4%) mortality to severe (32%)
mortality.

These data on insects and wildfire occurrences were aggregated
to the geographic unit level by disturbance type and year, from
1970 to 2008, using GIS to define amount of area to be disturbed
each year in the simulation.

Harvest history data were obtained from British Columbia tim-
ber harvest billing system, which is a government-maintained cen-
tral database containing information relevant to our model
simulation, such as species, volume, harvest location and year. Har-
vest volume was converted into biomass based on specific density
of the given species (Gonzalez, 1990). The carbon content was
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estimated as 50% of the biomass values (Prichard et al., 2000; Lam-
lom and Savidge, 2003).

Fig. 3a–c show the total area affected by fire, insect, and har-
vest disturbances each year in each geographic analysis unit.
These data indicated that major fires occurred in 1971, 1985
and 2003 in the study area. Insect outbreak activity was greatest
from 1975 to 1987, and then increased again after 2002. Harvest
disturbances occur only outside of parks and protected areas – in
reference areas – and increasingly larger areas were harvested
over time.

Actual area disturbed each year was allocated to stands in the
model simulation with some assumptions. We assumed that
stands with highest merchantable biomass C would be considered
first for harvesting with a maximum 80% of the area of any stand
being affected by harvest in a single year. Minimum harvestable
age of stands was assumed to be 80 years. Fire disturbances were
assigned at random to stands in each spatial unit. Insect distur-
bances were host-specific, and these too were assigned at random
to stands with suitable hosts and minimum age of 60 years for bee-
tle attacks.

2.4.2. Forest inventory
Vegetation Resource Inventory (VRI) data (Ministry of Forests,

2012) were obtained from the BC MFLNRO for the year 2008. These
data were organized as a series of records, each record represent-
ing a forest stand. It included main attributes of stands such as
area, lead species, secondary species, stand age, and site classifier.
Each stand was also characterized as being inside a timber harvest-
ing land base (THLB) or in a non-harvestable land base. All forests
located in parks and protected areas are clearly part of the non-
harvestable land base, but there are also substantial non-harvest-
able forests within Timber Supply Area and Tree Farm License
lands, such as riparian zones, wildlife habitats, and archaeological
and/or cultural sites.

To run the model from 1970 to the date of inventory (2008), we
needed to first roll the inventory back from 2008 to 1970. We
reconstructed a simplified stand replacing disturbance history by
applying the following set of rules:

(1) For each stand in the inventory, we subtracted 38 years from
the age of the stand in the 2008 inventory to get age in 1970.

(2) When the resulting age in 1970 was less than or equal to
zero, we assumed that a stand-replacing disturbance took
place in the year corresponding to stand age zero, and also
assumed that the stand present in 2008 regenerated follow-
ing that disturbance without delay.
Fig. 4. Area-weighted a
(3) When the disturbed forest stand was in the THLB, we
assumed the disturbance was clearcut harvest of a 100 year
old stand of the same type present in 2008; when the forest
stand was not in the THLB, we assumed the disturbance was
wildfire in a 100 year old stand of the same type present in
2008.

We also needed to make assumptions about stand disturbance
histories prior to 1970 for C pool initialization in CBM-CFS3, which
is influenced by disturbance history (Kurz et al., 2009). We as-
sumed that all stands present in 1970 regenerated without delay
following a disturbance that occurred in the year corresponding
to age zero for the stand. For THLB stands 20 years old or younger
in 1970, we assumed the stand initiating disturbance was clearcut
harvest because industrial forestry first began in our study area in
circa 1950. For all other stands, we assumed the stand-initiating
disturbance was wildfire because that is the predominant stand-
replacing natural disturbance in the study area’s forest ecosystems
(Wong et al., 2003).

The scripts we wrote to implement these rules also formatted
the BC MFLNRO inventory data for input into CBM-CFS3. The study
area disturbance history implied by these rules was compared with
available fire and harvest disturbance history records to evaluate
our assumptions and found them to be generally reasonable.

2.4.3. Growth and yield
The CBM-CFS3 uses net merchantable timber volume yield ta-

bles linked to the forest inventory to determine the C pool sizes
and simulate stand-level tree growth. The net merchantable tim-
ber volumes were obtained from the standard British Columbia
provincial growth and yield models, variable density yield predic-
tion (VDYP7) and table interpolation projection for stand yield
(TIPSY4.2) (Di Lucca, 1999; Ministry of Forests, 2009). VDYP used
Vegetation Resource Inventory (VRI) information to produce indi-
vidual stand-level growth and yield projections for unmanaged
stands. TIPSY used stand regeneration assumptions adopted from
recent timber supply analysis of each management unit to project
stand growth and yield in managed stands. Stand site quality, lead-
ing species, second species genus types, and ecozones were used to
summarize stands into an area weighted group with unique classi-
fiers, or Analysis Unit. For illustrative purposes, a high-level sum-
mary was compiled to generate spatial unit level yield curves
(Fig. 4) but model simulations were conducted using 1173 yield
curves at the level of Analysis Units.

The 1970–2008 simulation period covered a time frame when
there was still ongoing transition from unmanaged forest to man-
verage yield curves.
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aged forest. Some of the harvesting in the study area was occurring
in stands never previously harvested. All stands in parks, protected
areas, and outside the THLB were assumed to be unmanaged and
never previously harvested. Growth in these stands was simulated
using VDYP yield tables. Growth in THLB stands greater than
20 years old in 1970 was also simulated using VDYP yield tables
because it was assumed that these stands were never previously
harvested. Growth in THLB stands younger than 20 years old in
1970 and growth in all stands harvested after 1970 was simulated
using TIPSY yield tables. For some stands, this involved a transition
during the simulation from VDYP to TIPSY growth curves following
harvest.
3. Results

3.1. Are parks disturbed less frequently?

We found that park forests were disturbed less frequently by
stand-replacing disturbances between 1970 and 2008 than the sur-
rounding managed forest reference areas. Disturbances resulting in
partial stand mortality, however, were as common in parks as in
surrounding reference areas. Between 0.6% and 2.3% of forest area
was disturbed annually on average in our study units during 1970–
2008. Provincial protected areas (ProtArea) were disturbed least
frequently and Kootenay National Park was disturbed most fre-
quently overall (Fig. 5). Fires occurred more frequently in parks
than in the surrounding forests. Kootenay National Park had the
highest proportion of area (15%) affected cumulatively by fire dur-
ing the study period (Table 2). However, harvesting and fire com-
bined to result in greater stand-replacing disturbance rates in
reference areas relative to park forests, where harvesting does
not occur. Overall, 10% of the area was cumulatively disturbed over
the 39-year study period in the 3 national parks by stand-replacing
disturbances, as compared to 19% in the surrounding reference
area forests. This also resulted in a higher proportion of stand-
replacing disturbances versus partial-stand disturbances for refer-
ence areas than for national parks, being 0.48 and 0.14,
respectively.

The proportion of forest area affected by insect disturbances
during 1970–2008 was also higher for parks than for their refer-
ence areas. Kootenay National Park had the highest proportion of
area affected by insects amongst all units. Mountain pine beetle,
Douglas-fir beetle, and western balsam bark beetle were the main
disturbance-causing agents in all the units except Glacier National
Fig. 5. Proportion of forest areas disturbed annually by different disturbance types.
MPB – mountain pine beetle; DFB – Douglas-fir beetle; WBBB – western balsam
bark beetle. WBHB – western black-headed budworm; TYBW – two-year budworm;
WHL – western Hemplock looper.
Park, which was most affected by defoliators (western black-
headed budworm and western hemlock looper). Most damage in
the study area occurred only at a low to moderate intensity, with
less than 30% trees killed within affected forest stands (BC MoF,
2000). Less than 25% of the affected area was in the severe cate-
gory, with 30% or more of trees killed within affected stands.

3.2. Do parks have older forests?

We found that parks have older forests overall, but not every
park has older forests compared to its surroundings. Fig. 6 shows
forest stand age distributions from the 2008 forest inventory, at
the end of our study period. All parks, with the exception of Koo-
tenay National Park, had older forests than their respective refer-
ence areas. Kootenay National Park’s forests were younger than
those in its reference area and were the youngest of all geographic
units analyzed. Large fires burned in Kootenay National Park in
1918, 1926 (Taylor et al., 2006a) and 2003. There were also Moun-
tain pine beetle outbreaks in the 1940s (Taylor et al., 2006b) and
recently (ongoing). Glacier National Park had the oldest forests of
all geographic units analyzed, with most of its forest stands more
than 200 years old.

The variation in forest stand ages in parks relative to their cor-
responding reference areas is a result of the legacy of natural dis-
turbances and management practices prior to 2008. These age-
class distributions were somewhat impacted by conservation.
The three national parks were established between 1885 and
1920, but industrial-scale forestry only began in the surrounding
reference areas around circa 1950. The divergence in management
history therefore only began 50–60 years ago, while natural distur-
bances remained important in both parks and reference areas
throughout their histories.

The age dynamics of forests from 1970 to 2008 were simulated
by CBM-CFS3 as forest stands grow and are subjected to harvest,
natural disturbances, and succession. In the complete absence of
disturbances the average forest age would increase by 39 years,
but stand-replacing disturbances reduce the increase in average
age, or when widespread, reduce the average age of the entire for-
est. The average age of Glacier and Yoho National Park forests in-
creased by 31 and 34 years (Table 3), respectively, while in
Kootenay National Park greater disturbances reduced the age in-
crease to only 18 years. As expected, stand-replacing harvest and
other disturbances in reference areas reduced the age increase to
around 15 years.

3.3. Do parks have higher forest C stocks?

We found park forests to have higher forest C stocks than their
surrounding reference area forests. In 2008, simulated ecosystem C
stock density was 250 Mg ha�1 of C to 330 Mg ha�1 of C for parks
and protected areas with an average of 281 Mg ha�1 of C for the
three national parks and 239 Mg ha�1 of C for their reference areas
(Fig. 7a). The highest C densities were observed in Glacier National
Park – the park with the oldest forests.

Forest C stocks increased during the 1970–2008 simulation per-
iod in all three national parks and in the provincial protected areas
(Fig. 7b). Glacier National Park’s forest C stocks were the largest to
begin with and increased only modestly, while Kootenay National
Park – with its relatively young forests – exhibited the greatest
gains in forest ecosystem C density despite substantial C losses
during the fires of 2003.

Changes in ecosystem C density over time were the combined
result of changes in living biomass and in DOM C pools. In Kooten-
ay National Park, biomass C increased from 1970 to 2003 by
30 Mg ha�1 of C (a 37% increase), but by 2008 the net change
was reduced to only 12% because of large fires in 2003 as well as



Table 2
Cumulative area disturbed from 1970 to 2008 (as% of forested area).

Kootenay National Park Yoho National Park Glacier National Park ProtArea Overall

Park Reference Park Reference Park Reference Park Reference Parks & PA 3ParksOnly Reference

Fire 15 5 4 7 10 6 4 6 7 10 5
Harvest 0 16 0 11 0 12 0 14 0 0 14
Insects 74 49 69 26 60 30 21 39 43 70 40

Note: Fire and Harvest are stand-replacing disturbances while Insects are considered as non stand-replacing disturbances.

Fig. 6. Age distribution in 2008.

Table 3
Average age of stands in 1970 and 2008.

Average age

Park Reference area

1970 Glacier National Park 169 104
Yoho National Park 105 102
Kootenay National Park 87 104
ProtArea 132 105

2008 Glacier National Park 200 119
Yoho National Park 139 118
Kootenay National Park 105 118
ProtArea 165 119
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recent insect infestations (Fig. 7c). Net biomass C changes for Yoho
National Park, Glacier National Park and ProtAreas were 7, �3 and
13 Mg ha�1 of C, respectively, while reference areas gained only
2 Mg ha�1 of C. Over the study period, the small biomass C stock
losses in Glacier National Park were more than offset by gains in
DOM C stocks (Fig. 7d). These old growth forests were slowly accu-
mulating higher C densities in dead wood, litter and soil C pools
(DOM) while gradually becoming less C dense in living biomass C
pools. The average amount of woody detritus in old-growth forests
increases as decomposition rate-constants decrease and the mor-
tality rate-constants increase (Harmon, 2009). Harvesting and
intensive management can reduce the amounts of woody detritus
at different stages of stand development. In Kootenay and Yoho na-
tional parks, much of the C lost from living biomass pools during
natural disturbance events was not lost from the ecosystem, but
transferred to DOM C pools from where it will be released gradu-
ally through decomposition.

Generally, C stocks in the reference areas increased at a lower
rate than in the parks which were sequestering more C throughout
the simulation period (Fig. 7e).

3.4. Do parks have lower net C uptake?

Net C uptake can be evaluated using several different metrics.
We found that all parks had greater net primary productivity
(NPP), net ecosystem productivity (NEP) and net biome productiv-
ity (NBP) than surrounding reference areas (Table 4). These mea-
sures indicate that park forests had greater net C accumulation
than their respective reference area forests. This is of course con-
sistent with our observation that parks had greater C stock in-
creases during the simulation period. Standard errors reported
here are not a measure of precision, but a measure of inter-annual
variability.

NEE reports emissions to the atmosphere as a positive flux,
while removals from the atmosphere have a negative sign. Over
the study period, NEE (which is reported as Mg ha�1 yr�1 of CO2)
was negative for all geographic units (Table 4), indicating net up-
take of C (sink) in all areas except in years with large fires
(Fig. 8). After 2003, when there were very large fires in Kootenay
National Park, its forests were a net C source because C loss from
decomposition of partially burned biomass exceeded C uptake by



Fig. 7a. Ecosystem C stocks by pools in 2008.

Fig. 7b. Ecosystem C stock dynamics over the study period.

Fig. 7c. Biomass C stocks over study period.
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regrowth. Over the study period overall, however, Kootenay Na-
tional Park was the biggest sink, with a net uptake of
2.69 Mg ha�1 yr�1 of CO2.

All parks except Glacier (the park with the oldest forests) had
higher net uptake of C than their reference area forests. Glacier
National Park’s forests were a smaller sink than their reference
area forests although they had greater C stocks. A substantial por-
tion of reference area forest C was transferred out of the ecosystem
during harvest, while no such losses occurred in the park’s forests,
making it possible for the park’s forests to have greater C stocks



Fig. 7d. Dead organic matter (DOM) C stock dynamics over the study period.

Fig. 7e. Cumulative ecosystem C stock changes.

Table 4
Indicator summary.

Indicator Glacier Glacier_ Ref Yoho Yoho_Ref Kootenay Kootenay_Ref ProtArea ProtArea_Ref 3NPsOnly Non_ParksOrPA

NPP 498(1) 384(1) 427(2) 381(1) 469(5) 406(2) 405(2) 388(1) 460(3) 396(1)
Rh 464(1) 353(0) 356(2) 351(0) 378(3) 366(1) 350(1) 354(1) 387(2) 360(1)
NEP 34(2) 31(1) 71(3) 30(1) 92(7) 40(3) 55(1) 34(2) 73(4) 36(2)
FireEmissions

(Biom. +DOM)
15(8) 7(4) 6(4) 8(4) 21(20) 6(4) 6(3) 7(3) 14(10) 6(3)

Harvest transfer 22(1) 21(2) 18(1) 20(1) 20(1)
NBP 19(8) 2(4) 65(5) 01(4) 73(21) 15(6) 49(3) 6(4) 59(11) 9(4)
NEE �0.75(0.28) �0.92(0.12) �2.42(0.18) �0.85(0.15) �2.69(0.77) �1.27(0.18) �1.82(0.18) �1.00(0.12) �2.20(0.39) �1.11(0.11)

All values in g m�2 yr�1 of C except NEE which is in Mg ha�1 yr�1 of CO2and has the opposite sign convention – average of 1970–2008 (Numbers in parenthesis represent
standard error).
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while removing less C from the atmosphere. Some of the harvested
C is emitted to the atmosphere elsewhere during harvested wood
product processing, and some is transferred into product pools,
such as paper, panels and lumber, where it may be sequestered
for a few years or for several decades (Apps et al., 1999; Skog,
2008). NEE does not account for lateral transfers of C associated
with harvesting. It is a representation of the forest ecosystem’s im-
pact on the atmosphere, but emissions from harvested wood prod-
ucts that occur elsewhere and in the years after harvest are not
included in NEE except in the case of large domain (e.g. continen-
tal) analyses such as Hayes et al. (2012).

Examining the three national parks combined in comparison
with their combined reference areas (‘3NPsOnly’ versus ‘Non_Park-
sOrPA’ in Table 4, respectively), we found NPP was higher in park
forests than in reference area forests and more of this C uptake
was sequestered in the park forests compared to reference area
forests. Roughly 16% of NPP was retained as NEP in national park
forests compared to 9% in reference area forests. Of the 73 g m�2 -



Fig. 8. Net ecosystem exchange.
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yr�1 NEP in national park forests, 14 g m�2 yr�1 were lost because
of natural disturbances, either as direct fire emissions or indirect
decay of DOM in subsequent years, leaving 13% of NPP remaining
as NBP after all losses. In reference area forests, only 2% of NPP re-
mained as NBP after accounting for all losses. While no C was har-
vested from park forests, 5% of the C taken up by NPP in reference
area forests was harvested. Direct C emissions due to insects were
found negligible in all cases. Insect disturbances resulted in large C
transfers from biomass to DOM pools which eventually decay and
result in C loss through heterotrophic respiration (Rh). On average,
35 g m�2 yr�1 of C were transferred from biomass to DOM due to
insect disturbances. The three national parks together had a net
uptake (NEE) of 2.20 Mg ha�1 yr�1 of CO2 as compared to
1.11 Mg ha�1 yr�1 of CO2 by their reference area (Fig. 9).

4. Discussion

We hypothesized that park forests, by virtue of their longstand-
ing protection status, would be older than forests in surrounding
landscapes, and that these older forests would have higher C
Fig. 9. Comparison of stocks and flux indicat
densities and lower CO2 uptake. Forest C stocks and stock changes
are affected by initial age-class structures (Böttcher et al., 2008),
management (Hudiburg et al., 2009), and disturbances (Kurz and
Apps, 1999; Bond-Lamberty et al., 2007; Kurz et al., 2008a,b).
Although we found national park forests to have been disturbed
less frequently overall by stand-replacing disturbances (wildfires
and harvesting), as hypothesized, we also found that the cumula-
tive area affected by insect outbreaks since 1970 (bark beetles
and defoliators) was greater in the park forests. Large areas of ma-
ture pine forests throughout the study area were attacked by
mountain pine beetle in the early years of our study period, and
then again in recent years (Fig. 3b). The latest outbreak was part
of a pandemic outbreak that affected most pine forests in British
Columbia (Kurz et al., 2008b). The impact of these disturbances
is, however, fundamentally different from fire or harvesting. Typi-
cally, bark beetles only cause partial stand mortality that if severe
enough to allow regeneration of new tree cohorts can lead to un-
even-aged stands in the pine and spruce forests of our study area
(Taylor et al., 2006b; Hawkes et al., 2009). Following all but the
most severe outbreaks, there are enough surviving trees from the
ors in national parks and reference areas.
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dominant cohort for affected stands to be recorded in subsequent
inventory surveys as mature stands, albeit with reduced stem den-
sity, volume and living biomass and increased amounts of standing
dead trees. Without salvage logging, this killed biomass is not lost
from the system – it is retained on site in standing dead wood or
other dead organic matter for many years before being released
gradually by decomposition processes.

Fires have burned large areas of forest both inside and outside
the parks since park establishment. Differences in areas burned
in parks versus surrounding forests could be the result of differ-
ences in fire management, but any such effect would be extremely
difficult to demonstrate quantitatively given the highly stochastic
nature of wildfire ignition. It is entirely possible that more fire
could have occurred inside a park (or outside a park) during the
past century simply due to random chance.

Total forest ecosystem C stock densities that we estimated for
Glacier, Yoho, and Kootenay national park forests in 2008 were
333, 262, 273 Mg ha�1 of C, respectively. These estimates are high-
er than those reported in a study for Canadian Parks Council by
Kulshreshtha et al. (2000), who estimated 117, 125, and
165 Mg ha�1 of C for Glacier, Yoho, and Kootenay national parks,
respectively. However, their study was based on secondary sources
of data and, in cases where there were no data available, C stock
densities for the park were based on the value for an ecozone or
for that of the neighbouring park. These assumptions due to data
limitations in their study may be a reason for the difference in
the observed C stock densities. Our estimated C stocks compare
favourably with those from other studies carried out for Canadian
forests. Morton et al. (2007) estimated forest C stock densities be-
tween 234 and 340 Mg ha�1 of C in four protected wilderness areas
in Nova Scotia. Colombo et al. (2007) estimated a density of
200 Mg ha�1 of C for managed forests in the southern region of
Ontario.

We found that park and protected area forests had higher C
densities than reference area forests. Even Kootenay National Park
had higher C densities throughout the study period despite having
younger forests than its reference area. Kootenay National Park
supports higher C densities because its forests have the highest
average yield of all units, while Kootenay reference area forests
have the lowest average yield (Fig. 4). The average yield in Yoho
National Park is also slightly higher than that of the Yoho reference
area. Yield differences arise because of natural site quality differ-
ences and may also be influenced by silviculture and tree breeding
efforts in the managed forests outside the parks. In our study area,
any yield enhancements that may have been brought about by sil-
viculture or tree breeding are clearly secondary to natural site
quality differences because the highest yields are found in park for-
ests. Our findings about the impacts of conservation are therefore
confounded by natural site quality differences between the parks
and their surroundings.

In order to explore the effects of conservation in isolation from
site and productivity differences, we ran an additional hypothetical
simulation where all forests in the study area were assigned a sin-
gle, normalized yield curve calculated as an area-weighted average
all the yield curves used in our main model simulations. After nor-
malization, Kootenay National Park forests behaved as expected
relative to reference area forests, with lower initial C densities
and higher rates of CO2 uptake. Yoho National Park, which in
1970 had forests of similar average forest stand age to its reference
area, exhibited substantially greater C uptake (more negative NEE)
even after normalization. While similar with respect to average
forest stand age, the age-class distribution differs substantially.
The Yoho reference area has more forest in the oldest age class
(Fig. 6) than does Yoho National Park. Yields at these ages are
declining according to the yield data (Fig. 4), and these areas thus
contribute negative biomass growth. This also means that there are
substantial areas of forest within the reference areas that have
never been harvested. These old forests in reference areas display
C dynamics that are similar to what we would expect to see in a
park or protected area.

Glacier National Park’s forests are typical of what we imagined
national park forests to be: predominantly old with high C stocks
and low net CO2 uptake. Glacier National Park’s forest C density
was substantially higher than its reference area forests (Fig. 7),
and its CO2 uptake was lower (Table 4). Unlike Glacier, Kootenay
National Park forests were younger than those in its reference area
(because of large wildfires prior to the start of our simulations) and
had higher rates of CO2 uptake because of their younger age and
higher productivity. Kootenay National Park’s forests did not con-
form to our expectations about how C dynamics would be affected
by almost a century of conservation which excluded human but
not natural disturbances. Yoho National Park conformed to our
expectations with respect to C density, but not C uptake.

There are several types of uncertainty to consider in our results:
(i) model input uncertainties (forest inventory, growth, and distur-
bance datasets), (ii) model parameter uncertainties (litterfall, de-
cay, transfer, biomass expansion, disturbance impacts), (iii)
model structure uncertainties (incorrectly specified or excluded
processes, model algorithms), and (iv) uncertainties arising from
human error (mistakes during processing of data – which are min-
imized through rigorous quality control, but cannot be eliminated
entirely). We used the same model and the same quality control
procedures for the data processing and simulation of park and ref-
erence forests. Uncertainty types (ii), (iii) and (iv) were therefore
controlled for. The input datasets (forest inventory and disturbance
monitoring data, in particular) may have been collected differently
in park and reference area forests because of the different opera-
tional requirements for these datasets in forests managed primar-
ily for conservation versus sustainable timber harvest. Whether
these differences would be systematically sufficient to cause a bias
in our results for park forests relative to reference area forests is
not known, but it is unlikely that such a bias is strong enough to
render our conclusions false.

4.1. Management implications

Climate change mitigation objectives are achieved when CO2

sources to the atmosphere are decreased or CO2 sinks are increased
or both. Forests and the forest sector can contribute to climate
change mitigation by (i) maintaining or increasing forest area, (ii)
increasing stand- and landscape-level C density, and (iii) providing
timber, fiber or energy from sustainable forest management to
store C in long-lived products and displace the production of more
emissions-intensive products such as steel, concrete or plastics
(Werner et al., 2006; Nabuurs et al., 2007). When assessing the
mitigation contribution of specific management actions, including
conservation decisions, the impacts on C can be evaluated taking a
systems perspective that includes assessment of changes in C stor-
age in forest ecosystems, changes in C storage in harvested wood
products in use and in landfills, and changes in emissions associ-
ated with the use of wood products to displace other products
and fossil fuels (Sathre and O’Connor, 2010). Mitigation benefits
also need to be assessed relative to a ‘‘business-as-usual’’ baseline.
Forest conservation through the designation of national parks can
generally be expected to result in increased forest ecosystem C
stocks, but depending on the amount of harvesting that would
have occurred without conservation, it will result in a reduction
in C storage in harvested wood products and increased emissions
from reduced substitution benefits. While it is possible to estimate
the product displacement benefits from wood use (e.g. Sathre and
O’Connor, 2010) it is difficult to quantify the specific changes in
product displacement benefits resulting from forest conservation.
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When exploring candidate forest areas for conservation aimed
at achieving climate change mitigation objectives, criteria for
selection could include forested landscapes that (a) are substan-
tially younger than the average age expected from the prevailing
regional natural disturbance regime or have unnaturally reduced
tree cover, (b) have a low probability of natural disturbance, and
(c) support tree species that can be expected to maintain high
growth rates for many years into the future. Such forested land-
scapes will be well below their potential C storage capacity and
conservation can be reasonably expected to provide sustained mit-
igation benefits into the future. Depending on tree species, risks of
natural disturbances and other factors such as climate change im-
pacts, the landscape-level C stocks will eventually saturate, result-
ing in high C stocks and decreased C uptake rates, as observed in
Glacier National Park.

Where old forests that already support high C stocks are threa-
tened by human disturbance or deforestation, conservation can
provide substantial C benefits up front, but this strategy must be
accompanied by documentation of what the ‘‘business as usual‘‘
management actions would have been in the absence of conserva-
tion so that the true incremental climate change mitigation benefit
of conservation can be estimated.

Our results reveal that the climate change mitigation benefits of
forest conservation can be heavily influenced by natural distur-
bances. Whereas Glacier National Park’s forests are typical of what
we imagined national park forests to be: predominantly old with
high C stocks and low net CO2 uptake, Kootenay and Yoho national
parks forests are not. Natural disturbances play important ecolog-
ical roles in many forest ecosystems and their exclusion for C man-
agement purposes could undermine ecological integrity. Moreover,
where disturbance risk increases with forest age, as in the case of
mountain pine beetle (Taylor et al., 2006b), exclusion of one distur-
bance type (harvest) may result in increased risks of other distur-
bances (insects). Similarly, exclusion of natural disturbances can
result in greater risk of future disturbance (Kurz et al., 2008b).

Although we found that two of the three national parks exam-
ined had substantially higher CO2 sequestration rates than their
reference areas, we caution that this result cannot be extrapolated
to other areas. In Kootenay National Park, the higher C sequestra-
tion rates we found were the result of high average yield (relative
to the reference area) and the ongoing C stock recovery from major
natural disturbance losses that occurred prior to the analysis peri-
od. In Yoho National Park, the higher C uptake rates we found were
also the result of higher average yields, plus the unusual age-class
structure of the reference area that contained a much larger pro-
portion of very old stands than the park.

Implementing a conservation strategy in a young, recently dis-
turbed forest landscape can be expected to provide C sinks for
many years to decades, provided that natural disturbances do not
recur. Predictions of changes in fire regimes in the region of the
Mountain Parks consistently indicate increased risks of fire distur-
bances with associated reductions in C stocks and increases in CO2

emissions (Flannigan et al., 2005; Balshi et al., 2009; Metsaranta
et al., 2010; Haughian et al., 2012). Therefore, the risks associated
with anticipated changes in fire regimes need to be assessed prior
to implementation of a conservation strategy aimed at climate
change mitigation.

The results of this study present compelling evidence that con-
servation of natural forest ecosystems for the purposes of main-
taining ecological integrity can also contribute to climate change
mitigation. This study reveals, however, that achieving climate
change mitigation objectives through conservation is more likely
under some ecological circumstances than others. Where natural
disturbances are an important part of the forest ecology, conserva-
tion may or may not contribute to climate change mitigation be-
cause of the risk of C loss in the event of wildfire or insect-
caused tree mortality. Anticipated increases in natural disturbance
resulting from global warming may further reduce the climate
change mitigation potential of forest conservation in disturbance-
prone ecosystems. On the other hand, global warming may cause
an increase in forest productivity as was observed by Hember
et al. (2012) for Coastal Douglas fir and Western Hemlock on coast-
al BC, which would result in an increased uptake of CO2 sequestra-
tion rates by these forests. A sound understanding of ecosystem
forest C dynamics and prognosis for future CO2 sequestration or
natural release is required in order to understand which protected
areas are most likely to provide sustained climate change mitiga-
tion. Balancing these relatively new management concerns with
the traditional concerns about biodiversity and ecological integrity,
which are legislated responsibilities for Parks Canada, will be a
new and challenging task for protected area managers just as it
is for land resource managers in many other jurisdictions.
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