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Abstract: Ecosystem services (ES) were conceived to emphasize the role of ecological processes in
supporting societal needs and to allow their inclusion in the decision-making process. Currently
climate change mitigation is one of the most important services ecosystems can provide to enhance
sinks of greenhouse gas emissions as the planet warms and related extreme events take their toll
on societies. Because ES cannot always be directly measured and because measurements are often
cost prohibitive, process-based models are used to estimate their supply, delivery and/or value.
We ran the MC2 dynamic global vegetation model for the conterminous US with/without land
use for several future scenarios. We translated results into key ES such as carbon sequestration,
which contributes to climate regulation, into a regulatory service or aboveground forest carbon into
timber biomass, a provisioning service, and evaluated constraints to maintain them. By comparing
projections with/without land use we illustrated differences between managed and natural lands
and provided information to help the valuation of societally relevant services.
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1. Introduction

Ecosystem services (ES) were conceived to emphasize the role of ecological processes in supporting
societal needs and to allow their inclusion in the decision-making process [1,2]. The valuation of these
services however has been challenging when direct economic values are not apparent [3]. While not all
services provided by ecosystems are marketable goods, their importance can be recognized as essential
for future human wellbeing but hard to evaluate monetarily and thus often ignored in land management
decisions. For example, timber supply is a well-documented commodity (provisioning service). But forests
also provide significant climate mitigation potential (regulatory service): they capture atmospheric carbon
from the atmosphere; they store this carbon in woody biomass and for even longer-term storage in the soil;
they moderate land surface temperature variations through their canopy and understory structure [4,5].
This service however is more difficult to evaluate. Similarly, the valuation of the recreational and spiritual
experience (cultural service) forests provide the general public should be used to better inform forest
management strategies in the context of climate change.

Both forests and grasslands can have a central role not only in climate change mitigation but
also in adaptation e.g., [6]. Mitigation intends to reduce greenhouse gas emissions or increase carbon
capture while adaptation aspires to reduce the vulnerability of a system by either limiting its exposure,
decreasing its sensitivity, or enhancing its adaptability to the changes at hand. While forests can
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mitigate some of the anthropogenic greenhouse gas emissions by capturing and storing large quantities
of carbon, grasslands can also capture carbon by producing biomass in dry environments but also store
most of it belowground, relatively safe from the potential wildfires that release much of the carbon
stored aboveground [7,8]. Agroforestry, urban forestry, integrated fire management and grassland
restoration are valuable mitigation and adaptation strategies for a world where the human footprint
increasingly affects the health of populations.

Public agencies have been interested in ecosystem services because they can provide a consistent
baseline for the valuation of multiple-use lands [9]. For example, the U.S. Forest Service has been
including ecosystem services and particularly carbon capture and sequestration potential in all
national forest management plans [10] and the Bureau of Land Management in collaboration with the
U.S. Geological Survey (USGS) has been assessing the effectiveness of ecosystem service valuation for
resource management decisions, also including carbon sequestration in rangeland soils [11].

Because ecosystem services (particularly regulating services) cannot always be directly measured
and because measurements are often cost prohibitive, process-based models are used to estimate of
ecosystem service supply, delivery and/or value [12]. We used results from a dynamic vegetation
and fire model to provide indicators for three types of ES including a regulatory service (carbon
sequestration potential), a provisioning service (timber production) and a supporting service (index
of habitat stability) for the conterminous USA. Model results [13] were originally generated to
complement results from a national carbon sequestration assessment, conducted by the U.S. Geological
Survey (USGS) in response to requirements of the Energy Independence and Security Act (EISA;
U.S. Congress, 2007). The objective of the National Ecosystem Carbon Sequestration Assessment was
to evaluate policy-relevant carbon sequestration capacity in natural and managed ecosystems through
management or restoration activities. We translated our model results into the alternative currency of
ES to facilitate their interpretation by land managers.

To maintain consistency with the work of our collaborators from the LandCarbon project [14],
we documented changes in ES only between historical conditions (1971–2000) and mid-century
(2041–2070). We evaluated one provisioning (timber production) and one regulating service (carbon
sequestration) that could be evaluated as a climate change mitigation option as well as factors that
might reduce these services, such as loss of vigor (reduced forest production), carbon losses due to
wildfires and climatic water deficit (causing drought stress and possibly mortality). We also looked
at projected changes in vegetation cover, due to changes in both land use and climate, which affect
habitat availability/suitability for wildlife, as well as at changes in long term soil carbon storage.

2. Materials and Methods

Limitations had been identified in the LandCarbon original methodology (the General Ensemble
Biogeochemical Modeling System i.e., GEMS, [15]) that the MC2 model could address. First, changes
in vegetation types as a result of climate change had not been simulated. Land use was imposed
and natural vegetation was assumed to be stable while in MC2 a set of biogeography rules based
on climatic thresholds allows vegetation shifts and post-fire pseudo-succession to occur. Ecological
succession is the process of change in the species structure of an ecological community over time.
Because MC2 does not simulate species we cannot use the term succession. However, after a fire
that cause extensive tree mortality, the model will first grow the herbaceous cover and start growing
small woody lifeforms competing with herbaceous lifeforms until conditions allow sufficient growth
for woody lifeforms to start shading herbaceous lifeforms and competing effectively for available
resources eventually closing the canopy and thus limiting herbaceous growth.

Secondly wildland fires had not been closely coupled with ecosystem processes and had simply
consisted of another input to the model while in MC2 fuels loads are calculated based on plant growth
and fire occurrence is simulated based on climate thresholds and (live and dead) fuels water content.

Furthermore, while instantaneous fire emissions had been calculated with GEMS, longer term fire
effects on ecosystem productivity and carbon sequestration had not been analyzed. Third, the distinction
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between protected areas and managed lands was not simulated while MC2 could be run with and without
land use, giving the ability to compare the role of human impact with that of climate alone.

Consequently, it is in the framework of the LandCarbon project that we used the dynamic global
vegetation model (DGVM) MC2 e.g., [13,16] to simulate vegetation dynamics and associated carbon
fluxes and stocks over the conterminous USA between 1895 and 2100 at 30 arcsec (~800 m) spatial
resolution. MC2 includes a biogeography module that simulates potential vegetation types (Table A1).
Each vegetation type is composed of a mixture of two lifeforms, herbaceous (including grasses,
forbs) and woody (trees and shrubs), the relative dominance of which varies as a function of climatic
conditions. Tree phenology (deciduousness or evergreenness) and leaf morphology (broadleaf or
needleleaf) are determined at each annual time step as a function of the minimum temperature of the
coldest month and of the growing (i.e., warm) season precipitation that have been smoothed over
15 years. The smoothing function progressively diminishes the influence of each past year’s climate on
the smoothed climate variables to take into account the inherent inertia of long-lived woody types to
short-term climate variability [17]. The C3/C4 grass functional types are determined by the ratio of
C3/C4 grass productivity, which depends on the temperature of the three consecutive warmest months,
subject to the same 15-year climate smoothing function. Warmer temperatures favor C4 grasses.
The balance between woody and herbaceous lifeforms is determined by simulating the competition
between the two for light, water and nutrients, as mediated by fire. The resulting biomasses along
with smoothed climate thresholds are used to define the vegetation types.

MC2 includes a biogeochemistry module that tracks monthly carbon stocks in the soil as well as in
diverse live and dead plant parts (leaves and roots, branches and boles). Plant growth is controlled by
temperature, soil water, soil N, self-shading, and atmospheric CO2. Woody and herbaceous production
rates are based on maximum monthly rates that are interpolated between lifeform-dependent
parameter values, depending on the mixture of functional types set by the biogeography module.
Mortality is driven by age and drought effect. A moderate CO2 fertilization effect increases production
and water use efficiency such that when a concentration of 700 ppm atmospheric CO2 is reached, NPP
has increased and transpiration has decreased linearly over time by 25%.

Decomposition rates are influenced by soil texture, soil moisture and temperature, as well as
the existing soil carbon content and the nutrient content of the dead material. Based on the size
and moisture content of the various types of fuel loads derived from carbon stocks, the model also
simulates the occurrence and effects (plant mortality or consumption) of wildfires at a daily time step,
modifying carbon stocks accordingly and allowing for a post-fire pseudo-succession, by simulating
transitions between low biomass herbaceous-dominated ecosystem with regrowing woody plants and
full canopy restored forests. Fluxes of water (potential and actual evapotranspiration, PET and AET)
and carbon (net primary production—NPP, net biome production—NBP, heterotrophic respiration) are
calculated annually and can therefore be used to estimate the supply of ES.

MC2 includes a fire module that includes a set of mechanistic fire behavior and effects
functions [18–20] embedded in a structure that enables two-way interactions with the biogeochemistry
and biogeography modules. Live and dead fuel loads in 1-h, 10-h, 100-h and 1000-h fuel classes are
estimated from the carbon pools simulated in the biogeochemistry module. Allometric functions
relate woody carbon pool sizes to height, crown base height and bark thickness for an average-sized
tree. Empirical parameters are used to determine when crown (as opposed to surface) fires occur
and project fire effects on vegetation (mortality only versus biomass consumption and emissions).
The moisture content of the different fuel classes and the potential fire behavior are calculated each
day based on pseudo-daily data interpolated from the monthly climate inputs. For temperature and
relative humidity, a linear interpolation between monthly values is used to generate daily values.
For precipitation, the number of precipitation events is estimated with a regression function derived
from weather station data archived by the National Climate Data Center [21]. Monthly values are
divided by the number of precipitation events per month and resulting values are randomly assigned
to days within each month. Moisture contents of plant parts passed from the biogeochemistry module



Climate 2018, 6, 1 4 of 15

determine live fuel moisture contents. A combination of the Canadian Fine Fuel Moisture Code [22]
and the National Fire Danger Rating System [23] is used to estimate dead fuel moisture contents.
Potential fire behavior (including rate of spread) is calculated each day based on daily-interpolated
fuel loads, moisture contents and weather. Potential fire behavior is modulated by vegetation type,
which affects fuel properties and realized wind speeds (e.g., higher for grasslands than forests).
Actual fire is simulated whenever the calculated rate of spread is greater than zero and user-specified
thresholds are exceeded for the fine fuel moisture code (FFMC) and the build-up index (BUI) of the
Canadian fire weather index system. These two indices are inverse functions of fine fuel and coarser
fuel moisture contents, respectively, as specified by [22]. Only one fire is simulated per year per cell on
the first day when all thresholds are exceeded. Note that the day and year of fire may vary from cell to
cell, given the independent simulation of each cell.

Model inputs include soil characteristics (mineral depth, texture, bulk density) [24,25],
atmospheric CO2 concentration (provided by R. Stouffer, pers. comm.) and monthly climate (minimum
and maximum temperature, precipitation and vapor pressure). MC2 is run in four distinct successive
phases: a first phase to initialize vegetation cover and carbon pools, a spinup phase to allow pools and
vegetation dynamics to adjust in response to dynamic fire simulations, and a transient phase where
historical and future climate time series are used to simulate past and future dynamics.

Historical climate data (1895–2010) were acquired from the PRISM group at Oregon State University [26]
at 30 arcsec spatial resolution. To maintain consistency with LandCarbon methods [14], we used
climate projections from CSIRO Mk3 [27], CGCM3 [28] and MIROC 3.2 medres [29] (henceforth CSIRO,
CGCM3 and MIROC) for three emission scenarios A2, A1B and B1. Climate data were originally
acquired from the WCRP (World Climate Research Programme) CMIP3 (Coupled Model Intercomparison
Project phase 3) multi-model database website (https://esg.llnl.gov:8443/home/publicHomePage.do).
They were then downscaled using the delta or anomaly method of [30]. Method details are available in
(Appendix S1 in [13]).

The MC2 model was first used to simulate potential vegetation (PV) driven by climate and
maintained by wildfires, without consideration of any human intervention. Küchler’s potential
vegetation map of the United States [31] as well as [32]’s estimates of potential fire return interval (FRI)
have been used as benchmarks for testing MC2 [13]. We also compared aboveground biomass results
for the period 2000–2005 with estimates from the National Biomass and Carbon Dataset (NBCD) [33,34].

For another set of runs, land cover was simulated using contemporary and projected land use
(LU) for each greenhouse gas emission scenario [35], with a legacy of fire suppression starting in
1950. We used future climate, CO2 concentrations and land use projections that were aligned with
three Intergovernmental Panel on Climate Change (IPCC)’s greenhouse gas emission scenarios (A1B,
A2 and B1) from the fourth assessment report [36]. To simulate the suppression of wildfires as
a land-management practice, we used thresholds of fire line intensity, energy release component and
rate of spread below which the fire routine was skipped assuming completely effective suppression [37].
We calibrated our initial results with land use to a variety of published estimates of carbon pools and
fluxes (Figure S1 in [13]), as well as forest area and fire emissions [38].

Categorical variables such as potential vegetation and land use were summarized as modes for the
historical period (1971–2000) and for the mid-century period (2041–2070) across the three climate model
projections under the A2 future scenario. We aggregated model results into four broad categories and
assigned numerical values to each: grasslands (1), shrublands (2), woodlands and forests (3), and other
types (including deserts and barrens, as well as imposed agriculture/grazing, developed and mining,
0). This aggregation was based on carbon levels (units are g·m−2) such that:

• If herbaceous carbon stocks >200 g·m−2 and woody carbon stocks <80 g·m−2 we called it a grassland.
• Then if woody carbon stocks >1150 g·m−2 we called it a forest.
• Then if woody carbon stocks >1 g·m−2 we called it a shrubland.
• The rest was called “other.”

https://esg.llnl.gov:8443/home/publicHomePage.do
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We subtracted historical values for aggregated vegetation types from future values to calculate
an index of habitat change ranging from −3 to +3. Differences between present and future conditions
were rated as small to large depending on the type of transition that occurred. For example, a change
from grassland (1) to forest (3) or the reverse (e.g., as a result of fire) would be large while a change
from a conifer forest (3) to a mixed forest (3) would be small because the ecosystem function would
not change dramatically.

Note that we used conventions from the ecological literature [39] where positive fluxes represent
net carbon uptake by vegetation and soil, i.e., a carbon sink (removing carbon from the atmosphere),
while negative fluxes represents a net release of carbon from the land to the atmosphere, i.e., a carbon
source. Carbon sequestration (transfer from the atmosphere to any other carbon pool [39]) was
calculated as the average net ecosystem production (NEP) i.e., net primary production minus soil
heterotrophic respiration. Timber supply was estimated from the coarse wood pool. We applied the
same method as [12] and assumed (1) that 60% of aboveground wood carbon could be used for timber
production; (2) that biomass was composed of 45% carbon; and (3) that to obtain wood volume we
could use the same conversion factor of 4 e−6·m3/g C. Tree vigor, sensu [40], was calculated as the
ratio of NPP over leaf area index (LAI) in forest areas where timber harvest is occurring. Loss of
carbon to wildfires is calculated in the model routinely for every fire event. Wildlife habitat quality is
evaluated as a function of the stability of the type of vegetation cover over time.

To make model results readily available to stakeholders in the state of California, we provide
model results within the state borders on a web application (http://climateconsole.org) under the
“Climate Impacts” tab, providing maps of vegetation dynamics as well as charts describing carbon
fluxes and stocks in the state. Another web application provides the same service for the conterminous
USA (http://climateconsole.org/conus) where the raw data are also available for download.

3. Simulation Results

3.1. Forest Area and Productivity, Relevant to Timber Supply as a Provisioning ES

Under historical conditions (1971–2000), simulated forested areas (without land use or fire
suppression) occupy 57% of the map of potential vegetation and by the middle of the 21st century
(2041–2070) their extent has increased by 3–9% except under MIROC A2. With land use and fire
suppression, forested areas occupy only 44% of the map under historical conditions because a large
fraction of the eastern US and the Midwest has been transformed by agriculture and development
but their extent increases by up to 19% (CSIRO B1) by mid-21st century. While warming generally
drives shifts upward in elevation at the expense of alpine systems and shifts westward at the Great
Plains—eastern forests ecotone, fire suppression with land use causes extensive woody encroachment
of western shrublands and grasslands (Figure 1).

However, decreases in forest carbon density are simulated under all climate and emission
scenarios except under CGCM3 (+5%) and CSIRO A1B (+14%) without land use. Furthermore,
our calculation of vigor (ratio of production over leaf area index) shows a decline with land use.
Note that where low vigor numbers are calculated for the historic period, the light color areas on
the map match fairly well the insect and disease detection survey summary maps available from the
USFS Forest Health Technology Enterprise Team (www.fs.fed.us/foresthealth/technology/adsm.shtml
accessed 22 July 2016).

When we compare carbon stocks or timber supply in GAP 1 and 2 protected areas (USGS
terminology: GAP Status Codes 1 and 2 meet the definition of protected by IUCN as “A clearly
defined geographical space, recognized, dedicated and managed, through legal or other effective
means, to achieve the long-term conservation of nature with associated ecosystem services and
cultural values.” These include national parks, wilderness areas, strict nature reserves and national
monuments) versus managed lands (agriculture, urban, industrial, mining), we see a greater potential
for production than in the currently protected areas (Table 1). This is partially due to the fact that the

http://climateconsole.org
http://climateconsole.org/conus
www.fs.fed.us/foresthealth/technology/adsm.shtml
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richer soils that could support high production of natural vegetation have already been requisitioned
to support agriculture.
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Figure 1. Simulated forest carbon stocks and forest vigor (NPP/LAI) for historical conditions
(1971–2000) and for future conditions across 3 possible futures (climate projections from CGCM3,
MIROC and CSIRO) under the A2 emission scenario (2041–2070). We show simulation results at
30 arcsec spatial resolution for mid-century with and without land use and fire suppression.

Table 1. Simulated ecosystem services and their constraints for the conterminous USA using results
from the MC2 model at 30 arcsec spatial resolution for the period 2041–2070 across 3 climate futures
(CGCM3, CSIRO and MIROC) under the A2 emission scenario.

Total Area (Conterminous USA) Protected Areas (GAP 1 and 2) Managed Lands
(ag/Grasslands, Developed, Mined)

Area 7,873,389 km2 609,235 km2 2,635,585 km2

Type of Human
intervention none Land use +

fire suppression none fire suppression none Land use +
fire suppression

Carbon
sequestration-NEP

(g·C·m−2)
70.58 154.62 67.63 71.40 74.56 325.24

Timber Supply
(Gm 3 × 106 km−2) 20.02 13.88 21.99 1 23.64 100.78 1.86

Biomass Consumed
by wildfires
(g·C·m−2)

56.68 22.56 56.63 38.41 59.11 2.54

1 If timber was to be extracted from protected area. These are calculated only for comparison sake.

3.2. Carbon Sequestration and Losses to Wildfires as a Regulating ES

Net ecosystem production is the balance between net primary production and heterotrophic
respiration. NEP increases under future climate scenarios (Figure 2) particularly with changes in land
use. Without land use or fire suppression, senescence and mortality cause a significant respiration
flux that reduces NEP. This process is missing in agriculture and urban areas but also in managed
forest lands where harvest limits the size of the litter pool in the model. Moreover, in managed lands
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effective fire suppression could quadruple the carbon sequestration potential (Table 1) by allowing
forest and woodland expansion at the expense of rangelands. On the other hand, litter production and
accumulation without land use allow for the build-up of a soil carbon pool in natural areas, relatively
safe from consumption by fire and thus ensuring its long-term storage. By mid-21st century, simulated
soil carbon with land use and fire suppression had declined by up to 10% from historical levels to
become 14 to 18% lower than in simulations results with wildfire and potential vegetation (Figure 2),
regardless of the emission scenario or climate future we used. Carbon losses due to wildfires are
limited by land use in managed areas (Table 1) due to the simple fact that agricultural and developed
areas do not burn in the model and because fire suppression is assumed to be effective across the
country. Note also that in our model results, fire suppression in protected areas does not affect carbon
stocks or productivity remotely as much as in managed areas (Table 1), which is the kind of information
that could inform future policies regarding fire management and resource allocation.
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Figure 2. Simulated net ecosystem production (NEP), biomass consumed by wildfires and soil carbon
for historical conditions (1971–2000) and for future conditions across 3 possible futures (climate
projections from CGCM3, MIROC and CSIRO) under the A2 emission scenario (2041–2070). We show
simulation results at 30 arcsec spatial resolution for mid-century with and without land use and
fire suppression.

3.3. Vegetation Shifts That Will Affect Wildlife Habitat, a Supporting ES

As [41] reminded us: “Ecosystem services have, by definition, an anthropocentric focus. They are
the direct or indirect contributions from ecosystems to human welfare.” Biodiversity, which is often
closely associated with ecosystem function, has been shown to directly enhance the provisioning of
ecosystem services e.g., [42,43]. Habitat availability and quality are key ecosystem properties required
to sustain a high level of biodiversity. To evaluate this aspect under climate change conditions, we have
looked at the areas where vegetation shifts were simulated by our model (Figure 3) and assumed
such changes would cause a level of stress to wildlife relying on stable habitats. Our assumption
is of course an oversimplification since adaptation mechanisms have been reported in the literature
whereby when vegetation cover changes, fauna dependent on it might migrate or switch associations
e.g., [44]. Nevertheless, habitat loss due to land use and fire suppression (Figure 3) affects a much
greater fraction of the conterminous than changes due only to climate change by mid-21st century
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reinforcing the general conclusion that human actions can affect species survival to a greater extent
than climate which may however exacerbate the trend.
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Figure 3. Simulated change in vegetation cover between historical conditions (1971–2000) and future
conditions across 3 possible futures (climate projections from CGCM3, MIROC and CSIRO) under
the A2 emission scenario (2041–2070). We show simulation results at 30 arcsec spatial resolution
without fire suppression (potential vegetation)—changes are due only to climate effects, with only
fire suppression—changes are due to both climate and suppression, with fire suppression and land
use—changes are due to climate, fire suppression and land conversion.

3.4. Limitations

Where the density of meteorological stations is low, the record length from existing meteorological
stations is short, the infilling period important, or the topography complex, climate conditions and
inter-annual variability within a grid cell may not be adequately represented by interpolation methods
and climate models, imparting much uncertainty to the simulation of vegetation dynamics, related
carbon and water fluxes and fire effects that depend on reliable climate inputs.

Similarly, the lack of reliable soil information e.g., [45], essential to simulate soil water availability,
is affecting the robustness of our results. The coast-to-coast soils dataset used as input to MC2 is
based on STATSGO [25,34] and has only been updated with SSURGO data in regions where those data
were available [46]. Furthermore, where soil degradation has occurred due to past disturbances or
a long legacy of land use has transformed land cover trajectories, simulations of land cover for the
20th century may not be based on accurate vegetation responses.

Apart from uncertainty in input values, simulating plant functional types may fail to take into
account the role of human-introduced exotic invasives or leave out specific disturbance-resistant plant
species, which can drive ecosystem processes in new directions and affect landscape resilience as well
as adaptation capacity. Parameters used for a given plant functional group are often associated with
the most “representative” species which, if inaccurate, could lead to an over or under-estimation of
simulated ecosystem services.

The model was calibrated to best represent potential vegetation land cover from one coast to the
other, matching [31]’s potential vegetation map of the United States. However, neither pest outbreaks
nor extreme events such as wind throw, hurricanes, ice storms were included in the simulations.
Past legacy of fire by native Americans were also not represented as a legacy constraint. Changes in
land management practices such as fire suppression were simplified assuming no suppression before
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1950 and effective suppression afterwards. Moreover, our land use assumptions were simple and
would need to be revised before evaluating mitigation potential estimates.

Despite these limitations, very much in common with other DGVMs, the MC2 model fits in its
role of “virtual laboratory” that can help “identify indicators of approaching, potentially irreversible,
system thresholds or tipping points” [47].

4. Discussion

As Fisichelli [48] accurately observed, “climate change is a combination of directional shifts in
baseline conditions (e.g., increasing mean temperatures) and changes in extreme events (e.g., more
frequent and intense storms and droughts)” that will affect ecosystem processes and function in such
a way as to modify the provision of ecosystem services our society has grown to depend on. Climate
change combined with the legacy of land use (introduction of invasives, expansion of fire sensitive
species due to 60+ years of suppression, expansion of agriculture and urban areas) will definitely
challenge the adaptive capacity of ecosystems. The increase in atmospheric CO2 concentration however,
by increasing both plant productivity and water use efficiency, may enhance the ability of vegetation
cover to mitigate anthropogenic emissions. Our analysis hopes to increase the awareness of threats but
also of opportunities which could help stimulate the development of adaptation options.

The increase in the total area of forests in the conterminous US (Figure 1) is driven, in the model,
by both increased CO2 concentration that enhances WUE as well as some increase in precipitation
allowing for woody encroachment in areas that were too dry for tree establishment a few decades ago.
Furthermore, fire suppression and human land use have played a critical role in allowing widespread
tree and shrub encroachment over the western US where grasslands and rangelands dominated the
landscape. However, while our model does not simulate it, woody expansion has been accompanied
with an expansion of invasive exotics that have modified the fire regime disallowing not only the
expansion of the woody vegetation in some areas but also its survival in its current location, as fires
became more frequent in arid zones [49]. Such complex and antagonistic biotic interactions are difficult
to capture in models already limited by the uncertainty of their inputs (climate and soil). While these
processes may have prevented a greater increase in carbon capture by woody vegetation, they have
nonetheless increased the value of the carbon sequestration potential in grassland soils e.g., [50].

Despite its limitations, our model has shown that a warmer world will generally enhance carbon
capture and timber production especially in areas where temperature is currently limiting growth
and where future water availability is expected to be sufficient. Such optimism however needs to be
dampened by the fact the model ignores possible damage by pests and pathogens that have already
shown they could affect large swaths of forests [51–53]. To illustrate potential forest vulnerability to
such outbreaks we mapped vigor (ratio of net primary production over leaf area index) in areas where
forest productivity was simulated to be the highest (mean + .5* standard deviation) in the conterminous
USA (Figure 4). We observed simulated future losses of vigor with land use, particularly worrisome
where regional economies depend on the productivity of forest plantations, such as in the southeast
where plantations and wood production for pellet production for international markets would be
directly affected. So, in summary we have shown that the forests’ provisioning and regulating service
may be reduced regionally by mid-century, a trend that might cause grave socioeconomic effects in
areas where adaptive management strategies should already be envisaged [54]).

Further losses might be expected as forest production and thus fuels production increase in
a warmer world: fuels will dry more easily with increased landscape fragmentation while longer fire
seasons will increase the probability of human-caused ignitions and thus fire occurrence. Nonetheless,
higher biomass production together with natural and disturbance-caused mortality are expected to
increase soil carbon stocks, which are fairly resistant to losses from fires and thus should constitute
effective long-term storage of carbon. With a more profound awareness of these negative as well as
positive possible impacts of climate change on ecosystem processes, land managers should be able
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to better address the various challenges brought about by the combination of societal demands and
climate-related threats.Climate 2018, 6, 1 10 of 15 

 

 
Figure 4. Factors that may decrease the value of ecosystem services across the conterminous USA: a 
decrease in vigor (NPP/LAI) and the amount of biomass consumed by wildfires, comparing 
simulation results for mid-century conditions (2041–2070), with and without land use, across 3 
possible futures (climate projections from CGCM3, MIROC and CSIRO) under the A2 emission 
scenario. Projected vigor is mapped where forest production is projected to be the highest and 
simulated carbon losses to wildfires are mapped where carbon sequestration is expected to be the 
greatest by mid-21st century. Simulation results were obtained by running the MC2 model at 30 arcsec 
spatial resolution. 

Further losses might be expected as forest production and thus fuels production increase in a 
warmer world: fuels will dry more easily with increased landscape fragmentation while longer fire 
seasons will increase the probability of human-caused ignitions and thus fire occurrence. 
Nonetheless, higher biomass production together with natural and disturbance-caused mortality are 
expected to increase soil carbon stocks, which are fairly resistant to losses from fires and thus should 
constitute effective long-term storage of carbon. With a more profound awareness of these negative 
as well as positive possible impacts of climate change on ecosystem processes, land managers should 
be able to better address the various challenges brought about by the combination of societal 
demands and climate-related threats.  

Note that agriculture and urban areas are characterized in the model as exempt of fire. Globally, 
the decreasing trend in burned areas [55] is due to those same factors at work in the USA—agriculture 
expansion and urbanization. However, we have seen in California this Fall (2017) that urban areas, 
particularly the urban-wildland interface, can be vulnerable to fire, especially when policies allow for 
the expansion of development further away from urban centers into fire-prone landscapes. So, the 
fire risk to losses in carbon is real and includes a decrease in the reliability of long term storage 
categories such as construction timber. 

Changes in vegetation cover (Figure 3) and fire regime due to climate and land use affect habitat 
quality for many organisms besides humans, positively for some, negatively for others. Fortunately, 
many species have already shown signs of adaptation [56–59]. While species distribution models 
have painted a dire future, they also have been shown to often overestimate extirpation by ignoring 
the complex biotic interactions and adaptive capacity of various species e.g., [60,61]. Nonetheless the 
supporting ES from existing ecosystems providing quality habitat for current species assemblages 
will be affected by climate change and natural resource managers need to start planning for 
“surprises” and novel ecosystems caused by complex interactions between climate and local 
environmental conditions e.g., [62]. Adaptive solutions such as assisted migration only confound the 

with land use and fire suppressionpotential vegetation

Biom ass C onsum ed (g C  m -2 y-1)

Vigor (N PP/LA I) (g C  m -2 y-1)

Figure 4. Factors that may decrease the value of ecosystem services across the conterminous USA: a decrease
in vigor (NPP/LAI) and the amount of biomass consumed by wildfires, comparing simulation results for
mid-century conditions (2041–2070), with and without land use, across 3 possible futures (climate projections
from CGCM3, MIROC and CSIRO) under the A2 emission scenario. Projected vigor is mapped where forest
production is projected to be the highest and simulated carbon losses to wildfires are mapped where carbon
sequestration is expected to be the greatest by mid-21st century. Simulation results were obtained by running
the MC2 model at 30 arcsec spatial resolution.

Note that agriculture and urban areas are characterized in the model as exempt of fire. Globally,
the decreasing trend in burned areas [55] is due to those same factors at work in the USA—agriculture
expansion and urbanization. However, we have seen in California this Fall (2017) that urban areas,
particularly the urban-wildland interface, can be vulnerable to fire, especially when policies allow for
the expansion of development further away from urban centers into fire-prone landscapes. So, the fire
risk to losses in carbon is real and includes a decrease in the reliability of long term storage categories
such as construction timber.

Changes in vegetation cover (Figure 3) and fire regime due to climate and land use affect habitat
quality for many organisms besides humans, positively for some, negatively for others. Fortunately,
many species have already shown signs of adaptation [56–59]. While species distribution models have
painted a dire future, they also have been shown to often overestimate extirpation by ignoring the
complex biotic interactions and adaptive capacity of various species e.g., [60,61]. Nonetheless the
supporting ES from existing ecosystems providing quality habitat for current species assemblages will
be affected by climate change and natural resource managers need to start planning for “surprises” and
novel ecosystems caused by complex interactions between climate and local environmental conditions
e.g., [62]. Adaptive solutions such as assisted migration only confound the problem by stressing
the recipient ecosystem that might have been stable until the transplanted organism was introduced.
There have not been enough resources allocated to simply monitor the response of stressed species and
gauge their specific adaptive capacity—generic diversity, dispersal capacity, phenotypic plasticity—to
ensure that human intervention will be positive in the long term e.g., [63].
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5. Conclusions

As a society, we have often assumed land management strategies will be sufficient to mitigate
the negative effects of disturbance. However, history has shown that we were not always successful.
For example, while Europeans have managed most of their forests, they have failed to optimize carbon
sequestration because of timber exploitation and the establishment of dark evergreen plantations
reducing reflectivity and enhancing surface warming [64]. Our society will need to further develop
its capacity to adapt to change to not only mitigate the negative outcomes but also to be ready to
take advantage of the opportunities climate change will bring to the land and enhance the natural
adaptive capacity of existing ecosystems. It will be critical to estimate the value of areas (e.g., as in
Table 1) that are best suited to be protected specifically to sequester carbon (a regulating service)
compared to areas of timber production (a provisioning service) because trade-offs will be needed
to balance the types of services society will need in the future [65]. If only provisioning services are
valued, decision-makers could falsely believe that their choice of policies, new strategies and practices
are improving our natural capital when critical ecological functions are in fact rapidly declining [12].
Practical interpretation of model results such as those from MC2 or others give managers some fodder
to better evaluate the various futures that may develop before them and test options to manage or
protect the land from further disturbance.

The striking differences between potential vegetation dynamics and land use-driven changes in
land cover confirm the importance of the human footprint on ecosystem resilience to climate change
and thus the availability of essential ecosystem services to mitigate human emissions in the future.
The good news is that human activities can be changed and management strategies can be adapted to
new conditions while plant and animal responses to climate change will vary based on the inherent
adaptive capacity of individual species. This is a very positive conclusion because it means that we do
have some control over much of the future of the land cover and could maintain its adaptive capacity
by choosing appropriate management strategies.
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Appendix A

Table A1. MC2 potential vegetation types.

1 Undefined
2 Ice or Barren (or Rock)
3 Alpine or Arctic Tundra
4 Taiga-Tundra
5 Boreal Evergreen Needleleaf Forest
6 Boreal Mixed Woodland
7 Subalpine Forest
8 Maritime Evergreen Needleleaf Forest
9 Temperate Evergreen Needleleaf Forest

10 Temperate Deciduous Broadleaf Forest
11 Temperate Cool Mixed Forest
12 Temperate Warm Mixed Forest
13 Temperate Deciduous Broadleaf Woodland
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Table A1. Cont.

14 Temperate Cool Mixed Woodland
15 Temperate Warm Mixed Woodland
16 C3-Dominated and Temperate Shrubland
17 C3-Dominated and Temperate Grassland
18 Temperate Desert
19 Subtropical Evergreen Needleleaf Forest
20 Subtropical Deciduous Broadleaf Forest
21 Subtropical Evergreen Broadleaf Forest
22 Subtropical Mixed Forest
23 Subtropical Evergreen Needleleaf Woodland
24 Subtropical Deciduous Broadleaf Woodland
25 Subtropical Evergreen Broadleaf Woodland
26 Subtropical Mixed Woodland
27 C4-Dominated Subtropical Shrubland
28 C4-Dominated Subtropical Grassland
29 Subtropical Desert
30 Tropical Evergreen Broadleaf Forest
31 Tropical Deciduous Woodland
32 Tropical Savanna
33 Tropical Shrubland
34 Tropical Grassland
35 Tropical Desert
36 Cool Needleleaf Forest
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