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Abstract

Background: Climate change represents a considerable source of uncertainty with respect to the long-term health
and productivity of Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) plantations in southeastern China.

Methods: We employed the process-based, stand-level model FORECAST Climate to investigate the potential
impact of four alternative climate-change scenarios on the long-term growth and development of Chinese fir
plantations in Fujian province, China. The capability of the model to project seasonal patterns of productivity
related to variation in temperature and moisture availability was evaluated using 11 years of 8-day composite
MODIS remote sensing data.

Results: Simulation results suggest climate change will lead to a modest increase in long-term stemwood biomass
production (6.1 to 12.1% after 30 to 60 years). The positive impact of climate change was largely attributable to
both a lengthening of the growing season and an increase in nutrient-cycling rates. The increase in atmospheric
CO2 concentrations associated with the different emission scenarios led to an increase in water-use efficiency and a
small increase in productivity. While the model predicted an overall increase in dry-season moisture stress, it did
not predict increased levels of drought-related mortality.

Conclusions: Climate change is expected have positive impact on the growth of Chinese fir in the Fujian region of
China. However, the projected increase in plantation productivity associated with climate change may not be
realised if the latter also results in enhanced activity of biotic and abiotic disturbance agents.

Keywords: FORECAST Climate, Process simulation, Climate change, Cunninghamia lanceolata, Forest productivity,
Nutrient cycling, MODIS

Background
Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) is
an evergreen conifer species and is one of the most
important commercial species in China. Not only is it a
valuable timber species useful for construction and fur-
niture manufacturing (Huang 2013; Zhang et al. 2013),
but it is also commonly used for pulp and biomass en-
ergy production (Nie et al. 1998; Li et al. 2013). Chinese
fir has been widely planted throughout subtropical
China (Yu 1997; Wu 1984), and according to the results

of the 8th National Forest Inventory, the planting area of
Chinese fir is about 11.0 million ha, accounted for 15.8%
of all plantations in the country (SFA 2014). In addition
to its importance as a source of fibre, Chinese fir planta-
tions also play an important role in water and soil
conservation, and in climate regulation through their
function as carbon sinks (Tian et al. 2002; Wang et al.
2009). Considering their large area of cultivation, and
high potential for atmospheric CO2 fixation (Yao et al.
2015), Chinese fir plantations represent a key compo-
nent of China’s greenhouse gas mitigation strategy.
There is considerable uncertainty surrounding the

possible effects of climate change on the long-term health
and productivity of Chinese fir plantations throughout
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China. Deviations from historical temperature and pre-
cipitation regimes can influence a wide range of ecological
processes associated with forest productivity including de-
composition of dead organic matter and nutrient mineral-
isation rates (Gholz et al. 2000), photosynthetic rates and
length of growing season (Boisvenue and Running 2006),
and water stress and drought-related mortality (Allen et
al. 2010). Moreover, relatively little is known about how
climate change may influence the long-term growth and
development of Chinese fir plantations in different parts
of its range. In general, Chinese fir is adapted to warm
and relatively moist climate regimes although it is also
considered to be tolerant of periods of moisture stress
(Wei et al. 1991). Past studies on the relationship between
the growth of Chinese fir and climate factors have primar-
ily focused on the analysis of suitable climate envelopes
throughout its distribution (Wei et al. 1991; Guan 1989;
Shi 1994; Wu and Hong 1984; Zhang 1995). While such
studies are useful, they do not provide adequate informa-
tion to inform managers how current plantations may
respond to shifting climate regimes. Such information is
essential to support the development of sustainable and
resilient plantation management systems.
Another valuable approach to examining and monitoring

the impacts of climate change is through the application of
remote-sensing technologies. Satellite imagery and other
remotely sensed data have been shown to be effective tools
for detecting subtle long-term impacts of climate change
on extensive forest areas (e.g. Keenan et al. 2014).
Such data, when used in combination with ecosystem
models, represent an efficient approach for projecting
long-term impacts of climate change and testing
model performance.
In this study we employ the process-based, forest

management model FORECAST Climate to evaluate the
potential impact of alternative climate change scenarios
on the long-term growth and development of Chinese
fir plantations in Fujian province, China. The FORE-
CAST model (without the climate change component)
has been previously applied in subtropical Chinese fir
plantations to evaluate the impact of intensive short-
rotation management on soil productivity (Bi et al. 2007;
Xin et al. 2011). The capability of FORECAST Climate
to project seasonal patterns of productivity related to
variation in temperature and moisture availability was
assessed using 11 years of 8-day composite MODIS
remote sensing data. The broader evaluation includes an
assessment of the impacts of climate change on key
ecosystem processes regulating growth response.

Methods
Study area description
The study area was located in Shunchang County in the
north central part of Fujian province (117° 29′–118° 14′

E and 26° 38′–27° 121′ N). The terrain in the north and
southwest is generally higher than south central areas,
which contain the major rivers. Shunchang has a sub-
tropical maritime monsoon climate, but is also influ-
enced by a continental climate. The annual average
temperature in the study area is 16.9 °C, the frost-free
period lasts 305 days and the average annual rainfall is
1628 mm. With a mild and humid climate and ample
sunshine and rainfall, Shunchang is suitable for the
growth of Chinese fir. The specific study area includes
Shuangxi Town and Yangkou Town with a total area of
about 29,361 ha (Fig. 1). Spatial forest resource survey
data of Shunchang County in 2007 were used as the
principal data source for the analysis. Productive forests
within the study area are dominated by stands of
Chinese fir of ranging in age from 1 to 52 years and
developed on soils with variable fertility.

Soil description
Soils within the study area are largely classified as “red
earth” under the Chinese classification system (equiva-
lent to Ultisol under USDA soil taxonomy). Soils in this
region tend to be acidic, with depths greater than 1 m.
The texture is mostly loam and clay, and they tend to be
rich in organic matter.

Model description
The FORECAST Climate model (Seely et al. 2015) was
developed as an extension of the hybrid forest growth
model FORECAST (Kimmins et al. 1999) created
through the dynamic linkage of FORECAST with the
stand-level hydrology model ForWaDy (Seely et al.
1997). The linked model is capable of representing the
impact of climate and climate change on forest growth
dynamics. Specifically, it includes detailed representa-
tions of the relationships between temperature and
water availability on growth rates and as well as the
effect of soil temperature and moisture contents on
decomposition and nutrient cycling. The model also in-
cludes a function to represent mortality associated with
severe drought events. The following sections include
descriptions of the two underlying models and their
linkage to form FORECAST Climate.

The FORECAST model
The Forestry and Environmental Change Assessment
Tool (FORECAST) is an ecosystem-based, stand-level
growth and forest ecosystem management simulator.
The model was designed to accommodate a wide variety
of harvesting and silvicultural systems in order to com-
pare and contrast their effect upon forest productivity,
stand dynamics and a series of biophysical indicators of
non-timber values. FORECAST employs a hybrid ap-
proach whereby local growth and yield data are used to
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derive estimates of the rates of key ecosystem processes
related to the productivity and resource requirements of
selected species. This information is combined with data
describing rates of decomposition, nutrient cycling, light
competition, and other ecosystem properties to simulate
forest growth under changing management conditions.
Decomposition and dead organic matter dynamics are

simulated using a method in which specific biomass
components are transferred, at the time of litterfall, to
one of a series of independent litter types. Decompos-
ition rates used for the main litter types represented in
the model are based on the results of extensive field in-
cubation experiments (Camiréet et al. 1991; Prescott et
al. 2000; Trofymow et al. 2002). Residual litter mass and
associated nutrient content is transferred to active and
passive humus pools at the end of the litter decompos-
ition period (when mass remaining is approximately 15
to 20% of original litter mass). Mean residence times for
active and passive humus types are typically in the range
of 50 and 600 years, respectively. In FORECAST Cli-
mate, these decomposition rates are modified through
the use of annual indices of temperature and moisture.
FORECAST has been widely used in Canada, Scotland,

Norway, China and other countries in the world. It has
been applied in variety of forest ecosystems including
lodgepole pine forest (Wei et al. 2000; Wei et al. 2003),
mixed aspen and white spruce forest (Seely et al. 2002;
Welham et al. 2002), Scots pine forest (Blanco et al.
2006), coastal Douglas-fir forest (Blanco et al. 2007;

Morris et al. 1997), Korean larch (Sun et al. 2012), and
Chinese fir plantations (Bi et al. 2007; Xin et al. 2011).
The model has been used in a variety of applications and
evaluated against field data for growth, yield, ecophysio-
logical and soil variables. A detailed description of
FORECAST is provided in Kimmins et al. (1999).

The forest water dynamics (ForWaDy) model
The ForWaDy model simulates the hydrologic dynamics
of a forest stand on a daily time step for a given set of
climatic and vegetation conditions. It has been shown to
perform well for predicting the effect of forest manage-
ment on evapotranspiration (Seely et al. 2006) and
temporal patterns in soil moisture content under field
conditions (Dordel et al. 2011; Titus et al. 2006). The
model represents potential evapotranspiration (PET)
using an energy balance approach based on a modified
version of the Priestley-Taylor equation (Priestley and
Taylor 1972). This equation has shown to be effective in
predicting evapotranspiration under a wide variety of
forest types and conditions (Rao et al. 2011; Stagnitti et
al. 1989; Sumner and Jacobs 2005). Net shortwave solar
radiation interception is used to drive the PET calcula-
tions. It is calculated for each tree and plant species
from the light competition submodel built into FORE-
CAST (Kimmins et al. 1999) and surface albedo.
ForWaDy includes a representation of the vertical flow
of water through canopy and soil layer compartments.
Storage and movement of water in and through each soil

Fig. 1 A map showing the location of the specific study area and Fujian Climate Station
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layer is regulated by physical properties that dictate
moisture holding capacity, permanent wilting point
moisture content, and infiltration rate.
Water stress is calculated for each species on a daily

time step and expressed as a transpiration deficit index
(TDI). The TDI is the relative difference between poten-
tial energy-limited transpiration demand and actual
transpiration:

TDIi;d ¼ CanTDemand;i;d−CanTActual;i;d
� �

=CanTDemand;i;d

ð1Þ

where:
CanTDemad, i,d = energy-driven transpiration demand

for species i (mm) on day d, as a function of leaf area
index (LAI), intercepted short-wave radiation, canopy
albedo, and canopy resistance,
CanTActual, i,d = actual tree transpiration for species i

(mm) on day d, as a function of CanTDemad, i,d, root
occupancy, and available soil moisture.
A detailed description of the ForWaDy model includ-

ing its general data requirements are provided in Seely
et al. (2015, 1997).

Linking tree growth with hydrology
In the general version of the FORCAST model, forest
productivity is simulated based primarily upon light and
nutrient availability. FORECAST Climate was designed
to incorporate explicit representations of the impact of
moisture availability and temperature on forest growth
processes to expand the application of the model to
address potential climate change. The foundation for the
expanded model was established through the creation of
a dynamic linkage between the detailed representation of
forest biomass growth and structure in FORECAST with
the hydrological processes represented in ForWaDy
(Seely et al. 2015).

Accounting for climate impacts on ecosystem processes
The impact of climate on tree growth and decomposition
processes in FORECAST Climate is focused primarily on
their relationship to temperature and water availability.
These relationships are represented using curvilinear re-
sponse functions, simulated on a daily time step and sum-
marised annually. The temperature growth response
functions are designed to encapsulate the physiological
growth processes governing the response of trees and
minor vegetation growth to mean daily temperature. The
relative effect of temperature as a limiting factor on tree
growth is captured annually through the sum of daily
values. The positive effect of a lengthening growing sea-
son, for example, may be captured with this approach.
The effect of moisture availability on plant growth rates is
calculated using daily TDI values, which represent the

degree that a given tree species is able to meet its energy-
driven transpiration demands. As TDI increases, plants
tend to close stomata to conserve water and there is
an associated reduction in photosynthetic production
(McDowell et al. 2008). The model also includes a repre-
sentation of the effect of increasing atmospheric CO2

concentration on water use efficiency (Seely et al. 2015).
The temperature and moisture response functions are

incorporated into FORECAST Climate through their in-
clusion in a climate growth response index. Specifically,
GRIy is calculated for each climate year (y) as the sum of
the daily product of the temperature (TGrowth) and water
stress (SGrowth) indices (Eqs. 2 and 3). A similar
approach is used to represent the daily effect of
temperature (TDecomp) and moisture content (MDecomp)
on dead organic matter decomposition rates through the
calculation of an annual climate decomposition response
index (DRIy, Eq. 4).

GRId ¼ TGrowth;d � SGrowth;d
� � ð2Þ

GRIy ¼
X365

d¼1
GRId ð3Þ

DRIy ¼
X365

d¼1
TDecomp;d �MDecomp;d
� � ð4Þ

where:
TGrowth,d = The temperature growth index (range 0–1;

dimensionless) on day d.
SGrowth,d = The water stress growth index (range 0–1;

dimensionless) on day d.
TDecomp,d = The temperature decomposition index

(range 0–1; dimensionless) on day d.
MDecomp,d = The moisture decomposition index (range

0–1; dimensionless) on day d.

FORECAST climate model calibration
The calibration of FORECAST Climate includes three
steps: (1) the calibration of the FORECAST model, (2)
the parameterisation of the ForWaDy model and (3) the
calibration of the climate response functions in FORE-
CAST Climate. The calibration of the base FORECAST
model for Chinese fir in the Fujian region is described in
Bi et al. (2007) and Xin et al. (2011) and the main cali-
bration parameters employed in the model are provided
in Additional file 1. The calibration of the climate
response functions was verified using remotely sensed
measures of NPP from the study area.

Parameterisation of the ForWaDy model
The calibration of descriptive soil variables including soil
texture, coarse fragment contents and depths of soil
layers and the values for key parameters describing soil
water extraction and transpiration rates for Chinese fir
and minor vegetation are provided in Table 1. The
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original version ForWaDy has been modified to facilitate
its application for climate change analysis including
different CO2 emissions scenarios (Seely et al. 2015). A
detailed description of the representation of the effect of
increasing atmospheric CO2 concentrations on stomatal
conductance and water use efficiency (WUE) is provided
in Additional file 1. The model does not include a repre-
sentation of increased atmospheric CO2 concentrations
on photosynthetic rates as there is little evidence to
support the long-term effects of CO2 fertilisation on
forest productivity (See Seely et al. 2015 for a detailed
discussion).

Calibration of climate response functions

Growth response functions A temperature growth re-
sponse function for Chinese fir (Fig. 2a) was established
based upon reported optimal temperatures from a num-
ber of studies (Zhang 1995; Wang 2006; Zhang and Xu
2002). The curve shows a sigmoidal increase in growth
rate with increasing temperature up to 20 to 22 °C,
representing the optimal temperature range for growth.
This is followed by a declining trend as the respiration
rate increases with increasing temperature (Wang 2006;
Zhang and Xu 2002). Similarly, a water stress response
curve was established to represent the relationship
between plant growth and daily water stress (Fig. 2b).
The shape of the curve is based on the model default.

Climate impacts on decomposition The decompos-
ition of litter and soil organic matter in FORECAST is
represented by grouping litter, created through the death
of specific biomass components, into different litter
types with defined mass loss rates based on litter quality
and field studies (Kimmins et al. 1999). In FORECAST

Climate, these base litter decomposition rates and their
associated nutrient mineralisation rates are adjusted
based on mean air temperature and moisture content.
The climate-influenced decomposition functions for the
study area are shown in Fig. 2c, d. The shape of the
temperature-decomposition response curve was based
upon a Q10 relationship of 2 (Zhou et al. 2008).

Drought-related mortality rate
FORECAST Climate includes a drought mortality func-
tion to capture the potential impacts of prolonged
drought events on tree and plant mortality rates. The
function simulates drought mortality using a response
curve in which a 2-year running average of species-
specific TDI is used as a predictor of the annual mortality
rate (Fig. 3). This relationship is based upon the widely
held assumption that extended periods of drought will
lead to carbon starvation (Hogg et al. 2008). The shape of
the curve is based on the model default derived from
testing with unpublished data from several tree species in
western Canada and is assumed to be relatively consistent
across species.

Reference climate data
The FORECAST Climate model requires daily climate
data to drive the simulation of climate change. Specific-
ally, 30 years of historical climate data are suggested to
provide a baseline against which any climate change
scenarios can be evaluated. The Fujian climate station
(see Fig. 1), near the study area, was selected for this
purpose. It is located at 117.17° E and 26.9° N, with an
elevation of 208 m. Daily data from 1961 to 1990 were se-
lected to represent the 30-year reference period, including
maximum temperature, minimum temperature, mean
temperature and total precipitation. The average monthly

Table 1 Parameter values in the ForWaDy submodel relevant for the simulation of plant available water, transpiration and water
stress on a mesic site

Soil variables Edaphic class Soil texture class Coarse fragment (%) Mineral soil depth (cm) Field capacity moisture content (θ)

Mesic site Silt loam 25 85 0.25

Soil water extraction
and transpiration

Species Maximum LAIa Canopy parameters Permanent wilting pointd

(%)
Maximum root depthe (cm)

Albedob Resistancec Humus Mineral soil

Chinese fir 4.5 0.12 0.3 0.07 0.09 100

Shrubs NA 0.12 0.25 0.08 0.1 100

Grass NA 0.12 0.2 0.07 0.09 75
aSets the upper limit for LAI by species. LAI is determined as a function of simulated foliage biomass. Not applicable (NA) for understorey vegetation
bEstimated values
c“Canopy resistance” represents a general measure of the resistance to water loss from foliage via stomata and cuticle. It is used to adjust the α value in the
Priestley-Taylor equation to represent the amount of stomatal control on transpiration from a dry canopy based upon the relationship RCan = 1 − (α/1.26)
(Seely et al. 2015). An α value of 1.26 represents a freely evaporating surface, a canopy resistance value of 0.3 would reduce the α value to approximately 0.88.
The value 0.3 for Chinese fir was estimated based upon the physical characteristics of its foliage and its known climate niche in comparison to other species for
which values of canopy resistance have been measured (dry pine = 0.45, Douglas fir = 0.33, non-sclerophyllic broad leaves 0.13, see Seely et al. (2015))
dRefers to the volumetric moisture content at which the species can no longer extract moisture from the soil. It is related to the soil texture class
eIndicates the maximum rooting depth within the total soil profile. Estimated values
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temperature and monthly total precipitation for the refer-
ence period are shown in Fig. 4.

Calculation of climate normals
FORECAST Climate simulates the impact of climate
change on growth and decomposition rates using
climate normals calculated from reference climate data
(Kimmins et al. 1999). Mean values for climate growth
and decomposition response indices (GRINormal, and
DRINormal) were calculated by running the model in

climate calibration mode using the 30 years of daily
reference climate data to drive the model without cli-
mate feedback on growth. The normal climate indices
are subsequently stored for use in climate simulation
runs where they are compared against simulated future
climate indices to determine relative changes in baseline
growth and decomposition rates.

Application of the FORECAST climate model
Model validation using MODIS data
Measurements of net photosynthesis from the Moderate
Resolution Imaging Spectroradiometer (MODIS) on the
NASA satellites, Terra and Aqua (Zhao et al. 2006), were
used to validate the parameterised model. MODIS data
were selected for evaluation as previous studies have
demonstrated that MODIS estimates of GPP provide a
good approximation for ground-based measures of
productivity derived from eddy flux measurements in
Chinese fir forests located in neighbouring Jiangxi
Province (Wang et al. 2014). The data were collected
during an 11-year period (2000–2010) with 8-day com-
posite time steps. The MODIS product (MOD 17A2)
provides an estimate of GPP and net photosynthesis
(PSNnet) based upon direct measures of the absorption
of photosynthetically active radiation (PAR) (Zhao et al.
2005).

Fig. 2 Climate response functions used in FORECAST Climate related to Chinese fir. These functions illustrate the relationship between daily
growth rate for Chinese fir and a mean daily temperature, b daily water stress; and the response of decomposition rates to c mean daily air
temperature (based upon a Q10 of 2), and d relative daily moisture content, for litter, humus and soil

Fig. 3 Annual drought-related mortality rate in relationship to 2-year
average water stress
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The MODIS data, available at (http://modis.gsfc.nasa.-
gov/data/), are formatted as a HDF EOS (Hierarchical
Data Format – Earth Observing System) tile with a
1 km × 1 km grid in a sinusoidal projection. A total of 18
tiles with predominant Chinese fir cover were identified
within the Shunchang study region (Fig. 1). A relative
PSNnet value was calculated for each 8-day period for
each tile and combined to produce a study-area aver-
age. Relative 8-day composite values were calculated
using annual maxima for each tile. The relative values
help to isolate the effects of climate on PSNnet as
compared to absolute values, which are subject to dif-
ferences in forest cover and other factors among tiles.
Quality control data, included as part of the MOD
17A2 product (Zhao et al. 2005), were used to ex-
clude periods for which there was excessive cloud
cover or other error factors.
Daily climate data from the Fujian climate station

(2000–2010) were used to drive the validation simula-
tion of the study area with FORECAST Climate. An
initial condition of a medium site quality Chinese fir
plantation age 20 was established as a starting condition
for the model validation exercise. For the purposes of
comparison, daily output of the modelled climate growth
response index (GRId) was averaged for the equivalent
8-day periods used with the MODIS data.

Development of climate change scenarios
To illustrate the potential impact of climate change on
long-term stand growth and development of forests in
the study area, it was necessary to develop a set of alter-
native climate change scenarios. Two general circulation
models (HadGEM2 and CNRM-CM5) included as part
of the International Panel on Climate Change Fifth
Assessment Report (IPCC 2013) were selected in
combination with two different emission scenarios to

generate four alternative climate change projections for
the study site location. The Climate models were se-
lected to represent a general range in potential change
patterns where HadGEM2 = “warm and wet” and
CNRM = “cool and dry”. The two emission scenarios se-
lected were RCP4.5 and RCP8.5, derived from the IPCC
AR5 analysis (Meinshausen et al. 2011; Peters et al.
2012). Monthly outputs for the 2025, 2055 and 2085
from these models were downscaled to daily data and
extrapolated for a 100-year period (2013–2112) using a
direct approach linked to the daily reference climate
data. In other words, the variability present in the daily
reference data was projected forward in the future
scenarios with the daily temperatures and precipitation
amounts adjusted according to the monthly trends from
the GCM models. Time periods after 2080 were as-
sumed to have no further change other than the inher-
ent interannual variation. Projected patterns of change
in mean temperature and precipitation for the four cli-
mate change scenarios are shown in Fig. 5. Each climate
data set also includes projections for annual changes in
atmospheric CO2 concentrations that are consistent with
the associated emission scenarios.

Establishment of initial conditions
Prior to conducting a simulation run, it is necessary to
establish initial soil conditions that are representative of
past management activities. This is achieved by running
the model in setup mode to generate an ECOSTATE file
that contains values for state variables describing
amounts of soil humus, decomposing litter and soil
nutrient capital. We created an initial ECOSTATE file to
represent a medium site (where top height = 13 m at
age 20) within the study area following steps described
in Bi et al. (2007).

Fig. 4 Average monthly temperature and precipitation calculated with data from the Fujian climate station, years 1961–1990
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Simulation of climate change impacts
Following the establishment of an initial ECOSTATE file,
the model was used to simulate the long-term impact of
climate change on the growth of Chinese fir. The four
climate change scenarios described above (HG4.5,
HG8.5, CNRM4.5 and CNRM8.5) and a reference
climate scenario were used to drive climate simulation
runs for three consecutive 30-year rotations starting in
2013. A total of five simulations were conducted.

Sensitivity analysis
A two-part sensitivity analysis was conducted to evaluate
the sensitivity of the model response to changes in at-
mospheric CO2 concentrations and to potential changes
in growing-season rainfall patterns. The impact of chan-
ging CO2 concentrations was assessed by running the
climate change scenarios described in the “Development
of climate change scenarios” section without the corre-
sponding changes in atmospheric CO2 concentrations
(atmospheric CO2 was held at 396 ppm). To evaluate
the impact of changes in growing season rainfall pat-
terns, a new set of climate change scenarios were
generated in which the frequency of growing season
(Mar–Oct) precipitation events were reduced by 35%
while maintaining the total monthly rainfall amounts.

The scenarios were created using the Statistical
Downscaling Model (SDSM v5.2) developed by Wilby
and Dawson (2013). These were intended to represent
potential increases in rainfall intensity associated with
climate warming.

Results
Model evaluation against MODIS data
MODIS 8-day composite Net PSN data, averaged across
18 Chinese fir-dominated 1 km × 1 km tiles within the
study area, were used to validate the capability of the
model to project temporal patterns in productivity as in-
dicated by simulated GRId. As described above, relative
values of Net PSN were calculated for each tile to better
isolate the impact of climate variations on changes in
productivity. There was a good correlation (r = 0.84,
p < 0.0001) between the model and the MODIS data
suggesting the model is able to represent the temporal
patterns in seasonal productivity associated with
temperature and moisture availability with reasonable
accuracy (Fig. 6).

Effects of climate change on tree growth
The influence of the alternative projected climate change
scenarios on the simulated annual growth response

Fig. 5 Historical reference climate data and projected pattern of change. a, b Mean annual air temperature and total annual precipitation for the
next 100 years based on four downscaled climate change projections, respectively. Lines represent the 10-year moving average for each series
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index for Chinese fir is shown in Fig. 7a. In general, the
climate change scenarios showed modest increases in
GRIy relative to the reference scenario. The selection of
climate model had a greater impact than the emission
scenario with the HadGEM model showing the largest
increase. Simulation results for stemwood biomass
production followed a similar pattern (Fig. 7b) with
increases in productivity of 5.4 to 8.1% by the end of the
first rotation (years 1–30), 6.1 to 12.1% for the second
rotation (years 31–60), and 4.5 to 17.1% for the third
rotation (years 61–90).
The projected impact of the different climate change

scenarios on the annual water stress index is illustrated
in Fig. 7c. Water stress varies substantially year-to-year
in all climate scenarios as a result of interannual vari-
ability inherent in the reference data. Scenarios based
upon the CNRM-CM5 model show the highest water
stress while those based upon the HadGEM2 model tend
to be slightly lower than the reference climate. These re-
sults are consistent with projected rainfall trends shown
in Fig. 5. Consecutive years of elevated water stress were
rare in all scenarios (Fig. 7c) and, accordingly, the model
projected low levels of drought-related mortality.

Effects of climate change on daily growth response index
To evaluate long-term trends in seasonal climate change
impacts on forest growth rates, the 90-year simulations
(2013–2102) were divided into three 30-year future pe-
riods (coinciding with each rotation) for each climate
scenario. Model results showing the average daily
growth response index of Chinese fir for the different

periods and climate scenarios are provided in Fig. 8. The
daily growth response index (GRId) is the product of
temperature response index and water stress response
index. Increases in average GRId were greatest during
the spring and fall for all climate change scenarios. In
contrast, average GRId tended to show modest declines
in the future climate periods relative to the reference
period during mid- to late summer due to higher-than-
optimal temperatures and greater than normal moisture
deficits. However, this negative impact was offset by a
simulated lengthening of the growing season. For
example, compared to reference climate, the average
length of the growing season (determined as the number
of calendar days in which TGrowth ≥ 0.25) for the period
from 2073 to 2102 increased by 26 days and 34 days
under the HG4.5 and HG8.5 scenarios, respectively.

Fig. 6 Relationship between FORECAST Climate and MOIDS data for
model evaluation. Based on the comparison between simulated
daily growth response index (GRId) (summarised with 8-day means)
and average 8-day composite MODIS Net PSN values for the study
area (converted to relative values using annual maxima) for the
period from 2000 through 2010. The regression line was forced
through the origin

Fig. 7 Simulation results showing the impacts of climate change on
the growth of Chinese fir. a The relative change in the annual
growth response index (GRIy) from the climate normal (GRINormal),
lines represent 5-year moving averages; b stemwood biomass
production; and c the annual water stress index (TDI) for four climate
change projections and the reference climate for Chinese fir on a
medium site
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Effects of climate change on decomposition rates and
nutrient cycling
In addition to its impact on tree growth, climate change
also had a positive impact on site productivity through
its impact on litter decomposition rates. The litter
decomposition rate index is a measure of the effect of
temperature and moisture content on mass loss rates.
Five-year running averages show that the litter decom-
position rate increased substantially in all climate change
scenarios relative to the reference climate data (Fig. 9a).
The increased rates of litter decomposition led to signifi-
cant increases in the rate of litter N release relative to
the reference scenario (Fig. 9b), which had a positive im-
pact on site productivity.

Results of the sensitivity analysis
Results from the sensitivity analysis described above
show that the calculation of water stress in the model is
sensitive to both changes in atmospheric CO2 concen-
tration and the frequency and intensity of growing
season precipitation events. Removing the effect of CO2

on water use efficiency (by holding CO2 constant) led to
average increase of water stress of 22% above the levels
observed for the original scenarios. Similarly, decreases
in the frequency of growing season precipitation events
led to an average increase of 24% in the mean annual
water stress index (TDI) relative to the original scenarios.
However, despite the increase in water stress, biomass

production at rotation only declined slightly (1 to 2%) in
the sensitivity analysis runs. The impact of the increased
water stress was small because although it increased,
water stress was still low enough that it had only a
minimal impact on growth and mortality. Detailed
results from the sensitivity analysis are provided in
Additional file 1.

Discussion
Projections of future climate regimes
The projection of future climate regimes is invariably a
source of uncertainty in modelling studies of climate
change impacts on forest health and productivity. The
approach taken here was to provide a range of potential
patterns of change derived from the combination of two
reputable climate models and two possible emission
scenarios derived as part of the IPCC AR5 analysis. It
should be noted that the prediction of future trends of
interannual variability is extremely challenging consider-
ing most of the output from global climate models only
report trends as changes in annual and monthly means
and often only for particular time slices. The direct
downscaling approach applied here is based upon the as-
sumption that future patterns of interannual variability
will reflect past observations. However, there is mounting
evidence that this may not be the case (Wilby and Dawson
2013), particularly with respect to precipitation patterns.
The sensitivity analysis conducted herein provided some

Fig. 8 Simulation results showing the average daily growth response index. Based on three 30-year future time periods (coinciding with each
rotation) relative to the reference period for the a HG4.5 scenario, b HG8.5 scenario, c CNRM4.5 scenario and d CNRM8.5 scenario
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insight as to potential impact changes in the frequency of
and intensity of growing season precipitation events but
more work should be done in this area.

Effects of climate change on Chinese fir productivity
Model results suggest that Chinese fir plantations
developed in the subtropical climate of Fujian province
will show modest increases in productivity (6.1 to 12.1%)
over the next 30 to 60 years due primarily to a lengthen-
ing of the growing season. These results are consistent
with a recent study by Wang et al. (2014), who observed
that productivity of Chinese fir in the Fujian region
increased during a 10-year warming trend from 2000 to
2010. They suggested this pattern was linked to a
prolonging of the photosynthetically active period. This
conclusion is supported by a spatial-temporal climate
analysis conducted by Liu et al. (2009), who reported an
increase in the growing season in southeastern China of
6.9–8.7 days during the period from 1955 to 2000.
While net annual growth rates are projected to

increase, FORECAST Climate predicts variably reduced

growth during the dry season as a result of increased
water stress and greater-than-optimal daytime tempera-
tures depending on the climate model selected (see
Fig. 5). Predicted elevations in peak summer tempera-
tures will exceed optimal levels causing reductions in
growth during these periods, but the net positive im-
pacts of increased growing season length were greater.
Wang (2006) found that the optimal temperature and
humidity required during the main period of the Chinese
fir growing season were 18–20 °C and 80%, respectively.
In addition, he observed that growth of Chinese fir was
limited when daily temperature exceeded 28 °C and/or
monthly precipitation was less than 50 mm.
Our modelling results suggest that warming associated

with climate change will also benefit productivity by
increasing rates of litter decomposition and associated
nutrient cycling. These results are consistent with those
reported by Moore et al. (1999), in a study of litter
decomposition rates in Canadian forests in which litter
decomposition rates were projected to increase by 4 to
7% above contemporary levels because of warming

Fig. 9 Simulation results showing the effects of climate change on decomposition rate (a) and litter nitrogen release (b). The lines in a represent
5-year moving averages
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trends expected with climate change. Evidence of the
positive influence of climate enhanced decomposition
and nutrient mineralisation rates on productivity has
been observed by several authors. For example, Kirwan
and Blum (2011) found that organic matter decompos-
ition rates increased by about 20% per degree of warming
in salt marsh experiments, which led to the enhanced
productivity of marsh vegetation. Further, Melillo et al.
(2011), in a 7-year soil warming study, pointed out that
the plant carbon storage increased with the support of the
additional inorganic nitrogen released by the warming-
enhanced decay of soil organic matter.

Projected impacts on mortality rates
While the model predicts an increase in the negative
impact of dry season moisture stress on growth rates in
some climate change scenarios, simulated stress levels
were not high enough in consecutive years to cause in-
creases in drought-related mortality. Several studies have
observed increases in drought-related tree mortality at-
tributed to prolonged periods of moisture stress associ-
ated with climate change (Breshears et al. 2005; Gitlin et
al. 2006; van Mantgem et al. 2009; Allen et al. 2010;
O'Grady et al. 2013). The reader should be reminded
that the direct downscaling approach employed in the
analysis presented here limits the interannual variability
of future precipitation as it forces the data to follow his-
toric patterns of variation. If interannual variation were
to increase as a result of climate change, it could lead to
a significant increase in drought-related mortality, which
would, in turn, have a negative impact on estimates of
future productivity in Chinese fir plantations. Further re-
search is required to assess the potential of such events.
It also is important to note that FORECAST Climate

does not account for the potential impacts of climate
change on the activity of other disturbance agents. There
is evidence that both biotic (insects and pathogens) and
abiotic (fire and wind) disturbance are influenced by
climate change (van Mantgem and Stephenson 2007;
Mutch and Parsons 1998). O’Grady et al. (2013) pointed
out that trees suffering from soil-water deficits are more
susceptible to biotic disturbance agents due to signifi-
cant changes in the energy and carbon balance of the
plants. Thus, the predicted increases in Chinese fir plan-
tations associated with climate change may not be rea-
lised if changes in climate regime lead to increased
mortality from biotic and abiotic disturbance agents.

Conclusions
The process-based, stand-level model FORECAST
Climate was applied to examine the potential impacts of
alternative climate change scenarios on the long-term
growth and development of Chinese fir plantations in
Fujian province. Climate change is projected to have a

modest positive impact on plantation productivity due
to a gradual lengthening of the growing season and an
associated increase in nutrient cycling rates. While the
model predicted an increase in dry-season water stress
under climate change, it did not project an increase in
drought-related mortality. Moreover, the model pre-
dicted that the increases in atmospheric CO2 concentra-
tions associated with climate change would lead to
increases in WUE thereby reducing the development of
water stress. However, additional research should be
conducted to examine the potential sensitivity of
Chinese fir forests in this region to significant changes
in the interannual variability in precipitation patterns
associated with climate change. It is also important to
note that the predicted increases in Chinese fir planta-
tions associated with climate change may not be realised
if changes in climate regime also lead to increased
mortality from biotic and abiotic disturbance agents.
The work presented here demonstrates the value of
employing a process-based model with relatively minor
calibration requirements to evaluate the potential im-
pacts of climate change on key ecosystem processes and
long-term productivity.

Additional file

Additional file 1: Additional information describing the FORECAST
Climate model. (DOCX 57 kb)
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