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scenarios

• Future increasing temperature causes
severe physiological stress on the vege-
tation

• Decreasing photosynthesis, plant
biomass, and soil organic matter are
projected

• Projected mortality decreases tran-
spiration and slightly increases soil
moisture

• Future climate change alters foliar and
soil carbon to nitrogen stoichiometry
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Statistically downscaled climate change scenarios from four General Circulation Models for two Representative
Concentration Pathways (RCP) were applied as inputs to a biogeochemical model, PnET-BGC, to examine poten-
tial future dynamics of water, carbon, and nitrogen in an old-growth Douglas-fir forest in the western Cascade
Range. Projections show 56% to 77% increases in stomatal conductance throughout the year from 1986–2010
to 2076–2100, and 65% to 104% increases in leaf carbon assimilation between October and June over the same
period. However, future dynamics of water and carbon under the RCP scenarios are affected by a 49% to 86% re-
duction in foliar biomass resulting from severe air temperature and humidity stress to the forest in summer. Im-
portant implications of future decreases in foliar biomass include 1) 20% to 71% decreases in annual transpiration
which increase soil moisture by 7% to 15% in summer and fall; 2) decreases in photosynthesis by 77% and soil or-
ganic matter by 62% under the high radiative forcing scenario; and 3) altered foliar and soil carbon to nitrogen
stoichiometry. Potential carbon dioxide fertilization effects on vegetation are projected to 1) amplify decreases
in transpiration by 4% to 9% and increases in soil moisture in summer and fall by 1% to 2%; and 2) alleviate
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decreases in photosynthesis by 4%; while 3) having negligible effects on the dynamics of nitrogen. Our projec-
tions suggest that future decrease in transpiration and moderate water holding capacity may mitigate soil mois-
ture stress to the old-growth Douglas-fir forest. Future increases in nitrogen concentration in soil organic matter
are projected to alleviate the decrease in net nitrogenmineralization despite a reduction in decomposition of soil
organic matter by the end of the century.

© 2018 Elsevier B.V. All rights reserved.
Carbon
Nitrogen
1. Introduction

Greenhouse gas emissions have substantially altered global climate
(Bindoff et al., 2013). For example, in the Pacific Northwest, USA, annual
mean temperature is projected to increase by 1.1 °C to 4.7 °C, while an-
nual precipitation is projected to change by −4.7% to +13.5% from
1950–1999 to 2041–2070 under future radiative forcing scenarios of
the Representative Concentration Pathways (RCP) assessed by the In-
tergovernmental Panel on Climate Change (IPCC) (Mote et al., 2013).

Evergreen coniferous forests in the Pacific Northwest are unique
among temperate forests of the world in terms of their productivity
and stand age, having adapted to the temperature, moisture, and nutri-
ent regimes of the region (Waring and Franklin, 1979). Common species
of conifers in the region such as Douglas-fir (Pseudotsuga menziesii) and
western hemlock (Tsuga heterophylla) are among the world's most im-
portant and valuable timber trees (Burns and Honkala, 1990), and are
widely distributed both in their native range from the RockyMountains
to the Pacific Coast of North America as well as in many temperate re-
gions of Europe (Hermann, 1987). Altered climate has caused wide-
spread drought and heat-and-moisture-induced changes in ecosystem
productivity (Allen et al., 2010; Boisvenue and Running, 2006) and
soil respiration (Bond-Lamberty and Thomson, 2010). These climate ef-
fects can change carbon (C) storage and fluxes that alters the stoichiom-
etry of litter and soil (Manzoni et al., 2008) and nitrogen (N) storage in
vegetation and soil, and plant growth (Wieder et al., 2015). Under fu-
ture climate change scenarios, increases in temperature and atmo-
spheric CO2 concentration coupled with changing precipitation are
anticipated to substantially alter forest ecosystem function through
changes in water balances and C and N cycling (Coops et al., 2010;
Griesbauer and Green, 2010b; Latta et al., 2010).

Warming, moisture manipulation, and CO2 fertilization experi-
ments, aswell as observations along elevational gradients to investigate
impacts of climate change on future ecosystem dynamics have intrinsic
limitations. The period of experimentation (years to decades) may be
too short to reveal long-term changes in ecosystem function. Rapid
changes in controlled climatic or environmental factors associated
with experiments fail to depict the gradual chronic changes of future cli-
mate. Finally, climatic factors such as temperature may not be altered
synchronously with other conditions such as precipitation or atmo-
spheric CO2 in experiments or gradient studies to represent actual fu-
ture conditions. Modeling can be an effective tool to address these
limitations in observational approaches. Ecosystem models have been
increasingly coupled with remote sensing at regional and continental
scales to investigate responses to global change, taking advantage of
the smaller uncertainty in climate projections at larger scales. However,
modeling studies at larger spatial scales have the disadvantage that
long-term observations frommultiple locations are often lacking to cal-
ibrate and test themodels.Moreover, physiological processes that oper-
ate at larger scales are less well understood than those at smaller scales.
Previous modeling studies of the impacts of climate change on the Pa-
cific Northwest have focused on land cover and land use (Turner et al.,
2015) or species distributions (Coops and Waring, 2011). There have
been limited applications of ecosystem models to assess changes in
water and element dynamics under climate change scenarios in this re-
gion (Hartman et al., 2014).

We used a deterministic biogeochemical model, PnET-BGC, driven
by downscaled future climate scenarios from the fifth IPCC Assessment
Report (AR5) to assess biogeochemical impacts of climate change at a
small intensively studied watershed in the western Cascade Range of
the Pacific Northwest, USA. Our major objectives were to examine
how changes in climatic factors might drive future dynamics in water-
shed processing of water, C, and N under the RCP scenarios in an old-
growthDouglas-fir andwestern hemlock forest withMediterranean cli-
mate, and to investigate potential effects of increases in atmospheric
CO2 on future ecosystem productivity and function.

In this study, we aim to address research questions on 1) what type
(s) of physiological stress vegetation in the old-growth Douglas-fir for-
est might experience from climate change under the RCP scenarios;
2) to what extentmight future increases in atmospheric CO2 concentra-
tions alleviate the impacts of these stresses; and 3) towhat extentmight
physiological stresses affect the future dynamics of water, C, and N in
this ecosystem. More specifically, our objectives are to examine the ef-
fects of changing air temperature, air humidity, soil moisture, and atmo-
spheric carbon dioxideunder theRCP scenarios on carbon sequestration,
allocation, and productivity, and to elucidate consequent impacts on
litterfall, decomposition of soil organic matter, Nmineralization and up-
take, and foliar and soil C to N stoichiometry. The intrinsic limitation in
the nature of deductive reasoning precludes models to discover novel
explanatory variables for current or future biogeochemical patterns. As
a result, the goal of this research was to quantitatively examine the ef-
fects of multiple climatic and environmental factors that are gradually
changing over the long-term on the future biogeochemistry of the
Northwest forest. This was achieved by incorporating understanding
and synthesizing up-to-date knowledge on ecosystem function into
the algorithms and parameters of the process-based model. Note that
our goal is not to predict the future, but rather to help manage uncer-
tainty by narrowing the possible range to a subset of plausible futures
that pertain directly to vulnerabilities of specific resources andmanage-
ment objectives (Littell et al., 2011). Our simulations are used to exam-
ine general biogeochemical principles rather than predict the behavior
of a specific ecosystem (Green and Sadedin, 2005). For this reason, we
use the term projection, not prediction, when describing the simulated
model outputs about the future.

2. Materials and methods

2.1. Site description

The H. J. Andrews Experimental Forest (HJA), located in the western
Cascade Range of Oregon, USA, covers the entire 6400 ha watershed of
Lookout Creek. It has mountainous terrain with elevation ranging
from 410 to 1630 m (Berntsen and Rothacher, 1959). The Mediterra-
nean climate at HJA is characterized by wet, mild winters and dry,
cool summers and is representative of the maritime Pacific Northwest
(Bierlmaier and McKee, 1989). Previous research on ecosystem struc-
ture and function, nutrient dynamics, and forest-stream interactions
have resulted in long-term ecological records that date back to the
1950s, providing detailed data for PnET-BGCmodel inputs, parameteri-
zation, calibration, and testing.

This study was conducted using data from Watershed 2, a 500-year
old-growth forest at the HJA. Long-termmeasurements of meteorology,
vegetation dynamics, and stream discharge and water chemistry are
available for the watershed, as well as extensive records of soil proper-
ties from several surveys. Watershed 2 is north-facing with elevation
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ranging from 545 to 1079 m (Valentine and Lienkaemper, 2005). As a
result of the orographic pattern in temperature and precipitation, snow-
pack primarily occurs at the highest elevation of the watershed from
November to March. Dominant overstory tree species at Watershed 2
include Douglas-fir (Pseudotsuga menziesii) and western hemlock
(Tsuga heterophylla), and understory vegetation species include rhodo-
dendron (Rhododendron macrophyllum), vine maple (Acer circinatum),
and sword-fern (Polystichum munitum) (Hawk and Dyrness, 1972).

2.2. Model structure

Developed from its predecessors PnET, PnET-II, PnET-Day, and PnET-
CN, PnET-BGC includes a biogeochemical sub-model that allows for the
simultaneous simulation of pools and fluxes of 10 major elements
(Gbondo-Tugbawa et al., 2001) (Fig. 1). Different variations of the
PnET model have been applied to study ecosystem responses to land
disturbance, atmospheric deposition, and climate change (Braswell
et al., 2005; Dong et al., 2018; Giltrap et al., 2010; Katsuyama et al.,
2009; Pourmokhtarian et al., 2012; Pourmokhtarian et al., 2017;
Richardson et al., 2007; Sacks et al., 2007; Thorn et al., 2015; Wallman
et al., 2005). Potential CO2 fertilization effects on vegetation can be ei-
ther excluded or depicted in the model (Ollinger et al., 2009). PnET-
BGC uses time-series inputs of solar radiation, temperature, precipita-
tion, and atmospheric CO2 concentration in a monthly time step to sim-
ulate the hydrologic and biogeochemical function of vegetation which
affects the dynamics of soil and surface waters. The model also uses
monthly wet atmospheric deposition and constant dry to wet deposi-
tion ratios of 10 elements as inputs. Plant functional traits are parame-
terized as vegetation type-specific values in PnET-BGC. Relative
concentrations of elements to N in soil organic matter (SOM) and vege-
tation are also considered as fixed parameters.

PnET-BGC calculates photosynthetic rates per unit of leaf area based
on foliar N contents and environmental stress to plants from air temper-
ature, humidity, and soil moisture. Maximum net photosynthetic rates
is calculated as a linear function of foliar N concentration using observed
Fig. 1. PnET-BGCmodel structure showing depicted pools and fluxes of water, carbon, and nutr
Foliar respiration; 3. Transfer to mobile C; 4. Growth and maintenance respiration; 5. Allocatio
production; 10. Soil respiration; 11. Weathering supply; 12. Precipitation; 13. Intercepti
Transpiration; 19. Deposition (wet and dry); 20. Foliar nutrient uptake; 21. Foliar exudation
decay; 27. Mineralization/immobilization; 28. Nutrient uptake; 29. Cation exchange reactions;
relationship from the literature (Lewis et al., 2004; Reich, 2014;
Ripullone et al., 2003; Wright et al., 2004). Gross photosynthetic rate
considers an additional 10% basal foliar respiration modified by a Q10

factor of 2 using 20 °C as the reference temperature (Aber, 1992). The
degree of stress by air temperature, air humidity, and soil moisture are
quantified by indices ranging from 0 to 1. The value of 1 is reached
when air temperature is optimal for photosynthesis, vapor pressure def-
icit is 0 kpa, and the rate of actual transpiration equals the rate of poten-
tial transpiration (Aber, 1992),

NetPsnmax ¼ AmaxAþ AmaxB � FolNcon ð1Þ

GrossPsnmax ¼ NetPsnmax � 1þ BaseFolRespð Þ � Q10

Tday−20ð Þ
10 ð2Þ

GrossPsn ¼ GrossPsnmax � DTemp � DVPD � DWater ð3Þ

DTemp ¼ PsnTmax−Tday
� � � Tday−PsnTmin

� �

PsnTmax−PsnTmin
2

� �2 ð4Þ

DVPD ¼ 1−DVPD1 � VPDDVPD2 ð5Þ

whereNetPsnmax is themaximumnet photosynthetic rate; FolNcon is the
foliarN concentration;AmaxA andAmaxB are constants representing the
intercept and slope of relationship between FolNcon and NetPsnmax;
GrossPsnmax and GrossPsn are the maximum and actual gross photosyn-
thetic rate; BaseFolResp equals 10% and represents percentage basal fo-
liar respiration at 20 °C; DTemp and DVPD are the indices for air
temperature stress and air humidity stress (ranging from 0 to 1);
PsnTmax and PsnTmin are maximum and minimum temperature for pho-
tosynthesis; Tday is daily temperature; VPD is vapor pressure deficit;
DVPD1 and DVPD2 are fixed coefficients; DWater is the index for soil
moisture stress (see below).

Rate of potential transpiration is calculated as a function of potential
photosynthesis (i.e., gross photosynthesis divided by DWater) and
ients (after Gbondo-Tugbawa et al., 2001). Processes depicted: 1. Gross photosynthesis; 2.
n to buds; 6. Allocation to fine roots; 7. Allocation to wood; 8. Foliar production; 9. Wood
on; 14. Snow-rain partition; 15. Snowmelt; 16. Shallow flow; 17. Water uptake; 18.
; 22. Throughfall & stemflow; 23. Wood litter; 24. Root litter; 25. Foliar litter; 26. Wood
30. Anion adsorption reactions; 31. Drainage.
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water-use efficiency (WUE) which is inversely proportional to vapor
pressure deficit. Actual transpiration is further limited by availability
of soil moisture.

PnET-BGC considers light attenuation through the canopy and the
understory, and calculates foliar display bymonth fromgross photosyn-
thetic rate which is affected by environmental stress from soil moisture,
air temperature, and vapor pressure deficit (Aber, 1992; Aber et al.,
1996). Light attenuation is calculated using the equation

Ii ¼ I0 � e−k�LAIi ð6Þ

where Ii is the solar radiation at canopy layer i; I0 is the solar radiation at
the top of canopy (model input); k is the attenuation coefficient; and
LAIi is the leaf area index at canopy layer i.

Foliar display is determined by environmental conditions of the cur-
rent month as well as the C balance of the previous year. To accurately
simulate phenological controls on foliage development and assure a
leaf acquires enough C in excess of respiration over its lifetime to
repay the cost of producing that leaf, the timing of foliar expansion is
regulated by the growing-degree-days, and the quantity of foliar pro-
duction for a year is constrained by the averagemonthly foliar C balance
during the growing season of the previous year (Aber, 1992). A low av-
erage monthly foliar C balance during the growing season of a year due
to environmental stress may result in decreases in foliar production
during the next year. Regrowth of the forest is expected in the years
that follow, if the environmental stress is not repeated, as the
mortality-induced canopy gaps introducemore available solar radiation
to the lower canopy levels and the understory.

Wood production is calculated in the model by drawing a fraction of
carbon from plant internal storage pool (PlantC) (Aber et al., 1995),
which results in transport of C from the phloem to xylem. The plant in-
ternal storage carbon pool (PlantC) conceptually simulates the non-
structural carbohydrates (NSC). It receives inputs of C from photosyn-
thesis and outputs occur through different forms of respiration and allo-
cation. Wood growth respiration is controlled by wood production;
wood maintenance respiration is directly proportional to gross photo-
synthesis (Ryan, 1991); wood decomposition respiration is affected by
the accumulation of wood litter which is related to wood biomass and
production; root growth and maintenance respiration are both directly
proportional to allocation of C to root biomass which is a linear function
of foliar production in themodel (Aber et al., 1995). NEP is calculated in
PnET-BGC as the difference between total photosynthesis and the sum
of all respiration terms, including growth and maintenance respiration
of foliage, wood, and root, as well as wood decomposition respiration
and soil microbial respiration.

Potential CO2 fertilization effects on vegetation are simulated in
PnET-BGC by a relation between plant internal CO2 concentration and
photosynthetic rate per unit leaf area using the Michaelis–Menten
equation (Ollinger et al., 2009). Elevated CO2 concentrationmay also in-
creasewater-use efficiency, andpotentially alleviate soilmoisture stress
for plants and further affect foliar display (Ollinger et al., 2009). Noting
that there is uncertainty over the realization of these effects, PnET-BGC
can be run with or without the potential CO2 fertilization effects.

In PnET-BGC, the rate of SOMdecomposition decreases linearly with
decreasing substrate content and soil moisture, and increases exponen-
tiallywith temperature.Mineralization of elements from SOM including
C, N, and other nutrient elements are calculated based on soil tempera-
ture, soil moisture, and SOM substrate quantity. Net mineralization of N
is also a function of soil N content; higher soil N content results in a
higher fraction of N immobilization. To characterize the degree of N lim-
itation in microbial production and the competition between microbial
and plant demand for N, PnET-BGC simulates a fraction ofmineralized N
to be immobilized, with the difference between gross N mineralization
and immobilization defined asnet Nmineralization. Themodel assumes
complete immobilization below0.2%N in soil organicmatter and no im-
mobilization above 1.5% N in soil organic matter (Aber et al., 1997;
Prescott et al., 2000). A 50% resorption of N from leaves occurs before se-
nescence. Plant uptake of N from soil solution is calculated bymultiply-
ing available N in soil solution by the ratio of plant internal N (PlantN) to
themaximum storage in plant tissues (Aber et al., 1997). The concept of
PlantN is similar to PlantC as it depicts the N storage in plant tissues.
Computationally, uptake of NH4

+ andNO3
− increase as plant N decreases

or NH4
+ and NO3

− in soil solution increases.
We used two parameters to quantify the effect of drought on photo-

synthesis and decomposition of soil organic matter, respectively. Plant
soil moisture stress index (DWater), which is defined as the ratio be-
tween actual and potential transpiration, depicts the degree of soil
moisture stress on plants. This value approaches 0 when plants are
under extreme soil moisture stress and equals 1 when soil moisture
stress is completely removed. Soil moisture index is defined as the
ratio between soil water content and water holding capacity of the
soil, and it influences the rate of SOMdecomposition. A detailed descrip-
tion of model parameters for the old-growth Douglas-fir forest used in
this study is provided in supplemental material (Table S1).

Prior to this study, vapor pressure deficit (VPD) was calculated
within PnET-BGC from maximum and minimum temperature, in
which air was considered saturated at minimum temperature. While
this assumption is valid at some sites, it is not necessarily the case at
HJA especially during dry summers. Additionally, statistical downscal-
ing of climate data was conducted separately for maximum and mini-
mum air temperatures, which may cause inconsistencies between
calculated and observed VPD at HJA. To address these potential issues,
the algorithm that calculates VPDwasmodified to use relative humidity
(RH) as inputs.

2.3. Simulation procedures

Simulations were run from 1000 to 1850 CE with background pre-
industrial estimates of meteorology, atmospheric deposition, and CO2

concentrations to allow the model outputs to reach steady-state. We
then applied linear increases while scaling the month-to-month varia-
tion to represent gradual changes in these variables until the first year
of availablemeteorology (1958) and atmospheric deposition (1980) ob-
servations. Previous applications of PnET-BGC in the northeastern U.S.
constructed emission-deposition relations to hindcast time-series in-
puts. This approach was not used in this study because atmospheric de-
position is low at the H. J. Andrews Experimental Forest; about 10% of
values observed in the eastern U.S., which is comparable to pre-
industrial atmospheric deposition (Fakhraei et al., 2016). Constant fu-
ture deposition at measured values was used in this study.

Projectionsweremade from2011 to 2100with andwithout applica-
tion of the algorithm of CO2 fertilization effects on vegetation using
downscaled future climate scenarios. Future CO2 concentrations were
downloaded from the RCP database for RCP4.5 (Clarke et al., 2007;
Smith and Wigley, 2006; Wise et al., 2009) and 8.5 scenarios (Riahi
et al., 2007). These two scenarios were selected in this study from a
total of four RCP scenarios for 1) their depiction as a realistic range of fu-
ture climate change; 2) the considerable relevant literature used during
the initial development of RCPs (van Vuuren et al., 2011); and 3) their
similarity in radiative forcing with the A2 and B1 scenarios from the
Special Report on Emission Scenarios (SRES) assessed in the fourth as-
sessment report (AR4) by the IPCC (Collins et al., 2013). Future atmo-
spheric deposition used in this study was the average of observations
from 1980 to 2010. Future RH used in this study was the average of ob-
servations from 1980 to 2010 because recent studies suggest values are
unchanged (Randall et al., 2007) or decreasing RH (Sherwood et al.,
2010) overmost land areas by the end of the century, and any decreases
in RH are expected to be small in the Pacific Northwest due to the un-
derlying mechanism Sherwood et al. termed “last-saturation-tempera-
ture constraint” (Collins et al., 2013). We present time series of the
model outputs, and compare the long-term average and interannual
variability of simulations for 1986–2010 with those projected for
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2076–2100. To address interannual variation of model outputs for the
2076–2100 period, we report the mean values of projections using
four General Circulation Models (GCMs).

2.4. Model performance and sensitivity analysis

To validate performance of the model, simulations from 1980 to
2010 using observed climate (Daly and McKee, 2013), CO2 concentra-
tion (Dlugokencky et al., 2016), and atmospheric deposition (NADP,
2016) inputs were compared with historical observations from Water-
shed 2 or simulations from other regional studies.We used twometrics,
normalized mean error (NME) and normalized mean absolute error
(NMAE) (Janssen and Heuberger, 1995), to evaluate performance of
the model in aboveground NPP, stream water chemistry, and stream
discharge,

NME ¼ P−O

O
ð7Þ

NMAE ¼
Pn

i¼1 Pi−Oij jð Þ
nO

ð8Þ

where P andO aremeans of predicted and observed values, Pi and Oi are
predicted and observed values at time i, and n is the number of observa-
tions.NME N 0 indicates overestimation, and a value b 0 indicates under-
estimation. NMAE ranges from 0 to ∞, with 0 being optimal.

We conducted a sensitivity analysis to evaluate uncertainty in the
output of the deterministic model caused by inaccuracy of different
model inputs (Saltelli et al., 2004). A first-order sensitivity index ap-
proachwas selected for its reliability, efficiency, and relatively low com-
putational expense (Jørgensen and Bendoricchio, 2001; Saltelli et al.,
2005). This unit-independent index is defined as

SYXi ¼
∂Y

�
Y

∂Xi
�
Xi

ð9Þ

where Y is a model output of interest, Xi is a model input, ∂Y and ∂Xi are
small changes in Y and Xi. A higher positive SYXi value indicates a greater
sensitivity of a model output to a model input. A negative SYXi value in-
dicates that increases in the value of a given input results in a decrease
of the value of a given output (Table S4). The sensitivity analysis was
conducted by examining changes in model outputs during 2006–2010
period in response to a 10% increase in an input factor. The two metrics
used to evaluatemodel performance and thefirst order sensitivity index
approach have been previously applied to PnET-BGC (Fakhraei et al.,
2017; Pourmokhtarian et al., 2012; Valipour et al., 2018).

2.5. Climate change scenarios and downscaling at the H. J. Andrews Exper-
imental Forest

To examine mechanisms and evaluate performance of different
GCMs of climate projections under RCP scenarios, the World Climate
Research Programme's Working Group on Coupled Modeling has pro-
moted a set of coordinated climate model experiments which com-
prised the fifth phase of the Coupled Model Intercomparison Project
(CMIP5) (Taylor et al., 2012). A recent study evaluated performance of
CMIP5models in the Pacific Northwest (Rupp et al., 2013). Four climate
models in CMIP5 (CCSM4, HadGEM2-CC, MIROC5, and MRI-CGCM3)
were selected for our study based on the following criteria. Selected cli-
mate models must have maximum andminimum temperature, precip-
itation, and solar radiation as outputs; must span the range of climate
sensitivity to greenhouse gas emissions; and outputs of regional simula-
tions may not consistently perform poorly in many regions and for
many variables. The use of multiple GCMs encompasses the ability of
different models to accurately project different climate outputs (e.g.
maximum temperature, minimum temperature, precipitation, solar
radiation).

Simulated climate from large-scale climatemodels were statistically
downscaled using the Asynchronous Regional Regression Model
(ARRM) (Stoner et al., 2013). The ARRM downscaling technique builds
a statistical relationship between daily observed meteorology at the
site and historical simulated climate at the regional scale for each
month during a period over 30 years using piecewise quantile regres-
sion, then applies the regression parameters to regional GCM projec-
tions to generate station-based future climate. Evaluation of the
performance of ARRM downscaling method (Dixon et al., 2016) and
its effects on ecological and hydrological modeling (Hay et al., 2014;
Pourmokhtarian et al., 2016) have been reported in recent studies.

3. Results

3.1. Model performance and sensitivity analysis

Simulations of aboveground net primary production (NPP) for Wa-
tershed 2 at HJA from 1970 to 2010 (416±29 g Cm−2 yr−1)were com-
parable with observations from four previous studies with mean values
ranging from 358 to 455 g C m−2 yr−1 and standard deviations ranging
from 60 to 120 g Cm−2 yr−1 and observations from 60 permanent plots
(0.1 ha) in Watershed 2 (Shaw and Franklin, 2017) (NME = −0.034,
NMAE = 0.047; Fig. S1; Table S2). Year-to-year variation in above-
ground NPP is generally captured by the model except for the year
2000. The higher observed value in 2000 than other years is attributed
to an overestimation of treemortality (Pabst, personal communication).
Simulations of monthly stream discharge from 1973 to 2008 were sim-
ilar to observations at Watershed 2 (NME = 0.035, NMAE = 0.092;
Fig. S2; Table S2). Measurements of soil moisture were primarily con-
ducted for the upper 30 cm in Watershed 2, while measurements of
soil moisture at deeper horizons are only available at HJA climate sta-
tions with open canopy and much shallower rooting depth, which
limit meaningful comparison with model simulations for the entire
rooting zone of the old-growth forest. However, simulated monthly
transpiration was comparable with observations at Watershed 2 using
sap flow sensors (Moore et al., 2004) and observations from an old-
growth Douglas-fir forest in Washington using eddy-covariance
(Unsworth et al., 2004; Wharton et al., 2009). Note that the old-
growth forest at Watershed 2 is characterized by a much lower rate of
transpiration (b6 cmmonth−1 in summer) than the young and mature
forests (Moore et al., 2004;Warren et al., 2005). Simulated transpiration
showed a seasonal pattern consistent with observations from the
nearby old-growth Douglas-fir forest using eddy-covariance and simu-
lations thereof using ED2 model (Jiang et al., 2018). To validate model
simulations of seasonal photosynthesis without direct observations at
Watershed 2 in HJA, we compared plant internal C storage simulated
by PnET-BGC (Fig. S3) with measurements of non-structural carbohy-
drates (NSC) concentrations in a Douglas-fir forest in southwestern
Washington State (Woodruff and Meinzer, 2011). The magnitude and
seasonal pattern of simulated NSC concentrations of total biomass in
1986–2010 was comparable with measured NSC concentrations in the
trunk and branch of tall (56.5 m) Douglas-fir trees in 2009 and 2010
(see Figs. 1 and 3 a in Woodruff and Meinzer, 2011). Both simulations
and observations were characterized by increasing trends in winter
and spring as the photosynthate accumulates and decreasing trends in
summer after the bud swell and leaf expansion.

Model simulations of stream water chemistry were similar to long-
term average observations from 1981 to 2009, but did not capture
year-to-year variations for some elements (Table S2). Model simula-
tions were less accurate for SO4

2−, NH4
+, and NO3

− but note that these
solutes exhibit low stream water concentrations. Long-term average
simulated values for major biogeochemical pools/fluxes were compara-
ble with or in the range of observations and simulations reported by
previous studies (Table S3). Model performance of PnET-BGC for HJA
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was comparable with simulations for the Hubbard Brook Experimental
Forest inNewHampshire (Pourmokhtarian et al., 2012) and simulations
for HJA using another biogeochemical model (Hartman et al., 2009).

Sensitivity analysis shows that model simulations of major C pools
and fluxes are generally more responsive to certain parameters includ-
ing the slope of relationship between leaf N and max photosynthetic
rate (AmaxB), respiration as a fraction of maximum photosynthesis
(BFolResp), minimum N fraction in foliar litter (FLPctN), foliage reten-
tion time (FolRet), half saturation light level (HalfSat), light attenuation
constant (k), optimum temperature for photosynthesis (PsnTOpt), spe-
cific leaf weight (SLWmax), andmeteorological inputs including photo-
synthetically active radiation (PAR) and air temperature (Tmax and
Tmin) (Table S4 a).Model simulations of transpiration and soilmoisture
index are also responsive to most of the above-mentioned factors, but
simulations of streamdischarge aremuchmore responsive to precipita-
tion (Prec) and the fraction of precipitation intercepted and evaporated
(PrecIntFrac) than other factors (Table S4 b). Sensitivity analysis indi-
cates that model simulations of N dynamics are highly responsive to
input factors that affect C and water pools and fluxes. Simulations of
the N content of SOM and net N mineralization are also responsive to
decomposition constant for SOM pool (ksom), minimum N fraction in
root litter (RLPctN), and slope of relationship between leaf and root al-
location (RootAlB) (Table S4 c). This sensitivity analysis suggests that
uncertainty in the above-mentioned input factors are likely major con-
tributors to uncertainty in model outputs. To reduce the uncertainty in
simulations of water, C, and N dynamics at Watershed 2 in HJA, im-
provements on measurement accuracy in these model inputs are
needed.

3.2. Downscaled future climate change scenarios

Downscaled climate projections showed that annual mean temper-
ature is expected to increase by 2.4 to 7.1 °C from 1986–2010 to
2076–2100 for Watershed 2 at HJA (Fig. S4). Monthly projections
showed larger increases in temperature in August and September
than in othermonths under both RCP4.5 and RCP8.5 scenarios, resulting
in a shift of the warmest month of a year from July to August (Fig. 2 a).
Annual precipitation is projected to slightly change ranging from−19.9
to 13.6 cm from 1986–2010 to 2076–2100 (Fig. S5). Note that projected
changes in annual precipitation for HJA are small relative to its magni-
tude and annual variation. No distinctive pattern in precipitation was
found among projections by different GCMs.

3.3. Water cycling under climate change scenarios

Projections of transpiration at ecosystem level show different pat-
terns from that of leaf stomatal conductance atWatershed 2. Transpira-
tion per unit of land area is projected to decrease from 15.8 (long-term
average) ±2.0 (interannual variability) cm yr−1 in 1986–2010 to 12.8
(long-term average) ±1.1 (mean interannual variability of projections
using inputs from four GCMs) cm yr−1 (11.3± 1.0 cmyr−1 with CO2 ef-
fects) in 2076–2100 under the RCP4.5 scenario, and 4.6 ± 2.5 cm yr−1

(3.9 ± 2.5 cm yr−1 with CO2 effects) under the RCP8.5 scenario
(Fig. 3). Stomatal conductance (per unit of leaf area) is projected to in-
crease throughout the year from 1986–2010 to 2076–2100 under both
the RCP4.5 and RCP8.5 scenarios (Fig. 2 b) despite the projected reduc-
tion in leaf C assimilation in July and August (see below). In 2076–2100,
stomatal conductance is projected to be higher without CO2 effects than
with CO2 effects. In contrast to the pattern in ecosystem-level transpira-
tion, stomatal conductance is projected to be substantially higher under
the RCP8.5 than the RCP4.5 scenario, except for July and August.
Projected decreases in transpiration per unit of land area coupled with
nearly constant future seasonal precipitation leads to anticipated in-
creases in soil moisture in summer and fall especially under the high ra-
diative forcing scenario (Fig. 4). As a result, vegetation atWatershed 2 is
not expected to experience chronic soil moisture stress in the future
(Fig. 5 a b). Themagnitude of change in annual transpiration is small rel-
ative to precipitation, therefore projected annual stream discharge is
primarily driven by future precipitation (R2= 0.91). However, summer
discharge is projected to increase from 2.6 ± 2.5 cm yr−1 in 1986–2010
to 5.5± 4.8 cm yr−1 (5.8± 4.9 cm yr−1 with CO2 effects) in 2076–2100
under the RCP8.5 scenario corresponding to the large decreases in tran-
spiration per unit of land area.

3.4. Carbon cycling under climate change scenarios

Projections with andwithout potential CO2 fertilization effects show
long-term decreases in future foliar NPP at Watershed 2 in HJA regard-
less of the GCM simulation considered (Fig. 6 a b). Average foliar NPP is
projected to decrease from 104.5 ± 6.3 g C m−2 yr−2 in 1986–2010 to
55.2 ± 7.1 g C m−2 yr−2 and 15.1 ± 12.4 g C m−2 yr−2 in 2076–2100
under the RCP4.5 and RCP8.5 scenarios, respectively. Monthly projec-
tions show large declines in foliar biomass from 1986–2010 to
2076–2100 under both scenarios corresponding to the decreasing foliar
NPP (Fig. 2 a). Projections of monthly foliar biomass also show an ad-
vanced start of leaf expansion in spring. Leaf C assimilation (net photo-
synthesis per unit of leaf area) is projected to increase substantially
from 1986–2010 to 2076–2100 between October and June (Fig. 2 c).
However, the rate is projected to decrease drastically in July (RCP8.5)
and August (RCP4.5 and RCP8.5), with little change in September. In
2076–2100, net photosynthesis per unit of leaf area under the RCP8.5
scenario is projected to be higher than theRCP4.5 scenario fromOctober
to May, but lower than the RCP4.5 scenario from June to September.
Projections considering potential CO2 fertilization effects result in
higher leaf C assimilation than projections without CO2 effects in all
months in 2076–2100, except for December in which the rates are
projected to be negative. Net photosynthetic rate per unit of ground
area is projected to markedly decrease from 858 ± 45 g C m−2 yr−2 in
1986–2010 to 584 ± 56 g C m−2 yr−2 and 196 ± 106 g C m−2 yr−2 in
2076–2100 under the low and high radiative forcing scenario, respec-
tively. Model simulations also demonstrate that although photosyn-
thetic rate per unit of ground area is expected to be higher with
potential CO2 fertilization effects on vegetation (691 ±
65 g C m−2 yr−2 under RCP4.5 and 242 ± 130 g C m−2 yr−2 under
RCP8.5 in 2076–2100), there is nodifference in future foliarNPP or foliar
biomass when potential CO2 fertilization effects were considered.

We also observed strong relationships (R2 = 0.80, p b 0.001) be-
tween foliar NPP and the previous-year temperature projected fromdif-
ferent radiative forcing scenarios with the GCMs. Simulations of foliar
NPP for a year are strongly controlled by the mean temperature of the
warmest month in the previous year (Fig. 7). Under future climate,
each degree Celsius increase in the temperature of the warmest
month in a year from 19.9 °C (the average temperature of the warmest
month in a year for 1986–2010) is projected to lead to a decrease in fo-
liar production in the next year by 11.1 g C m−2 yr−1.

Projections of future wood production without potential CO2 fertili-
zation effects show little long-term change before the 2050s under the
RCP4.5 and RCP8.5 scenarios (Fig. 6 c d). Under the RCP4.5 scenario,
wood NPP is projected to decrease from 323 ± 18 g C m−2 yr−1 in
1986–2010 to 278 ± 19 g C m−2 yr−1 in 2076–2100. Under the
RCP8.5 scenario, wood production at Watershed 2 is projected to sub-
stantially decrease to 122 ± 52 g C m−2 yr−1 in 2076–2100. Effects of
potential CO2 fertilization were more evident on wood NPP than foliar
NPP. Under the RCP4.5 scenario, projectionswith potential CO2 fertiliza-
tion effects show increases in wood NPP until the 2050s and then
slightly decrease to 355 ± 21 g C m−2 yr−1 in 2076–2100. The RCP8.5
scenario with potential CO2 fertilization effects also results in higher
wood NPP of 162± 56 g Cm−2 yr−1 in 2076–2100 comparedwith sim-
ulations without CO2 effects. Net ecosystem production (NEP) is
projected to decrease to −39 ± 52 g C m−2 yr−1 in 2076–2100 under
the RCP4.5 scenario without CO2 fertilization (Fig. 6 e). Under the high
radiative forcing scenario, NEP is projected to markedly decrease from



Fig. 2. Past simulations (1986–2010) and future projections (2076–2100) of monthly average temperature and foliar biomass (a), stomatal conductance (b), and leaf carbon assimilation
(c) under the RCP4.5 and RCP8.5 scenarios for Watershed 2 at the H. J. Andrews Experimental Forest. Projections shown are the average using climate inputs from four GCMs for each
scenario.
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48 ± 61 g C m−2 yr−1 (106 ± 64 g C m−2 yr−1 with potential CO2 fer-
tilization effects) in the 2030s to−303± 24 g Cm−2 yr−1 in the 2090s
(−294±25g Cm−2 yr−1with potential CO2 fertilization effects) (Fig. 6
f).

Projected changes in foliar and wood production in the upcoming
decades may be expected to cause corresponding changes in foliar
and wood litter. Model projections showed future decreases in
total litter calculated as the sum of foliar, wood, and root litter
under both the RCP4.5 and RCP8.5 scenarios (Fig. 8). Considering po-
tential CO2 fertilization effects in the model results in negligible dif-
ference in total litter frommodel runs which excluded CO2 effects on
vegetation. By the 2090s, the difference in projected total litter is
below 3 g C m−2 yr−1 with and without considering potential CO2

fertilization effects.
Decomposition of SOM is projected to change little from historical

simulated value (251 ± 16 g C m−2 yr−1 from 1986 to 2010) over the
near-term, then start to decrease from the early 2030s or 2050s until
the end of the century to levels below the current SOM content
depending on the future climate change scenario considered (Fig. 8).
Future decomposition of SOM is projected to have negligible difference
if potential CO2 fertilization effects on vegetation are considered.
Projected total litter is expected to decrease to values less than decom-
position of SOM regardless of the climate change scenario considered.
As a result, the SOM pool is projected to decrease from the historical
simulated value of 10,563 ± 18 g C m−2 (from 1986 to 2010) to 6061
± 425 g C m−2 and 4014 ± 781 g C m−2 in 2076–2100 under the
RCP4.5 and RCP8.5 scenarios, respectively. Note that net loss of SOM
under the RCP8.5 scenario is projected to exceed 100 g C m−2 yr−1

after the 2070s. We illustrate the C mass balance for each decade in
the past and future under climate change scenarios to demonstrate rel-
ative changes in carbon pools and fluxes in Appendix S1.

3.5. Nitrogen cycling under climate change scenarios

Although projections show contrasting future trends of C storage in
live plant biomass under the RCP4.5 and RCP8.5 scenarios (Fig. S6),



Fig. 3. Past simulations (1980–2010) and future projections (2011−2100) of transpiration under the RCP4.5 (a) and RCP8.5 (b) scenarios for Watershed 2 at the H. J. Andrews
Experimental Forest. Projections shown used climate inputs from four GCMs. The values in parentheses for GCM labels indicate increases in annual mean temperature (°C) from
1986–2010 to 2076–2100.
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foliar N concentration is projected to increase slightly in the 21st cen-
tury under both climate change scenarios (Fig. S7). The percentage of
N in foliage of 1.24% is projected to increase to 1.25% and 1.26% by the
end of the century under RCP4.5 and RCP8.5, respectively. Projections
with and without potential CO2 fertilization effects show negligible dif-
ferences in foliar N concentration (Fig. S7). The N content (in g N m−2)
in SOM is projected to decreasewith soil organic carbon (SOC) through-
out the simulation period under both lowand high radiative forcing sce-
narios (Fig. 8, Fig. 9). Nitrogen concentrations (percentage) in SOM,
however, show contrasting patterns under future climate change sce-
narios. Under the RCP4.5 scenario, the N concentration in SOM is
projected to increase from historical simulated value of 1.04% (from
1986 to 2010) until the 2040s to 2060s then remain at 1.06% to 1.11%
by the end of the century depending on the GCM selected. Under the
RCP8.5 scenario, N concentration in SOM is projected to increase to
1.14% to 1.17% depending on the GCM considered. For thewarmest sce-
nario under HadGEM2-CC, the N concentration in SOM is projected to
increase to 1.20% in the 2080s and then decrease to 1.15%. Projections
with and without potential CO2 fertilization effects on vegetation
show negligible differences in N concentration in SOM (Fig. 9). PnET-
BGC calculates net N mineralization as the difference between gross
mineralization and immobilization. Under the RCP8.5 scenario, net N
mineralization is projected to gradually increase until the 2070s then
decrease (Fig. S8 b) at a lower rate than the reduction in SOMdecompo-
sition (Fig. 8 b). Stream leaching of NH4

+ under the RCP8.5 scenario is
projected to slightly increase with net N mineralization until the
2070s (Fig. S8 d). Stream leaching of NO3

−, which historically is occa-
sionally below the limit of detection (0.07 μmol/L) in Watershed 2, is
also projected to increase under the high radiative forcing scenarios
(Fig. S8 f). Invoking potential CO2 fertilization effects on vegetation
has negligible effects on projections of inorganic N in stream water at
Watershed 2 in HJA. Note that the absolute concentrations of N are
very low compared with forested watersheds experiencing elevated
leaching losses of N (Aber et al., 2003).



Fig. 4.Observations/past simulations (1980–2010) and future projections (2011–2100) of seasonal precipitation (a, b) and soilmoisture index (c, d) under the RCP4.5 (a, c) and RCP8.5 (b,
d) scenarios for Watershed 2 at the H. J. Andrews Experimental Forest. Results shown are average of projections using four GCMs without CO2 fertilization effects on vegetation. Spring
(MAM), Summer (JJA), Fall (SON), Winter (DJF).
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4. Discussion

4.1. Increasing temperature as a driving factor of future changes in carbon
pools and fluxes

Projected increases in leaf C assimilation corresponding to the in-
creasing temperature from 1986–2010 to 2076–2100 for the months
of October to June are attributed to the closer-to-optimal temperature
for photosynthesis which facilitates carboxylation efficiency of Rubisco,
and are consistent with observations from warming experiments for
Douglas-fir seedlings (Lewis et al., 2001; Ormrod et al., 1999). However,
our projections suggest future changes in C dynamics atWatershed 2 in
HJA are likely driven by direct temperature stress (Fig. 5 c d) and heat-
induced air humidity stress (Fig. 5 e f) which reduce foliar production
and biomass. Although it is widely recognized that water limitation af-
fects, and will continue to affect, C dynamics in young and mature for-
ests in the Pacific Northwest (Berner and Law, 2015; Griesbauer and
Green, 2010a; Kang et al., 2014; Littell et al., 2010; Littell et al., 2008;
Spittlehouse, 2003), future summer drought under the RCP4.5 and
RCP8.5 scenarios is not projected to be severe enough to cause soilmois-
ture stress on the old-growthDouglas-fir forest due to the reduced foliar
biomass and transpiration (see discussion below).

Photosynthetic rates fall as temperature increases above an opti-
mum due to the impairment of foliar protein function. However, it has
long been speculated that acclimation can shift temperature optima
(Berry and Bjorkman, 1980). PnET-BGC uses a quadratic relationship
between temperature and photosynthetic rate to quantitatively repre-
sent this acclimation observed from warming and steady-state experi-
ments (Battaglia et al., 1996; Lewis et al., 2001; Saxe et al., 2001), by
which 80% of photosynthetic capacity is reached at 9 °C above the tem-
perature optima. However, projected future marked increases in tem-
perature at HJA (Fig. S4), especially in summer, and associated
increases in vapor pressure deficit result in a low rate of photosynthesis,
which explains the decreases in leaf C assimilation from 1986–2010 to



Fig. 5. Past simulations (1980–2010) and future projections (2011–2100) of plant soil moisture stress index (a, b), plant temperature stress index (c, d), and plant air humidity stress index
(e, f) under theRCP4.5 (a, c, e) and RCP8.5 (b, d, f) scenarios forWatershed 2 at theH. J. Andrews Experimental Forest. Projections shownused climate inputs from fourGCMs. The values in
parentheses for GCM labels indicate increases in annual mean temperature (°C) from 1986–2010 to 2076–2100.
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2076–2100 in July through September. A reduction of leaf C assimilation
in summermay decrease the averagemonthly leaf C balance during the
growing season in the current year, and result in decreases in the foliar
production and biomass in the next year. Although the mortality-
induced canopy gap introduces more available solar radiation to the
lower canopy levels and the understory, continuous increases in future
temperature under the RCP8.5 scenario is projected to cause repeated
physiological stresswhich hampers regrowth of the forest in the follow-
ing years.

Projections without potential CO2 effects suggest that future net
photosynthesis per unit of land area at Watershed 2 is largely driven
by the decreases in foliar biomass despite increasing leaf C assimilation



Fig. 6. Past simulations (1980–2010) and future projections (2011–2100) of foliar NPP (a, b), wood NPP (c, d), and NEP (e, f) under the RCP4.5 (a, c, e) and RCP8.5 (b, d, f) scenarios for
Watershed 2 at the H. J. Andrews Experimental Forest. Projections shown used climate inputs from four GCMs. The values in parentheses for GCM labels indicate increases in annualmean
temperature (°C) from 1986–2010 to 2076–2100.
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from late fall to spring. Results fromwarming experiments have shown
that increasing temperature causes decreases in summer photosyn-
thetic rates (Lewis et al., 1999) and foliar production (Olszyk et al.,
1998) in Douglas-fir forests. A recent study of seasonal patterns of tem-
perature and foliar production at five mature Douglas-fir forests in the
Pacific Northwest revealed adverse effects of temperature on foliar dis-
play above an optimum of 20 °C (Beedlow et al., 2013). In a review of
data from 63 studies, Way and Oren (2010) found decreases in foliar
biomasswith increasing temperature above the optimum for evergreen
species. Although projected increases in vapor pressure deficit are ex-
pected to decrease water-use efficiency and increase stomatal conduc-
tance, which is supported by a warming experiment for Douglas-fir
seedlings (Lewis et al., 2002), reduced foliar display largely drives the
simulated pattern of future transpiration at Watershed 2.

Effects of soil moisture on vegetation are quantified in PnET-BGC by
the ratio of actual and potential rates of transpiration. Little change in fu-
ture precipitation (Fig. 4 a b) coupled with the decreasing transpiration
(Fig. 3) is likely to increase soil moisture (Fig. 4 c d) in the old-growth
forest. The moderate water holding capacity of soils at Watershed 2
(Dyrness, 1969) is projected to keep soil moisture above the demand
of water by vegetation (Fig. 5 a b) through the dry summers that are
projected for the future (Fig. 4 a b). Projected air temperature and hu-
midity stress under the RCP8.5 scenarios are more detrimental to foliar
production in HJA than projected soil moisture stress in several hard-
wood forests in the northeastern U.S. (Pourmokhtarian, 2013).We attri-
bute this difference to the nature of soil moisture stress under which
plants adjust the foliar display downward to reduce future demand for
transpiration alleviating further soil moisture stress. Although current
knowledge of acclimation of optimal temperature for photosynthesis is
quantitatively represented in PnET-BGC, continuously increasing tem-
perature and repeated stress under the RCP scenarios result in continu-
ous reduction in foliar NPP and foliar biomass.

Future trends in wood production reflect projected changes in the
plant internal storage C pool under climate change scenarios. Hartman



Fig. 7. Relation of annual foliar NPP with monthly temperature of the warmest month in the previous year under the RCP4.5 and RCP8.5 scenarios for Watershed 2 at the H. J. Andrews
Experimental Forest. Color symbols indicate projections using future climate input from four GCMs from 2011 to 2100; black symbols indicate simulations using observed climate
inputs from 1980 to 2010.

619Z. Dong et al. / Science of the Total Environment 656 (2019) 608–624
et al. (2014) projected lower future above and below ground C pools
under warmer climate scenarios in both young and old-growth forests
at HJA, but attributed this response to lower soil moisture rather than
direct air temperature and humidity stress on photosynthesis. However,
their projection of a much lower above ground C pool in the young for-
est of the future than old-growth forest demonstrates the importance of
stand age in the response of productivity to a future warmer climate at
HJA. Essentially all the respiration terms used to calculate NEP are sub-
jected to change with increasing temperature. A mesocosm experiment
conducted with young Douglas-fir showed increases in gross photosyn-
thesis and ecosystem respiration in response to elevated temperature
(Tingey et al., 2007). Projected NEP in our study agrees with the results
of Tingey et al. (2007) that elevated temperature may lead to decreases
in NEP.

The effect of elevated temperature on NPP is manifested through
a decrease in total litter. The lack of change in SOM decomposition in
the near-term with relatively small change in substrate quantity is
consistent with observations from a soil warming experiment using
Douglas-fir seedlings grown in reconstructed litter-soil systems
(Tingey et al., 2006). Litter serves as an input of SOM. Its continuous
decrease accelerates loss of SOM over the long-term as SOM decom-
position continues. Though the combined effects of increases in tem-
perature and decreases in litter inputs under nearly constant soil
moisture until the early 2030s or 2050s under RCP4.5 or RCP8.5, re-
spectively, SOM is able to maintain nearly constant rates of decom-
position. However, after the 2030s or 2050s, depending on the
climate change scenario considered, a much lower amount of litter
input overcomes the effects of higher temperature and soil moisture
resulting in lower rates of decomposition. Our projections are consis-
tent with findings of supply-side controls on SOM decomposition
(Campbell et al., 2004), and agree with Hartman et al. (2014) that
SOC decreases in the future. However, PnET-BGC does not consider
effects of litter quality on soil heterotrophic respiration. Hartman
et al. (2014) also projected slower increases in heterotrophic respi-
ration under warmer scenarios at HJA, which is consistent with our
projections that SOM decomposition is lower under the RCP8.5
than RCP4.5 scenario. However, our simulations suggested that
lower SOMdecomposition projected under the high radiative forcing
scenario was due to lower productivity and substrate content, rather
than lower soil moisture.

4.2. Effects of allocation and immobilization on future nitrogen dynamics

Projected decreases in N allocation to foliage coupled with little
change in plant uptake of N result in an increase in accumulation of
N in plant tissues. This future increase in accumulation of plant N re-
sults in increases in foliar N concentrations and subsequent in-
creases in N concentrations in SOM. Decrease in N concentration
in SOM after the 2080s for the RCP8.5 scenario under HadGEM2-
CC results from low foliar NPP and the dominance of total litter by
wood litter which has very low N concentration. The prescribed re-
lationship in PnET-BGC (Table S1) suggests that projected increases
in foliar N concentration only have a minor contribution to leaf C as-
similation (b3% increase). Projected changes in net Nmineralization
may not be solely attributed to changes in decomposition of SOM
especially by the end of the century. Projected increases in N con-
centration of SOM from 1.04% (1986–2010) to 1.08% (2076–2100
under RCP4.5) or 1.16% (2076–2100 under RCP8.5) alters the im-
mobilization of N from 38% (1986–2010) to 35% (2076–2100
under RCP4.5) or 29% (2076–2100 under RCP8.5). The projected
gradual increases in net N mineralization until the 2070s under
the RCP8.5 scenario result from increases in concentrations of N in
SOM and a decreasing percentage of N immobilization. This relation
of net N mineralization with soil N stoichiometry is consistent with
observations by Perakis and Sinkhorn (2011) from nine Douglas-fir
forests in the north-central Oregon Coast Range and observations by
Prescott et al. (2000) from nine Douglas-fir forests in Oregon and
Washington.

Our projections assume future atmospheric deposition of NH4
+

and NO3
− remain constant and are equivalent to the average of obser-

vations from 1980 to 2010. Gradually increasing net N mineraliza-
tion until the 2070s under the RCP8.5 scenario leads to slow
increases in NH4

+ in soil solution and stream water because accumu-
lation of N in plant tissues slightly decreases the fraction of NH4

+



Fig. 8.Historical simulations (1980–2010) and future projections (2011–2100) of total litter and SOMdecomposition under the RCP4.5 (a) and RCP8.5 (b) scenarios forWatershed 2 at the
H. J. Andrews Experimental Forest. Results shown are the average of projections using climate inputs from four GCMs for each scenario without CO2 fertilization effects on vegetation.
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uptake from soil solution. Since our projections suggest net nitrifica-
tionwill continue to be low at HJA under future climate, projected in-
creases in NO3

− concentration of stream water is the result of slight
decreases in plant uptake of NO3

− associated with the accumulation
of N in plant tissue. Plant uptake currently draws over 99% of inor-
ganic N from soil solution at HJA, and this retention is projected to re-
main high (N98%) even under the warmest climate change scenario.
The high efficiency of plant uptake minimizes loss of N from the eco-
system. A modeling study in the western U.S. suggested an allevia-
tion of N-limiting conditions due to increasing soil moisture and
mineralization (Felzer et al., 2011). Our projections did not demon-
strate a decrease in the N-limiting condition of the old-growth forest
atWatershed 2 in HJA under future climate change scenarios because
changes in net N mineralization are small.
4.3. Potential contribution of increasing atmospheric CO2 concentration to
future water, carbon and nitrogen dynamics

Experimental studies have demonstrated the potential for CO2 fertil-
ization effects associated with increases in water-use efficiency and
photosynthetic rate under elevated atmospheric CO2 concentrations,
despite the considerable debate on whether Rubisco activity and leaf
N content will decrease under prolonged exposure to elevated CO2 con-
centrations (Ainsworth and Long, 2005; Leakey et al., 2009; Long et al.,
2004). Our projections of diminished stomatal conductancewith poten-
tial CO2 fertilization effects are consistentwith observations froma four-
year manipulation experiment using Douglas-fir seedlings (Lewis et al.,
2002). However, the long-term combined effects of elevated CO2 con-
centrations and increasing temperature on stomatal conductance



Fig. 9. Past simulations (1980–2010) and future projections (2011–2100) of nitrogen content (solid lines) and nitrogen concentration (dash lines) in soil organic matter under the RCP4.5
(a) and RCP8.5 (b) scenarios for Watershed 2 at the H. J. Andrews Experimental Forest. Projections shown used climate inputs from four GCMs. The values in parentheses for GCM labels
indicate increases in annual mean temperature (°C) from 1986–2010 to 2076–2100.
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projected in our simulations are in contrast with the patterns observed
by Lewis et al. (2002) in a short-term experiment. SinceWatershed 2 is
not projected to suffer from soil moisture stress under future climate
change, elevated CO2 concentration is not likely to affect future foliar dis-
play in the old-growth Douglas-fir forest. However, invoking potential
CO2 fertilization effects does result in higher future leaf C assimilation at
Watershed 2 except for December. Our projections during the growing
season are consistent with findings from a CO2 enrichment experiment
for Douglas-fir seedlings (Lewis et al., 2001). The additional C sequestered
due to elevated CO2 concentration transfers into plant internal storage
(PlantC), increasingwood production. Potential fertilization effects of ele-
vated CO2 concentration on photosynthesis increase NEP compared with
projections without CO2 effects. The only exception to this pattern under
potential CO2 fertilization effects on vegetation occurs by the end of the
century when NEP does not increase under the RCP8.5 scenarios because
photosynthesis is limited by foliar display, not leaf C assimilation, when
foliar biomass is low and atmospheric CO2 concentration is above
600 ppm (Ollinger et al., 2009). The old-growth forest at Watershed 2 is
characterized by low rate of transfer from dead wood biomass to SOM
(Table S1), and total litter is largely contributed by foliar and root litter
which are not projected to be affected by potential CO2 fertilization ef-
fects. CO2 fertilization may increase decomposition of SOM by increasing
soil moisture associated with increases in water-use efficiency of plants
(Felzer et al., 2011). However, such an effect of elevated CO2 is negligible
at Watershed 2 because of low rates of transpiration in the old-growth
Douglas-fir forest. As a result, the overall effect of CO2 fertilization on
SOC at Watershed 2 is negligible under the RCP scenarios. Recent studies
report elevated CO2-enhanced SOM decomposition by mycorrhizal fungi
in Free-Air Carbon dioxide Enrichment (FACE) experiments (Cheng
et al., 2012; Phillips et al., 2012). However, PnET-BGC does not include
this mechanism, and shows negligible effect of CO2 on future dynamics
of SOM. The potential contribution of CO2 fertilization on future C cycling
reported in this study agrees with Hartman et al. (2014) who found the
live plant biomass C pool is greater under high CO2 than low CO2



622 Z. Dong et al. / Science of the Total Environment 656 (2019) 608–624
scenarios. Potential effects of CO2 fertilization on future N cycling are not
evident. This pattern contrasts with projections using the DayCent-Chem
model (Hartman et al., 2014) in which CO2 effects caused lower nitrogen
mineralization and stream NO3

− fluxes.

5. Conclusions

This study provides insights into the role of climate change on phys-
iological stress in the dynamics of water, C, and N under the RCP scenar-
ios in an old-growth Douglas-fir forest with Mediterranean climate.
Different from previous studies, which observed and projected severe
soil moisture stress in the Pacific Northwest, our projections indicate
that future air temperature and humidity stress to the vegetation have
large impacts on ecosystem functions. The moderate water holding ca-
pacity and low demand of transpiration are projected tomitigate against
soil moisture stress in the old-growth Douglas-fir forest during the dry
growing season. Despite large increases in stomatal conductance from
1986–2010 to 2076–2100 during all months, decreases in foliar NPP
and foliar biomass due to the air temperature and humidity stress are
projected to decrease transpiration. As a result, future increases in soil
moisture are anticipated in summer and fall since little change in precip-
itation was projected in these seasons. Model projections also suggest
future decreases in photosynthesis and C storage in the plant biomass
and soil organic matter under the high radiative forcing scenario. Poten-
tial CO2 effects on vegetation are projected to amplify decreases in tran-
spiration and increases in soil moisture in summer and fall, but alleviate
future decreasing trends in photosynthesis and live plant biomass under
the high radiative forcing scenario. Despite the large quantity of C loss
from the ecosystem, climate change is projected to alter foliar and soil
N concentrations with little loss from the ecosystem because of the
large amount of N uptake by the old-growthDouglas-fir forest. Although
projected increases in foliar N concentration only have minor contribu-
tion to C assimilation, future increasing N concentration in SOMmay al-
leviate the decrease in net N mineralization despite the reduction in
SOM decomposition by the end of the century, while stream N concen-
trations are expected to remain low. Our findings of severe air tempera-
ture and humidity stress under the RCP scenarios demonstrate the
central role of changing foliar biomass on future dynamics of water, C,
andN in the old-growth forest of the regionwithMediterranean climate.
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Supplementary material 

Appendix S1. Decadal carbon mass balance 

PnET-BGC simulates major pools and fluxes of carbon (C) in forest ecosystems including live 

and dead biomass, soil organic carbon (SOC), dissolved organic and inorganic C in surface water, 

and net C exchange with the atmosphere. We illustrate the C mass balance for each decade in the 

past and future under climate change scenarios to demonstrate relative changes in C pools and 

fluxes (Figure S6). Model simulations from 1980 to 2009 indicate NEP and accumulation of C in 

both live and dead plant biomass coinciding with simultaneous increases in air temperature and 

CO2 concentrations over the past 30 years, while dissolved organic C loss is negligible (1 g C m-2 

yr-1) compared with changes in these pools. Note that inorganic carbon fixation in stream water 

through CO2 dissolution and weathering is over 10 g C m-2 yr-1. 

Future C budgets show similar patterns under the low and high radiative forcing scenarios 

(Figure S6 a b). Under the RCP4.5 scenario, the combination of projected decreases in foliar, 

wood, and root production, and consequent decreases in total litter result in a loss of C in live 

plant biomass at the end of the century, and the ecosystem becomes net C source after the 2060s. 

Net emission of CO2 to the atmosphere and loss of C in live plant biomass is also projected under 

the RCP8.5 scenario after the 2050s and 2060s, respectively. Dead plant biomass is not projected 

to show a simultaneous decrease with live biomass over the last four decades of the century. 

Model projections with potential CO2 fertilization effects on vegetation (Figure S6 c d) show a 

contrasting pattern in future C dynamics from simulations without CO2 fertilization effects. 

Under the RCP4.5 scenario, net uptake of CO2 from the atmosphere and accumulation of C in 

live plant biomass is projected through the end of the century when potential CO2 effects are 

included in the model. There is no significant difference in loss of SOC in projections with or 
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without CO2 effects on vegetation. Under the high radiative forcing scenario, projections with or 

without potential CO2 fertilization effects on vegetation does not show any difference in loss of 

SOC as well. The onset of negative NEP and loss of C from the live plant biomass pool under the 

RCP8.5 scenario are projected to occur one decade later in simulations with potential CO2 effects 

than in simulations without CO2 effects. Model simulations did not project future loss of C from 

dead plant biomass under either low or high radiative forcing scenario with or without potential 

CO2 effect. 
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Tables 

Table S1. Parameters and values used in PnET-BGC model at Watershed 2 in the H. J. Andrews 

Experimental Forest. 

Parameter Note Value Reference 

AmaxA 
Intercept of relationship between leaf N and max 

photosynthetic rate (µmol CO2 m
-2 leaf s-1) 

-6.5 
(Kattge et al., 2011; 

Reich et al., 1999) 

AmaxB 
Slope of relationship between leaf N and max 

photosynthetic rate (µmol CO2 m
-2 leaf s-1) 

21.5 
(Kattge et al., 2011; 

Reich et al., 1999) 

PsnTMin Optimum temperature for photosynthesis (oC) 0 (Beedlow et al., 2013) 

PsnTOpt Optimum temperature for photosynthesis (oC) 20 (Beedlow et al., 2013) 

FolRet Foliage retention time (yr) 4.5 

(Campbell et al., 2004; 

Grier and Logan, 1977; 

Harmon et al., 2004; 

Smithwick et al., 2002) 

SLWmax Specific leaf weight (g m-2) 280 (Kattge et al., 2011) 

SLWdel Change in SLM with leaf mass 0 (Kattge et al., 2011) 

k Light attenuation constant 0.5  

FolRelGMax Maximum relative growth rate for leaf 0.3 (Kattge et al., 2011) 

DVPD1 Coefficient to convert VPD to DVPD 0.1 (Kloeppel et al., 2000) 

DVPD2 Coefficient to convert VPD to DVPD 2 (Kloeppel et al., 2000) 

MinWoodFol 
Minimum ratio of carbon allocation to wood and 

foliage 
1.25 (Kattge et al., 2011) 

WUEConst 
Constant in equation for water use efficiency as a 

function of VPD 
16 

(Daly and McKee, 2013; 

Moore et al., 2004) 

PrecIntFrac Fraction of precipitation intercepted and evaporated 0.3 
(Allen, 2012; Pypker et 

al., 2006) 

WoodTurnOver Fractional mortality of live wood per year 0.005 (Kattge et al., 2011) 

WoodLitTrans Fractional transfer from dead wood to SOM per year 0.018 (Kattge et al., 2011) 

NImmobA 

Coefficients for fraction of mineralized N 

reimmobilized as a function of SOM C:N ratio 

116 

(Perakis and Sinkhorn, 

2011; Prescott et al., 

2000) 

NImmobB -75 

(Perakis and Sinkhorn, 

2011; Prescott et al., 

2000) 

FLPctN Minimum N fraction in foliar litter 0.006 (Harmon, 2013) 

RLPctN Minimum N fraction in root litter 0.008 (Harmon, 2013) 

WLPctN Minimum N fraction in wood litter 0.0004 (Harmon, 2013) 

MaxNStore Maximum N content in plant internal pool (g m-2) 8000  

ksom Decomposition constant for SOM pool 0.025 

(Daly and McKee, 2016; 

Griffiths, 2013a, b; 

Homann et al., 1995) 

SoilMoistFact Soil moisture factor for SOM decomposition 0 (Griffiths, 2013a, b) 

WHC Water holding capacity, plant available water (cm) 20 (Dyrness, 1969) 
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Table S2. Normalized Mean Error (NME) and Normalized Mean Absolute Error (NMAE) of 

annual stream discharge (Johnson and Rothacher, 2016) and stream water chemistry (Johnson 

and Fredriksen, 2015) at Watershed 2 in the H. J. Andrews Experimental Forest. 

 Normalized 

Mean Error 

Normalized Mean 

Absolute Error 

Year 

Aboveground NPP1 -0.034 0.047 1972-2006 

Stream discharge 0.035 0.092 1973-2008 

Ca2+ 0.010 0.067 1981-2009 

Na+ -0.020 0.058 1981-2009 

Mg2+ -0.066 0.137 1981-2009 

K+ -0.024 0.067 1981-2009 

SO4
2- -0.090 0.243 1988-2009 

Cl- 0.025 0.181 1988-2009 

NO3
- 0.177 0.533 1981-2009 

NH4
+ 0.027 0.289 1981-2009 

DOC 0.006 0.215 2001-2009 

ANC/Alkalinity2 -0.091 0.092 1981-2009 

 

1. 1972, 1975, 1988, 1994, 1997, 2000, 2001, and 2006 only 

2. 1984-1988, 1991, 1993, 1998, 2003 not included due to lack of observation or lack of 

simulation 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

Table S3. Comparison of simulated and observed variables (a) carbon (fluxes), (b) carbon 

(pools), (c) nitrogen, (d) potassium, (e) calcium, (f) magnesium, (g) sodium, and (h) phosphorus 

at Watershed 2 in the H. J. Andrews Experimental Forest. Some values are compared with 

simulations conducted by Hartman et al. (2009) using the DayCent-Chem model. 

(a) 

Carbon fluxes 

(g C m-2 yr-1) 

Simulation 

in this 

study* 

Observations 

(Year) 

Data sources Simulation 

in Hartman 

et al., 2009† 

NPP  522 358 (1972) (Webb et al., 1978) 480 

470 (1995-1999) (Harmon et al., 2004) 

710 (2001) (Campbell et al., 2004) 

Foliar NPP 111 170 (2001) (Campbell et al., 2004) 103 

135 (1995-1999) (Harmon et al., 2004) 

Wood NPP 310 320 (2001) (Campbell et al., 2004) 134 

207 (1995-1999) (Harmon et al., 2004) 

  194 (1988-1994) (Acker et al., 2002)  

Root NPP 101 220 (2001) (Campbell et al., 2004) 186 

128 (1995-1999) (Harmon et al., 2004) 

NEP 99 -15 (2001) (Campbell et al., 2004) 125 

85 (1997) (Turner et al., 2003) 

Total litter 243 207 (1978-1996) (Fraser, 2001) 249 

174 (1973-1974) (Grier and Logan, 1977) 

210 (1974-1975) (Grier and Logan, 1977) 

403 (1995-1999) (Harmon et al., 2004) 

92-290 (1978-

1984)‡ 

(Harmon and McKee, 

2002) 

DOC export 0.9 0.9 (2001-2009) (Johnson and Fredriksen, 

2015) 

1.2 

 

* Average of simulation from 1980 to 2000 

† Average of simulation from 1981 to 2004 at Watershed 10 

‡ Root litter not included in calculation 
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(b) 

Carbon pools 

(g C m-2) 

Simulation 

in this 

study* 

Observations 

(Year) 

Data sources Simulation 

in Hartman 

et al., 2009† 

Foliar biomass        

 

490 505 (long-term) (Smithwick et al., 2002) 587 

 542 (1973-1975) (Grier and Logan, 1977)  

Wood biomass 

 

43938 41999 (long-term) (Smithwick et al., 2002) 29863 

 30708 (1973-1975) (Grier and Logan, 1977)  

  25873 (1988-1994) (Acker et al., 2002)  

Root biomass 1066 861 (long-term) (Smithwick et al., 2002) 780 

  564 (1973-1975) (Grier and Logan, 1977)  

Live plant total 

biomass 

46425 31956 (2005-2006) (Harmon, 2013) 38218 

26330-63380 (long-

term) 

(Smithwick et al., 2002) 

37503 (1973-1975) (Grier and Logan, 1977) 

35252 (1995-1999) (Harmon et al., 2004) 

Deadwood 

biomass 

 

11723 9191 (2005-2006) (Harmon, 2013)  

 11985 (long-term) (Smithwick et al., 2002)  

 11979 (1973-1975) (Sollins et al., 1980)  

  11959 (1973-1975) (Grier and Logan, 1977)  

Soil organic 

matter             

10590 9900-19100 (long-

term) 

(Smithwick et al., 2002) 5205 

3828-19424 (1962-

1996) 

(Dyrness, 2001) 

8305-15713 (1992-

1993) 

(Griffiths, 2013b)‡ 

12267-12789 

(1998) 

(Griffiths, 2002) 

8385-10225 (1994) (Griffiths, 2013a) 

 

* Average of simulation from 1980 to 2000 

† Average of simulation from 1981 to 2004 at Watershed 10 

‡ Average of measurements in the entire H. J. Andrews Experimental Forest (other SOM 

observations were measured within Watershed 2) 
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(c) 

Nitrogen pools and 

fluxes 

Simulation 

in this 

study* 

Observations 

(Year) 

Data sources Simulation 

in Hartman 

et al., 2009† 

Live plant total  

(g N m-2) 

71 56 (2005-2006) (Harmon, 2013) 107 

74 (1973-1975) (Sollins et al., 1980) 

Deadwood (g N m-2) 11 26 (2005-2006) (Harmon, 2013)  

Total litter  

(g N m-2 yr-1) 

3.4 2.0 (1973-1975) (Sollins et al., 1980)‡  

1.1 (1972-1973) (Triska et al., 1984)¥ 

Soil organic matter 

(g N m-2) 

245 372 (1973-1975) (Sollins et al., 1980) 189 

Inorganic N export  

(g N m-2 yr-1) 

0.026   0.03 

Net N mineralization     

(g N m-2 yr-1) 

3.6 1.7 (1990-1991) (Hart and Perry, 

1999)€ 

5.2 

Nitrification  

(g N m-2 yr-1) 

0   1.2 

N uptake  

(g N m-2 yr-1) 

4.0 4.2 (1973-1975) (Sollins et al., 1980) 5.1 

 

* Average of simulation from 1980 to 2000 

† Average of simulation from 1981 to 2004 at Watershed 10 

‡ Root litter not included in calculation 

¥ Root litter and coarse woody debris not included in calculation 

€ Top 15cm of mineral soil 

 

(d) 

Potassium pools and fluxes Simulation* Observations (Year) Data sources 

Plant total (g m-2) 18.4 44.4 (2005-2006) (Harmon, 2013) 

29.7 (1973-1975) (Sollins et al., 1980) 

Total litter (g m-2 yr-1) 2.92 0.74 (1973-1975) (Sollins et al., 1980)‡ 

Throughfall (g m-2 yr-1) 0.72 2.17 (1970) (Abee and Lavender, 

1972) 

Uptake (g m-2 yr-1) 6.31 2.7 (1973-1975) (Sollins et al., 1980) 

 

* Average of simulation from 1980 to 2000 

‡ Root litter not included in calculation 
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(e) 

Calcium pools and fluxes Simulation* Observations (Year) Data sources 

Plant total (g m-2) 52.7 100.1 (2005-2006) (Harmon, 2013) 

102.8 (1973-1975) (Sollins et al., 1980) 

Total litter (g m-2 yr-1) 8.31 3.58 (1973-1975) (Sollins et al., 1980)‡ 

Throughfall (g m-2 yr-1) 0.16 0.44 (1970) (Abee and Lavender, 

1972) 

Uptake (g m-2 yr-1) 15.0 6.74 (1973-1975) (Sollins et al., 1980) 

 

* Average of simulation from 1980 to 2000 

‡ Root litter not included in calculation 

 

(f) 

Magnesium pools and fluxes Simulation* Observations (Year) Data sources 

Plant total (g m-2) 6.70 7.59 (2005-2006) (Harmon, 2013) 

15.72 (1973-1975) (Sollins et al., 1980) 

Total litter (g m-2 yr-1) 1.05 0.36 (1973-1975) (Sollins et al., 1980)‡ 

Throughfall (g m-2 yr-1) 0.09 0.21 (1970) (Abee and Lavender, 

1972) 

Uptake (g m-2 yr-1) 1.92 1.00 (1973-1975) (Sollins et al., 1980) 

 

* Average of simulation from 1980 to 2000 

‡ Root litter not included in calculation 

 

(g) 

Sodium pools and fluxes Simulation* Observations (Year) Data sources 

Plant total (g m-2) 3.66 3.99 (1973-1975) (Sollins et al., 1980) 

Total litter (g m-2 yr-1) 0.57 0.06 (1973-1975) (Sollins et al., 1980)‡ 

Uptake (g m-2 yr-1) 1.02 0.16 (1973-1975) (Sollins et al., 1980) 

 

* Average of simulation from 1980 to 2000 

‡ Root litter not included in calculation 
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(h) 

Phosphorus pools and fluxes Simulation* Observations (Year) Data sources 

Plant total (g m-2) 3.75 9.64 (2005-2006) (Harmon, 2013) 

11.17 (1973-1975) (Sollins et al., 1980) 

Total litter (g m-2 yr-1) 0.60 0.45 (1973-1975) (Sollins et al., 1980)‡ 

Uptake (g m-2 yr-1) 1.06 0.91 (1973-1975) (Sollins et al., 1980) 

 

* Average of simulation from 1980 to 2000 

‡ Root litter not included in calculation 
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Table S4. First order sensitivity index of PnET-BGC inputs to simulations of (a) carbon (b) water 

and (c) nitrogen at Watershed 2 in the H. J. Andrews Experimental Forest based on a 10% 

increase in input factors. Notations of the input factors are described in Table S1.  

(a) 

Input Foliar NPP Wood NPP NEP 
Deadwood 

biomass 

SOM 

decomposition 

AmaxB < 0.01 2.51 1.04 3.52 0.48 

BFolResp 1 -0.36 -0.51 -0.61 -0.53 -0.40 

DVPD1 -0.15 0.01 0.05 -0.02 -0.08 

FLPctN  < 0.01 2.52 1.19 3.46 0.46 

FolRet -0.97 0.97 -0.09 1.67 -0.58 

GDD 2 < 0.01 -0.03 -0.05 -0.03 -0.01 

HalfSat 3 -0.45 -1.25 -0.63 -1.64 -0.60 

k -0.93 -0.82 -0.87 -0.83 -0.90 

ksom < 0.01 0.05 0.05 0.06 < 0.01 

MaxNStore < 0.01 -0.08 -0.07 -0.09 -0.01 

PAR 4 0.07 0.70 5.67 < 0.01 -0.08 

PCReserv 5 < 0.01 -0.08 0.09 -0.02 < 0.01 

Prec 6 < 0.01 < 0.01 -0.10 < 0.01 0.04 

PrecIntFrac < 0.01 < 0.01 -0.03 < 0.01 0.01 

PsnTOpt 0.78 0.51 1.22 0.26 0.68 

RLPctN < 0.01 -0.01 < 0.01 -0.02 < 0.01 

RootAlB 7 < 0.01 -0.59 0.14 -1.08 0.26 

RtTrnA 8 < 0.01 0.01 -0.01 0.01 0.01 

SLWmax 1.01 0.92 0.96 0.89 0.99 

SoilMstFct 9 < 0.01 < 0.01 0.03 -0.01 -0.01 

Tmax 10 -0.53 0.18 -1.60 < 0.01 0.62 

Tmin 11 -0.24 0.23 -0.81 < 0.01 0.65 

WoodTurnOver < 0.01 0.01 -0.14 0.09 0.01 

WoodLitTrans < 0.01 < 0.01 -0.07 -0.87 < 0.01 

WHC < 0.01 < 0.01 -0.03 0.01 0.01 

WLPctN < 0.01 < 0.01 -0.01 < 0.01 < 0.01 

WUEConst < 0.01 0.01 0.03 0.01 -0.01 

 

1. Respiration as a fraction of maximum photosynthesis; 2. Growing-degree-days at which leaf and wood 

production begins and ends; 3. Half saturation light level; 4. Photosynthetically active radiation; 5. 

Fraction of carbon held in reserve after allocation to bud carbon; 6. Precipitation; 7. Slope of relationship 

between leaf and root allocation; 8. Coefficient for fine root turnover as a fraction of annual net N 

mineralization; 9. Soil moisture factor for SOM decomposition; 10. Maximum air temperature; 11. 

Minimum air temperature. 
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(b) 

Input Transpiration Soil moisture index Stream discharge 

AmaxB 1.28 -0.15 -0.13 

BFolResp -0.06 0.01 0.01 

DVPD1 -0.08 0.01 0.01 

FLPctN 1.29 -0.15 -0.13 

FolRet 0.02 < 0.01 < 0.01 

GDD -0.03 < 0.01 < 0.01 

HalfSat -0.65 0.06 0.06 

k -0.89 0.09 0.09 

ksom 0.02 < 0.01 < 0.01 

MaxNStore -0.04 < 0.01 < 0.01 

PAR 0.50 -0.05 -0.05 

PCReserv < 0.01 < 0.01 < 0.01 

Prec < 0.01 0.03 1.10 

PrecIntFrac < 0.01 -0.02 -0.47 

PsnTOpt 0.43 -0.07 -0.04 

RLPctN -0.01 < 0.01 < 0.01 

RootAlB < 0.01 < 0.01 < 0.01 

RtTrnA < 0.01 < 0.01 < 0.01 

SLWmax 0.96 -0.11 -0.10 

SoilMstFct < 0.01 -0.06 < 0.01 

Tmax 0.43 -0.02 -0.04 

Tmin 0.18 -0.01 -0.02 

WoodTurnOver < 0.01 < 0.01 < 0.01 

WoodLitTrans < 0.01 < 0.01 < 0.01 

WHC < 0.01 0.06 < 0.01 

WLPctN < 0.01 < 0.01 < 0.01 

WUEConst -0.91 0.09 0.09 
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(c) 

Input 
Nitrogen content in 

SOM 

Foliar nitrogen 

concentration 

Net nitrogen 

mineralization 

AmaxB 0.57 -0.03 0.11 

BFolResp -0.39 0.01 -0.37 

DVPD1 -0.09 < 0.01 -0.07 

FLPctN 0.75 0.97 0.53 

FolRet -0.69 0.01 -0.82 

GDD -0.01 < 0.01 < 0.01 

HalfSat -0.64 0.02 -0.46 

k -1.03 0.02 -0.89 

ksom -0.91 0.02 < 0.01 

MaxNStore -0.03 -0.03 -0.03 

PAR < 0.01 < 0.01 -0.08 

PCReserv < 0.01 < 0.01 < 0.01 

Prec < 0.01 < 0.01 0.04 

PrecIntFrac 0.03 < 0.01 0.01 

PsnTOpt 0.81 -0.02 0.69 

RLPctN 0.22 -0.01 0.50 

RootAlB 0.35 < 0.01 0.47 

RtTrnA 0.01 < 0.01 0.01 

SLWmax 1.17 -0.03 0.96 

SoilMstFct 0.09 < 0.01 -0.02 

Tmax -0.03 < 0.01 0.66 

Tmin -0.03 < 0.01 0.69 

WoodTurnOver 0.01 < 0.01 < 0.01 

WoodLitTrans < 0.01 < 0.01 < 0.01 

WHC -0.09 < 0.01 0.02 

WLPctN 0.02 < 0.01 0.04 

WUEConst -0.15 < 0.01 -0.01 
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Figures 

 

Figure S1. Comparison of simulated and observed annual aboveground NPP from 1970 to 2010 

for Watershed 2 at the H. J. Andrews Experimental Forest. Color symbols indicate mean values 

from the literature. Error bars indicate standard deviation. 
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Figure S2. Simulated and observed monthly streamflow (Johnson and Rothacher, 2016) from 

1973 to 2008 for Watershed 2 at the H. J. Andrew Experimental Forest. 
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Figure S3. Simulations of monthly carbon storage (non-structural carbohydrates as a percentage 

of total biomass) in 1986-2010 for Watershed 2 at the H. J. Andrews Experimental Forest. 
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Figure S4. Observations (1980-2010) and future projections (2011-2100) of annual mean 

temperature for Watershed 2 at the H. J. Andrews Experimental Forest under the RCP4.5 and 

RCP8.5 scenarios using four GCMs. The values in parentheses for GCM labels indicate 

increases in annual mean temperature (°C) from 1986-2010 to 2076-2100. 
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Figure S5. Observations (1980-2010) and future projections (2011-2100) of annual precipitation 

for Watershed 2 at the H. J. Andrews Experimental Forest under the RCP4.5 and RCP8.5 

scenarios using four GCMs. The values in parentheses for GCM labels indicate increases in 

annual mean temperature (°C) from 1986-2010 to 2076-2100. 
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Figure S6. Decadal carbon mass balance under the RCP4.5 (a, c) and RCP8.5 (b, d) scenarios for 

Watershed 2 at the H. J. Andrews Experimental Forest without (a, b) and with (c, d) potential 

CO2 fertilization effects on vegetation. Results shown are the average of projections using four 

GCMs for each scenario. Negative values of changes in live plant, soil organic matter, and dead 

wood indicate accumulation of carbon in these pools. 
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Figure S7. Historical simulations (1980-2010) and future projections (2011-2100) of foliar 

nitrogen concentration under the RCP4.5 (a) and RCP8.5 (b) scenarios for Watershed 2 at the H. 

J. Andrews Experimental Forest. Projections shown used climate inputs from four GCMs. The 

values in parentheses for GCM labels indicate increases in annual mean temperature (°C) from 

1986-2010 to 2076-2100. 
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Figure S8. Historical simulations (1980-2010) and future projections (2011-2100) of net nitrogen 

mineralization (a, b) and stream NH4
+ (c, d) and NO3

- (e, f) under the RCP4.5 (a, c, e) and 

RCP8.5 (b, d, f) scenarios for Watershed 2 at the H. J. Andrews Experimental Forest. Projections 

shown used climate inputs from four GCMs. The values in parentheses for GCM labels indicate 

increases in annual mean temperature (°C) from 1986-2010 to 2076-2100. 
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