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Abstract

Context Global climate change impacts forest

growth and methods of modeling those impacts at

the landscape scale are needed to forecast future forest

species composition change and abundance. Changes

in forest landscapes will affect ecosystem processes

and services such as succession and disturbance,

wildlife habitat, and production of forest products at

regional, landscape and global scales.

Objectives LINKAGES 2.2 was revised to create

LINKAGES 3.0 and used it to evaluate tree species

growth potential and total biomass production under

alternative climate scenarios. This information is

needed to understand species potential under future

climate and to parameterize forest landscape models

(FLMs) used to evaluate forest succession under

climate change.

Methods We simulated total tree biomass and

responses of individual tree species in each of the 74

ecological subsections across the central hardwood

region of the United States under current climate and

projected climate at the end of the century from two

general circulation models and two representative

greenhouse gas concentration pathways.

Results Forest composition and abundance varied by

ecological subsection with more dramatic changes

occurring with greater changes in temperature and

precipitation and on soils with lower water holding

capacity. Biomass production across the region fol-

lowed patterns of soil quality.

Conclusions Linkages 3.0 predicted realistic

responses to soil and climate gradients and its

application was a useful approach for considering

growth potential and maximum growing space under

future climates. We suggest Linkages 3.0 can also can

used to inform parameter estimates in FLMs such as

species establishment and maximum growing space.

Keywords LINKAGES � Climate change � Central
hardwood region � Ecosystem modeling

Introduction

Climate warming is unequivocal and observed

changes are unprecedented over decades to millennia

(IPCC 2013). The associated changes in weather will

impact the distribution and abundance of tree species

globally (Allen et al. 2010). Thus, tools are needed to
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quantify the impact of predicted climate changes on

forests to mitigate and manage ecological and eco-

nomic impacts.

Forest landscape models such as LANDIS PRO

(Wang et al. 2014), LANDIS II (Scheller and Mlade-

noff 2005), LANDCLIM (Schumacher et al. 2004),

TreeMig (Lischke et al. 2006) and iLAND (Seidl et al.

2012) have been used to model forest responses to

climate change. These models incorporate spatial

interactions of landscape processes such seed disper-

sal, which facilitates species migration, and mortality

from disturbances such as harvest, fire and wind.

Forest landscape models often simplify physiological

detail because of the immense computation cost of

including spatial interactions (He 2008). Alterna-

tively, processes that are estimated in landscape

models such as growth, mortality from competition,

and stand dynamics come from biophysical processes

directly measured and modeled, which can be aggre-

gated from individuals to patch level which can be

aggregated to the landscape level (Lischke et al. 1998;

Shifley et al. this issue).

Niche and biophysical process models have been

commonly used to quantify changes to potential tree

habitat, predict range shifts of tree species (Iverson et al.

2008; Morin et al. 2008; Morin and Thuiller 2009), and

can be used to evaluate species suitability for assisted

migration in response to global climate change. These

models usually operate at relatively coarse spatial scales

(e.g., 20–50 km cell size) and site-scale dynamics (e.g.,

tree species demography and biotic interactions in a

forest stand) are either ignored or highly simplified.

These site-scale processes may be more important than

the direct effects of climate change in affecting tree

habitats, abundances, and distribution change (Gustaf-

son et al. 2010; Li et al. 2013). This occurs especially

when the effects of disturbance are relatively weak and

site-scale processes are critical determinants of future

forest changes (Wang et al. 2015) such as in the central

hardwood forest region (CHFR). Niche and most

biophysical process models also do not usually include

fine temporal (e.g., daily)weather data.Monthly, yearly,

or regional averages may not be sufficient to capture

extremeweather events such as drought,which can have

a significant effect on forest structure and dynamics (Gu

et al. 2015). Thus, not including site-scale processes and

fine-scale weather data in niche and biophysical models

may result in great uncertainties (Purves and Pacala

2008).

Comparisons of results from multiple model

methodologies can provide some confidence in gen-

eral predictions and highlight discrepancies for future

investigation (Schneiderman et al. 2015; Iverson et al.

2016). Also, coupled ecosystem process and landscape

models have been used to incorporate information

from different model methodologies to better estimate

parameters previously only crudely approximated. For

example, results from the PnET biophysical model are

used to estimate species establishment probabilities

which are defined as the relative probability of a

species to reproduce and survive under given envi-

ronmental conditions. This method uses the relative

biomass of each species in relation to the maximum

biomass of any single species (He et al. 1999). Also,

PnET is used to calculate the maximum annual net

primary production in LANDIS II, a forest landscape

simulation model (Scheller et al. 2007).

There is a renewed interest in applying stand

dynamic models (gap models) to study forest response

to climate change at regional scales (e.g. Vanderwell

and Purves 2014), but many of these models are

specifically designed to simulate site-scale dynamics

and are limited in processing landscape and regional

scale data. Here, we use the biophysical process model

LINKAGES 3.0 to estimate the effects of climate

change using the dominant soils from across each

subsection.

LINKAGES is a plot-based forest ecosystem pro-

cess model that simulates growth, competition for

light, nutrients and soil moisture, seedling establish-

ment, nutrient cycling, evapotranspiration and soil

hydrology. The original LINKAGES model (Pastor

and Post 1985) was developed from the gap models

JABOWA (Botkin et al. 1972) and FORET (Shugart

and West 1980). Whereas LINKAGES v1.0 used

mean monthly climate data to drive the model,

LINKAGES v 2.2 incorporated updated water and

nutrient cycles used daily climate data (Wullschleger

et al. 2003), which lends its use to daily downscaled

climate data from general circulation models (GCM).

But LINKAGES v 2.2 used an obsolete hydrology

module and had some systemic programming prob-

lems that were corrected in version 3.0 (Appendix A in

Supplementary material).

As a test area, we use the central hardwood forest

region (CHFR) of the U.S. to evaluate the reasonable-

ness of results from Linkages 3.0. Such evaluation is

necessary to afford confidence in parameter estimate
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used in forest landscape models. The CHFR contains

one of the most extensive temperate deciduous forests

in the world (Johnson et al. 2009). Forests in CHFR are

among the biomes that have been most severely

influenced by climatic change, land use (e.g., logging

and agriculture), and land management (e.g., fire

suppression, harvest) (Reich and Frelich 2001). In this

area, extensive modeling of tree species response to

climate change has been conducted using niche

models (Iverson et al. 2008) and forest landscape

models (Wang et al. 2015). Outcomes from forest

ecosystem process models such as LINKAGES, when

contrasted with niche based models such as tree atlas

(Iverson et al. 2016) that uses different methodology,

provides an increased confidence in results when

congruence between model results exists. These

approaches can be used to help parameterize forest

landscape models to reduce prediction uncertainties

(Wang et al. 2015).

Our objectives were to (1) revise LINKAGES v 2.2

to improve simulation realism at landscape scales

when compared to Forest Inventory and Analysis

(FIA) data; (2) provide a tool to facilitate parameter-

ization of forest landscape models such as LANDIS

PRO; and (3) apply the improved model (v3.0) to

predict responses of U.S. central hardwood forest to

future climate scenarios in 2070–2099.

We focused on species growth (in biomass) over

100 years under current climate and climate projec-

tions for the end of the century and interpreted

maximum biomass reached by year 30 and 100 as

measures of early growth potential and maximum

growing space (i.e., carrying capacity), respectively.

Maximum growing space is defined as maximum total

biomass of all species competing for soil and

environmental resources beyond which self-thinning

occurs. This approach let us focus on two attributes of

species and ecosystems that may be particularly

sensitive to climate change and that are also used as

parameters in forest landscape models (Wang et al.

2015, 2016). This approach differs from approaches

that simulate stand development over an actual time

series of climate change. To assess the effect of

temporal variability, we evaluated the relationship

between mean annual precipitation and dry days to

show the importance of using daily downscaled data to

quantify the effects of drought. The LINKAGES 3.0

model provides new features including simulation of

individual tree growth through physiological

processes, a daily time step to assess water availability

after runoff and evaporation, and incorporation of

spatial heterogeneity from use of multiple soils per

subsection. Details of model revisions appear in

appendix A.

Study area

We modeled the CHFR (Braun 1950; Fralish 2003) of

the United States (Fig. 1). The area encompasses nine

ecological sections, 74 subsections, and a variety of

vegetation, terrains, soils, and climates. Forests are

dominated by oaks (Quercus spp.) with a consistent

small proportion of hickories (Carya spp.) and mis-

cellaneous deciduous species. Southern portions of the

region also contain loblolly and shortleaf pine. A

thorough description of forest types within the region

can be found in Johnson et al. (2009, Appendix 2). The

western portion of the region tends to be more xeric

with shallow to very deep soils which are moderately

well drained to excessively drained and the eastern

portion tends to be more mesic with moderately deep

to very deep soils which are well drained and clayey

(USDA 2006). The CHFR climate is humid temperate

and geographically falls within the central interior

broadleaf forest province of the hot continental

division (Cleland et al. 2007).

Methods

Climate and soils

We selected information for climate and soil for 74

subsections from the CHFR. We compared current

climate (1980–2009) to four future climate scenarios

based on years 2070–2099 from two of the latest

CMIP5 general circulation models (IPCC AR5) with

two different CO2 emission scenarios. We used output

from the MRI-CGCM3 model developed by the

Meteorological Research Institute (Yukimoto et al.

2012) and the GFDL-ESM2M model by NOAA

Geophysical Fluid Dynamics Laboratory (Delworth

et al. 2006) and representative concentration pathways

(RCP) 6.0 which is classified as a moderate CO2

scenario and 8.5 which is considered a high emission

scenario (IPCC 2013, Annex III). We reference the

GCM and RCP in our future climate scenarios as
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GCM_RCP (i.e. CGCM3_RCP60). Current trends

show climates warming and CO2 emissions increasing

but the long term trajectories are unknown, we

therefore bracket climate scenarios between current

climate and the highest emission scenario to under-

stand the range of outcomes. By modeling forests

under climates resulting from multiple GCMs and

RCP scenarios we incorporated uncertainties in

climate change while evaluating potential forest

growth for the region.

We obtained daily maximum and minimum tem-

perature, daily precipitation, daily wind speed, and

daily solar radiation for future climate projections

(Livneh et al. 2013; Reclamation 2014; Thornton et al.

2016). Resolution of observed current climate data

was 1/16th degree (*6 km), except for solar radia-

tion, which had 1 km resolution. Resolution of future

climate data was 1/8-degree resolution (*12 km),

except for wind speed and solar radiation, which were

not spatially downscaled and available at a resolution

Fig. 1 Ecological

subsections in the central

hardwood region of the

United States and the five

subsections (shaded and

labeled) for which we

provide species-specific

changes in biomass forecast

by LINKAGES 3.0 under

climate change
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of approximately 1.875� latitude by 1.25� longitude.
We intersected ecological subsection boundaries with

the climate rasters and used the climate values from a

single raster cell with the median precipitation levels

to represent the subsection since processing every

climate raster cell with multiple soils would be

extremely computationally intensive in parameteriza-

tion, simulation and output interpretation.

We obtained measures of soil organic matter,

nitrogen, wilting point, field moisture capacity, per-

cent clay, sand and rock for soil polygons from the

Natural Resources Conservation Service soil survey

(Soil Survey Staff, http://soils.usda.gov/). Thirty

simulations were run for each of the five most abun-

dant soils within each subsection. Biomass averages

from the 30 simulations for each soil were then used to

create area-weighted average forest biomass for each

subsection based on soil abundance.

Model simulation and data analysis

We simulated tree species growth for current climate

(1980–2009) and the four climate change scenarios

for the period 2070–2099. We ran model simulations

for 100 years and recycled the 30 years of weather

data for each scenario so the entire simulation was

based on current climate or climate at the end of the

century. We modeled dominant species determined

from FIA data in each subsection and the subsections

adjoining it and started simulations from bare ground.

We report total forest biomass, and in some examples

individual tree biomass, at simulation year 30, 70,

and 100 for current climate and each climate scenario

modeled. We also compared total forest biomass

from LINKAGES simulation years 30, 70 and 100

under current climate to FIA biomass estimates by

stand age. We binned and averaged FIA plot stand

age for ages 20–40, 60–80 and 90–110 to correspond

to simulation years 30, 70 and 100 respectively. We

estimated maximum growing space for each soil as

total biomass of all species at year 100 divided by the

average total biomass for all soils within subsections

being modeled at year 100.

We also report more detailed data on growth

potential for five selected subsections that represented

mean annual temperature range of 11.7–16.4 �C and

mean annual precipitation range of 96.0–121.6 cm

under current climate (Table 1). These subsections

had gradients of soil qualities and capacities and

represented low to high current and projected temper-

atures to provide a range of potential outcomes and to

evaluate the relationship between mean annual tem-

perature and dry days (Table 1). Dry days were

defined as days when potential evapotranspiration

demand exceeded available soil moisture; trees are

increasingly drought stressed as the number of dry

days increase.

Results

Climate warmed 1–6 �C (Fig. 2) and precipitation

varied ±12 cm under climate change scenarios in

the region. The number of dry days increased under

some climate change scenarios even when mean

annual precipitation increased (Table 1). The mean

number of annual dry days under current climate

was approximately 12 with 3 subsections having

greater than 40 dry days. Under modeled climate

scenarios 3 out of 4 had at least 1 subsection with

greater than 40 mean annual dry days (Fig. 3). The

average length of growing season averaged

*135 days for deciduous trees and *184 days for

conifer trees.

Forest species composition, total biomass, and

growth potential were affected by climate change.

Total biomass varied among climate change scenar-

ios and was driven by species specific growth. Total

biomass among scenarios ranged from greater than

75 to 197 Mg/Ha (Fig. 4). No subsections had

biomasses less than 75 Mg/ha or greater than

200 Mg/ha under current climate at year 30. Depar-

tures from current climate were greater under RCP

8.5 than 6.0 and greatest with GFDL. The patterns of

differences in total biomass among current climate

and climate change scenarios were similar at years

30, 70, and 100.

Total biomass production from LINKAGES 3.0

under current climate at year 30 was not significantly

correlated with estimates of mean biomass for FIA

plots (Pearson correlation, r = 0.04, P = 0.69) but

was significantly correlated at year 70 (r = 0.27,

P = 0.015) and year 100 (r = 0.23, P = 0.042) under

the current climate scenario. Comparison of biomass

estimates from LINKAGES to FIA data produced a

mean absolute error (MAE) of 82.9, 47.1, and

39.8 Mg/ha for year 30, 70, and 100, respectively.
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Representative subsection results

Subsection 223Af, Current River Hills, is in the

western portion of the CHFR in the heart of the historic

shortleaf pine range in Missouri. The subsection

increased in mean annual temperature 2 �C under

CGCM3_RCP60, 3 �C under CGCM3_RCP85 and

GFDL_RCP60, and 4 �C under GFDL_RCP85. There

was no change in mean annual precipitation for

CGCM3_RCP60, GFDL_RCP60 and GFDL_RCP85

and a 6-cm increase in CGCM3_RCP85. Biomass of

white oak, post oak, mockernut hickory and red maple

were greater under all future climate scenarios than

current climate (Fig. 5). Bitternut, pignut and shag-

bark hickories, northern red oak and sugar maple grew

well under current climate but had lower biomass

under all climate change scenarios. Shortleaf pine

grew early in all simulations but slowly declined

because of its inability to regenerate under fully

stocked conditions.

Subsection 223Bc, Mitchell Karst Plains, is in the

eastern portion of the CHFR. The section increased in

mean annual temperature 3–4 �C under future climate

scenarios. Mean annual precipitation increased

3–7 cm under future climate scenarios. Under current

climate and RCP 6.0 emission scenarios Virginia pine

dominated early growth but red maple dominated in

later years (Fig. 6). Patterns of growth under RCP 6.0

closely followed current climate patterns for most

species with the exception of sugar maple which

wasn’t found in any of the future climate scenarios.

Under the RCP 8.5 emissions scenario yellow poplar

increased within the subsections reaching maximum

biomass at approximately year 40. Virginia pine

growth was replaced by yellow poplar as a dominant

species during early to middle years under RCP 8.5 but

declined as red maple increased in later years.

Subsection 223Eh, Pennyroyal Karst Plains

increased in mean annual temperature 2–3 �C and

increased in mean annual precipitation 1–9 cm under

Table 1 Mean annual current and modeled climate and dry-day values (standard deviation) for selected subsections within the

central hardwood region

Subsection Current CGCM3_RCP60 CGCM3_RCP85 GFDL_RCP60 GFDL_RCP85

Mean annual

temperature (�C)
Mean annual change

(�C)
Mean annual change

(�C)
Mean annual change

(�C)
Mean annual change

(�C)

223Af 13.4 (0.69) 2.2 3.0 2.6 4.1

223Bc 11.7 (0.71) 3.5 3.4 3.7 4.4

223Eh 14.4 (0.72) 1.7 2.6 2.2 3.5

231Cd 15.3 (0.66) 1.0 3.1 2.4 3.9

231Gc 16.4 (0.61) 2.1 2.6 2.6 3.9

Subsection Current CGCM3_RCP60 CGCM3_RCP85 GFDL_RCP60 GFDL_RCP85

Mean annual

precipitation (cm)

Mean annual change

(cm)

Mean annual change

(cm)

Mean annual change

(cm)

Mean annual change

(cm)

223Af 116.8 (20.5) -0.1 6.4 0.4 1.3

223Bc 120.6 (19.6) 7.2 6.6 4.4 2.8

223Eh 128.7 (17.3) 1.2 8.9 4.2 2.1

231Cd 145.9 (23.2) 4.0 5.0 -1.3 -2.6

231Gc 115.2 (19.4) -5.8 2.9 -5.7 -12.5

Subsection Current CGCM3_RCP60 CGCM3_RCP85 GFDL_RCP60 GFDL_RCP85

Mean annual dry days Mean annual dry days Mean annual dry days Mean annual dry days Mean annual dry days

223Af 9.15 (0.87) 6.8 (0.61) 7.9 (0.69) 11.8 (0.74) 20.4 (0.96)

223Bc 0.7 (0.08) 0.0 (0.00) 0.1 (0.01) 3.8 (0.16) 6.1 (0.25)

223Eh 13.8 (9.28) 12.1 (9.31) 12.0 (8.99) 17.8 (8.32) 20.2 (8.1)

231Cd 47.7 (1.29) 47.8 (0.57) 51.4 (2.23) 34.4 (0.63) 39.9 (1.4)

231Gc 46.0 (17.02) 39.6 (20.0) 39.3 (19.7) 33.4 (21.17) 40.1 (22.44)
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future climate scenarios (Table 1). Virginia pine and

loblolly pine dominated early growth under current

climate but red maple, white oak, bur oak, chestnut

oak and northern red oak dominated in later years

(Fig. 7). Under future climate scenarios early growth

was dominated by loblolly pine but red maple and

white oak was dominant in later years.

Subsection 231Cd, Sandstone Mountain increased

in mean annual temperature 1–4 �C. Mean annual

precipitation increased 4–5 cm under the CGCM3

climate model and decreased 1–3 cm under the GFDL

climate model (Table 1). Mean annual precipitation

under current climate was the lowest of the five

subsections examined in detail and the number of dry

Fig. 2 Mean increase in

mean annual temperature for

general circulation models:

a GFDL-ESM2M RCP 6.0,

b GFDL-ESM2M RCP 8.5,

c MRI-CGCM3 RCP 6.0,

d MRI-CGCM3 RCP 8.5,

and mean change in total

annual precipitation for

general circulation models:

e GFDL-ESM2M RCP 6.0,

f GFDL-ESM2M RCP 8.5,

g MRI-CGCM3 RCP 6.0,

h MRI-CGCM3 RCP 8.5;

for years 2070–2099

compared to current climate

years 1980–2009
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days was higher under current climate and CGCM3

than GFDL. The regular periodicity in this subsection

was attributed to the recycling of 30 year climate data

over the 100 year simulation time (Fig. 8). Under

current climate, early dominance by red maple, white

ash, yellow poplar, southern red oak and American

elm gave way to bitternut hickory, green ash, white

oak, scarlet oak, chestnut oak, northern red oak and

post oak in later years (Fig. 8). Dominance of fast

growing mesic species declined due to drought

induced mortality and drought tolerant species

increased. Under CGCM3 RCP6.0 and RCP8.5 there

was a similar decline in mesic species over time but

more drought tolerant species increased compared to

current climate. Under GFDL RCP 6.0 and RCP 8.5

initial dominance by loblolly pine decreases while

red maple continued as a dominant species in later

years. Pignut and mockernut hickories, southern

hackberry, white and green ash, yellow poplar and

white oak continued to increase in biomass but

yellow poplar, southern red oak, water oak, cherry-

bark oak, willow oak, post oak, black oak and

American elm peaked in middle years and then

declined. The dominance and then decline of mesic

Fig. 3 Average number of

growing season dry days for

general circulation models:

a GFDL-ESM2M RCP 6.0,

b GFDL-ESM2M RCP 8.5,

c MRI-CGCM3 RCP 6.0,

d MRI-CGCM3 RCP 8.5

based on years 2070–2099

and e current climate years

1980–2009
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Fig. 4 Total biomass in simulation year 30, 70 and 100 for current climate years 1980–2009 and general circulation models MRI-

CGCM3 RCP 6.0, MRI-CGCM3 RCP 8.5, GFDL-ESM2M RCP 6.0, GFDL-ESM2M RCP 8.5 based on years 2070–2099
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Fig. 5 Subsection 223Af biomass by species for 100 years of

simulation for general circulation models GFDL-ESM2M RCP

6.0, GFDL-ESM2M RCP 8.5, MRI-CGCM3 RCP 6.0, MRI-

CGCM3RCP 8.5 based on years 2070–2099 and current climate

years 1980–2009
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Fig. 6 Subsection 223Bc biomass by species for 100 years of

simulation for general circulation models GFDL-ESM2M RCP

6.0, GFDL-ESM2M RCP 8.5, MRI-CGCM3 RCP 6.0, MRI-

CGCM3RCP 8.5 based on years 2070–2099 and current climate

years 1980–2009
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Fig. 7 Subsection 223Eh biomass by species for 100 years of

simulation for general circulation models GFDL-ESM2M RCP

6.0, GFDL-ESM2M RCP 8.5, MRI-CGCM3 RCP 6.0, MRI-

CGCM3RCP 8.5 based on years 2070–2099 and current climate

years 1980–2009
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Fig. 8 Subsection 231Cd biomass by species for 100 years of

simulation for general circulation models GFDL-ESM2M RCP

6.0, GFDL-ESM2M RCP 8.5, MRI-CGCM3 RCP 6.0, MRI-

CGCM3RCP 8.5 based on years 2070–2099 and current climate

years 1980–2009
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species is suggestive of higher than normal precip-

itation followed by drought.

Subsection 231Gc, Wester Arkansas Valley and

Ridges increased in mean annual temperature of

2–4 �C (Table 1). Mean annual precipitation varied

from an increase of 3 cm to a decrease of 12 cm.

Loblolly pine dominated early years and then

declined. This subsection was out of the range of

many oaks and was dominated by pignut and

mockernut hickories, southern hackberry and white

and green ash in later years under current cli-

mate (Fig. 9). Under future climate scenarios loblolly

pine had even greater early dominance but then still

declined. Moving from current climate to

CGCM3_RCP6 to GFDL_RCP8.5, the number of

species capable of growth declined to mockernut

hickory, southern hackberry, green ash, water oak

and post oak. The highest number of dry days

occurred under current climate (Table 1), however,

the variation in the number of dry days among the five

soils modeled was greater in the climate change

scenarios (see Fig. 10 for example for current

climate). The substantial variation among soils gives

cause for judicious interpretation of individual

species growth potential at the subsection level.

Under current climate, for example, soils 2–5 had

relatively similar species composition and total

biomass production while soil 1 is distinctively

different in species composition and total biomass

production and has an increased number of drought

events even though all soils were run with the exact

same climate.

Discussion

We used an updated version of LINKAGES (v3.0) to

evaluate model performance and growth potential of

tree species across the CHFR region under current and

future climate. The model produced reasonable esti-

mates of biomass after we increased growth using a

new equation and coefficients, added biomass limits

using a stocking equation, and updated species

parameters. We also corrected numerous program-

ming anomalies that occurred when compiled on a

windows platform (e.g., the random number generator,

counting loops) to model tree growth from bare

ground plots (see appendix A in Supplementary

material).

LINKAGES 3.0 produced realistic results that

followed expected patterns in stand development and

the soil and climate gradients among the five subsec-

tions that we examined in detail. The more xeric soils

of the western CHFR produced less total biomass than

the more mesic soils in the eastern region at year 30

and year 70 under current climate. Subsections in the

eastern and more mesic portion of the CHFR increased

in total biomass under the future climate scenarios.

Subsections that exhibited little or no change in mean

annual temperature and total precipitation still exhib-

ited changes in species composition and biomass over

time as a result of succession. These results followed

generally expected patterns of stand development

(Johnson et al. 2009). (2) As species niches disap-

peared due to changes in climate other species were

often able to utilize newly available resources and

total biomass changed very little. This pattern was

observed in subsection 231Bc, which had more mesic

soils and consequently fewer dry days than the other

subsections in the eastern portion of the CHFR region

(Table 1). The pattern did not hold in subsec-

tion 231Cd, where total biomass increased or

decreased from current climate depending on the

scenario, and 231Gc, where total biomass increased

from current climate due to increased climate suit-

ability of species capable of producing much higher

basal areas. Early growth was dominated by loblolly

pine and shortleaf pine in subsection 223Af, 223Bc,

and 223Eh, but red maple and white oak were

dominant in later years. This likely occurred because

pine is not shade tolerant and was unable to regenerate

and sustain its biomass as older trees died. We saw a

decline in shade intolerant species across subsections

because these species cannot reproduce under full

canopy and we did not simulate large-scale distur-

bance such as fire. In addition, pines usually occur in

fire-prone systems and we expected to see pines

replaced by more shade tolerant or mesic species over

time without fire (Guyette and Kabrick 2000). These

types of successional dynamics may not be predicted

by niche and biophysical models but are incorporated

in forest landscape simulation models.

The daily accounting of evaporation and hydrology

in LINKAGES differs from models that use monthly,

seasonal, or annual precipitation. LINKAGES is able

to simulate hydrology and evapotranspiration that

occur when daily precipitation is extreme. Future

climates are thought to contain such events (IPCC
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Fig. 9 Subsection 231Gc biomass by species for 100 years of

simulation for general circulation models GFDL-ESM2M RCP

6.0, GFDL-ESM2M RCP 8.5, MRI-CGCM3 RCP 6.0, MRI-

CGCM3RCP 8.5 based on years 2070–2099 and current climate

years 1980–2009
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2013) and behavior of forest growth within subsec-

tions will vary dependent on soil characteristics. Some

subsections (e.g., 231Gc) had soils that were well

drained to excessively well drained and had little water

holding capacity, so species with higher drought

tolerances were at a competitive advantage over

Fig. 10 Biomass by species on the five dominant soils over 100 years of current climate in subsection 231Gc
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drought intolerant species. This can lead to reduced

species richness but potentially higher biomasses due

to elevated temperatures that favor growth of some

species. For example, white oak and post oak often

increased in biomass over time under climate change

scenarios while drought-intolerant species decreased

in biomass, and species richness eventually declined.

Mean annual precipitation can mask the importance

of water availability during the growing season.

Monthly or growing season averages also may not

capture the effects of extreme weather events and can

appear to provide water that is not captured.

LINKAGES demonstrated that greater temperatures

increased evaporation and the number of dry days (i.e.,

decreased soil water availability). Decreased soil

water availability reduced growth and increased

mortality of drought-sensitive species on all but the

most mesic sites.

We simulated the dominant species in a subsection

on a plot and averaged results from the five dominant

soils within each subsection to provide a general

assessment of model performance. An important

application of LINKAGES is to parameterize FLMs

such as LANDIS-II (Scheller et al. 2007; Thompson

et al. 2011) and LANDIS PRO (Wang et al.

2014, 2015). Forest landscape simulation models

which include competition for resources and succes-

sion dynamics might more appropriately use results

from single species simulations to calculate seedling

establishment probabilities (He et al. 1999;Wang et al.

2014, 2015) but growing space available can be

modeled by methods described here. Variation in tree

species response to variation in soils within subsec-

tions indicates that species early growth and possibly

growing space should be evaluated at finer scales than

at the subsection level. Forest landscape simulation

models are often run at the landform level and

summarized at the subsection level (Wang et al.

2014). This method would be conducive to running

LINKAGES using the dominant soils for each land-

form and using the results to parameterize the forest

landscape model at that spatial scale.

Biomass estimates from the LINKAGES model

were higher than the subsection averages from FIA

data for simulation years 30, 70 and 100. Although

correlations between total biomass at year 70 and 100

with FIA data were significant, R values were low.

One factor that likely contributed to this apparent over

estimation is LINKAGES does not simulate mortality,

species establishment or growth due to disturbances

such as wind, fire, disease and insects. Harvest and

disturbance have had important effects on CHFR

second growth forest (MacCleery 1992) and other

model-based approaches that account for disturbance

determined harvest and disturbance had greater

impacts on forest composition and structure than

climate change (Gustafson et al. 2010; Wang et al.

2015). An additional confounding problem is that

stand age as described in the FIA database user manual

‘‘is difficult to measure’’ and ‘‘may have large

measurement errors’’ (O’Connell et al. 2013). Defin-

ing an FIA plot’s stand age can be nebulous since FIA

plots can be multi-aged and the classification of FIA

plots may represent higher or lower biomass than

those of single aged plots. Although LINKAGES

overestimates biomass when compared to FIA bio-

mass estimated by stand age, biomass estimates when

stand age is derived from age of oldest tree are higher

(McGarvey et al. 2015) and more similar to

LINKAGES results. Results for current climate

biomass from LINKAGES simulations at year 100

ranged between 75 and 196 Mg/Ha with the majority

of subsections falling into the range 125–250 Mg/Ha

estimated from FIA data in other studies for mature

forests within the eastern US (Brown et al. 1997;

Schroeder et al. 1997; Jenkins et al. 2001). Total

biomass ranges for the western CHFR and the eastern

CHFR correspond to biomass levels simulated by the

FORENA forest stand model for western deciduous

and eastern deciduous forests (Solomon 1986), respec-

tively. Species assemblages for the CHFR are the

result of early 20th century disturbance and do not

necessarily represent optimum species groups when

disturbance is absent.

Interpretation of models should take into consider-

ation model limitations, strengths, and weaknesses.

LINKAGES is a hybrid empirical-physiological

model with empirical parameters based on tree

growth, and mortality relationships determined under

current climate; which may not hold true under future

climates (Gustafson and Keene 2014), particularly

given CO2 fertilization. Similarly, process-based

models such as PnET-II rely on equations developed

under current conditions and niche-based models rely

on statistical relationships resulting from current

climate. We believe a strength of LINKAGES is it

uses daily climate data, whereas many process-based

and niche-based models use monthly climate data and
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may underestimate the effects of drought. Although

LINKAGES provides a direct effect of mortality from

drought, it does not incorporate indirect effects such as

insect or disease mortality that can be exacerbated by

drought (Gustafson and Shinneman 2015). LIN-

KAGES does not model landscape disturbance, man-

agement or spatial ecological processes. Thus, some

deviations of LINKAGES results are probably due to

lack of landscape disturbance, management and

spatial ecological processes. One approach to address-

ing these limitations is to pair LINKAGES with a

forest landscape simulation models such as LANDIS

PRO (Wang et al. 2015).

Conclusions

Our revised version LINKAGES 3.0 is easier to apply

to various landscapes and climates than earlier

versions. LINKAGES 3.0 results reflected the full

range of spatial heterogeneity present in the soil and

climate of the central hardwood region. Our modeling

framework provided a useful approach for considering

growth potential and maximum growing space under

future climates. Soil-climate interactions indicated

that LINKAGES 3.0 was sensitive to changes in soil

properties. LINKAGES 3.0 uses daily downscaled

data so it is likely more sensitive to extreme precip-

itation and short term drought than models that use

monthly or yearly averages which view all precipita-

tion as water available to trees. To increase LIN-

KAGES reliability we suggest future research to

calibrate and validate LINKAGES 3.0, investigate its

sensitivity to input parameters, and its further appli-

cation to forest landscape simulation models such as

LANDIS.We believe Linkages 3.0 can be a useful tool

for estimating parameters such as species establish-

ment and maximum growing space in FLMs such as

LANDIS PRO.
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