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Abstract

Changes in climate and atmospheric nitrogen (N) deposition caused pronounced changes in soil 

conditions and habitat suitability for many plant species over the latter half of the previous 

century. Such changes are expected to continue in the future with anticipated further changing air 

temperature and precipitation that will likely influence the effects of N deposition. To investigate 

the potential long-term impacts of atmospheric N deposition on hardwood forest ecosystems in the 

eastern United States in the context of climate change, application of the coupled biogeochemical 

and vegetation community model VSD+PROPS was explored at three sites in New Hampshire, 

Virginia, and Tennessee. This represents the first application of VSD+PROPS to forest ecosystems 

in the United States. Climate change and elevated (above mid-19th century) N deposition 

were simulated to be important factors for determining habitat suitability. Although simulation 

results suggested that the suitability of these forests to support the continued presence of their 

characteristic understory plant species might decline by the year 2100, low data availability for 

building vegetation response models with PROPS resulted in uncertain results at the extremes of 

simulated N deposition. Future PROPS model development in the United States should focus on 
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inclusion of additional foundational data or alternate candidate predictor variables to reduce these 

uncertainties.

Capsule:

Climate change and elevated N deposition were simulated to be important factors for determining 

habitat suitability for plants, and are expected to interact with changes in soil chemistry

Graphical Abstract

Keywords

Forest understory; biodiversity; nitrogen; climate change; acidification

INTRODUCTION

The cycling of nitrogen (N) and carbon (C) has been significantly altered since preindustrial 

times, primarily through activities associated with the growth of the human population, 

production and application of N-based fertilizers, the prevalence of concentrated livestock 

operations with associated emissions of ammonia, and fossil fuel combustion (Schlesinger 

1997, Vitousek et al. 1997, Galloway et al. 2008). Emissions of N-containing compounds 

such as NOx, NH3, and N2O and atmospheric deposition of N to terrestrial ecosystems 

have altered competitive relationships among plant species and decreased the cover of some 

N-efficient species by creating an environment that favors nitrophilous (prefer high N) 

species (Bobbink et al. 2010). Emissions of C and N, as components of greenhouse gases, 

have also contributed to changes in temperature and precipitation, which will likely continue 

in the future (Intergovernmental Panel on Climate Change [IPCC] 2013).

The bioavailability of N and patterns in air temperature and precipitation affect plant 

understory communities in multiple ways (Parmesan 2006, Bobbink et al. 2010, Porter 

et al. 2013). Increased N supply and climate change are recognized as two of the 

most important stressors to terrestrial plant biodiversity in the United States (Sala et al. 

2000, Millennium Ecosystem Assessment [MEA] 2005). Changes in plant community 

structure caused by N and/or climate change contribute to declining species richness and 

biodiversity in many regions (Bobbink et al. 2010). Increased temperature and changes in 

precipitation affect habitat suitability and can cause additional loss of species (Parmesan 

2006, Lenoir et al. 2008). Warmer climate may also increase soil mineral weathering and 

litter decomposition and thus enhance recovery of soils and vegetation negatively affected by 

past soil acidification caused by sulfur (S) and N deposition (Reinds et al. 2009, Aherne et 

al. 2012, Gaudio et al. 2015).
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Effects of changes in N supply and climate on sensitive plant species have become important 

management issues for national parks and wilderness areas (Porter et al. 2005, 2012, 2013). 

Adverse effects of atmospheric N deposition on plant communities can be compounded 

by climate change (Davidson et al. 2011, Porter et al. 2013), which will affect virtually 

all aspects of N cycling (Suddick et al. 2013), and will have impacts on both terrestrial 

and aquatic ecosystems. Spatial and temporal patterns in temperature and precipitation are 

expected to change substantially over the next century (IPCC 2013, Melillo et al. 2014). 

Even as N deposition levels continue to decrease in the eastern US, the potential for forest 

ecosystem recovery from high cumulative historic N deposition is uncertain, especially in 

the context of a changing climate (Phelan et al. 2016).

Despite reductions in N emissions throughout much of the eastern US during recent 

decades, air concentrations and deposition of reactive N are several-fold higher than under 

preindustrial conditions in this region (Volpe Horii et al. 2005, Galloway et al. 2008, 

Sullivan 2017). Mitigation strategies for N emissions have not been as successful as those 

for S emissions (Aguillaume et al. 2016, Ochoa-Hueso et al. 2017, Sullivan 2017). Excess 

N supply increases growth of some plant species at the expense of others (Suding et al. 

2005). Addition of N can affect terrestrial plant communities that are commonly limited or 

co-limited by N availability, including temperate hardwood forests (Elser et al. 2007).

Dynamic biogeochemical-ecological coupled models have been developed to make long- 

term projections of ecosystem response to multiple stressors at the species level (deVries 

et al. 2010). Two prominent examples of coupled models to examine the impacts from 

climate change and N deposition are ForSAFE-Veg (Belyazid et al. 2011a, Belyazid et al. 

2011b) and the more recently developed VSD+PROPS (Reinds et al. 2014, Bonten et al. 

2016). ForSAFE-Veg predates VSD+PROPS, and the latter offers potential for addressing 

some challenges associated with ForSAFE-Veg in two key areas. First, the biogeochemical 

components differ in that ForSAFE is more process oriented, and as such has many more 

data requirements that currently restrict its applicability across large areas compared with 

the simpler VSD+. Second, the vegetation components differ in that species in the Veg 

component of ForSAFE-Veg are defined by mathematical equations based on expert opinion 

to represent unobservable fundamental niches, whereas species in the PROPS component 

of VSD+PROPS are defined using statistical relationships based on empirical data and 

thus more closely approximate realized niches influenced by competition among species. 

ForSAFE-Veg has been more heavily used than VSD+PROPS in Europe (Belyazid et al. 

2011a, Belyazid et al. 2011b, Rizzetto et al. 2016) and exclusively used in the United 

States (McDonnell et al. 2014, Phelan et al. 2016) to model the interactive effects from 

climate change and N deposition on plant communities. The extent to which modeling 

with VSD+PROPS would contribute to an improved understanding of vegetation community 

responses in the United States, where only ForSAFE-Veg has been applied thus far, is 

unknown.

The goal of this research was to assess the feasibility of VSD+PROPS for evaluating the 

effects of simultaneous changes in N deposition and climate on the habitat suitability of 

characteristic plant species in the eastern United States. Specific objectives included: (1) 

parametrization and calibration of the VSD+ model at target sites distributed across the 
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eastern United States, (2) development of statistical models to estimate the probability 

of occurrence for plant species (PROPS) that can be found in the United States, (3) 

identification of data gaps that limit model application and development, and (4) linkage 

of VSD+ with PROPS to examine the interactive influences of climate and N deposition on 

plant communities through time. The N deposition loads at which plant species losses occur 

have not previously been determined except for a few correlational and site specific studies 

(Pardo et al. 2011, Simkin et al. 2016). However, such knowledge is critical to maintenance 

of biodiversity and biodiversity-related ecosystem services that affect human well-being 

(U.S. EPA, 2009).

METHODS

We developed PROPS models for 327 species and applied the VSD+PROPS model chain 

to three hardwood forest ecosystems located in different portions of this large region (in 

New Hampshire, Virginia, and Tennessee). The PROPS models were developed to represent 

statistical relations between species occurrence and five abiotic drivers of plant occurrence 

(Figure 1). Three of these drivers (air temperature, precipitation, and N deposition) are 

provided as direct input to PROPS. The other two drivers (soil solution pH and C:N) require 

output from a dynamic biogeochemical model to simulate change in species occurrence 

through time. The VSD+ model was used to generate time-series of soil solution pH and soil 

C:N to use as input for the PROPS model applications.

Site Descriptions

Three sites were selected for VSD+PROPS modeling across a broad geographical region 

on different forest types, based partly on availability of input data for the models derived 

from field measurements, laboratory analyses, and other model results (e.g., MAGIC, 

PROFILE). Landscape protection status was used to evaluate candidates to include sites 

managed to maintain a primarily natural state. The selected sites are a northern hardwood 

site (Hubbard Brook) located in the White Mountains National Forest (NF) at the HBEF 

Long Term Ecological Research Station in New Hampshire; a mixed oak site (Piney River) 

in Shenandoah National Park (NP), Virginia; and a sugar maple-mixed oak site (Cosby 

Creek) in Great Smoky Mountains NP, Tennessee. Location and general site attributes are 

summarized in the Supplementary Material, SM1.

US PROPS Model Development

The vegetation model (PROPS) of the VSD+PROPS model chain consists of species- 

specific statistical response functions that define niche requirements related to aspects of 

climate, N deposition, and soil chemistry. A database of PROPS functions has previously 

been developed for a set of plant species in Europe (Wamelink et al. 2011, Reinds et al. 

2014). We developed an analogous set of functions for plant species found in the United 

States to facilitate PROPS model application at our sites in the eastern United States using 

the following steps:

1. Compile a database of species occurrences and available associated abiotic 

predictor data from published literature and other databases (see Model Input 

below).
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2. For plant species having sufficient occurrence data, use logistic regression 

to derive combined one-dimensional response functions based on a set of 

abiotic predictor variables, including aspects of N deposition, climate, and soil 

chemistry (see Statistical Modeling below).

3. Compile all response functions into a US PROPS database.

Model Input—Species occurrence data were primarily derived from a database developed 

for evaluating relations between herbaceous plant diversity and N deposition by Simkin et 

al. (2016). They compiled understory plant species data from 12 existing datasets, including 

the national Forest Inventory and Analysis (FIA) database for herbaceous species and other 

regional and state-based datasets. We augmented these data with tree seedling data from 

2,016 plots included in the FIA database and additional understory plant occurrence data 

from 30 sites sampled along the Appalachian Trail corridor by Lawrence et al. (2015), which 

included two of the three model sites in this study (Piney River and Cosby Creek). Each 

vegetation survey was attributed with a set of variables for use in developing predictive 

models of plant occurrence The list of explanatory variables included N deposition, 

temperature, precipitation, soil pH, and soil C:N (see Supplementary Material, SM2 for 

additional detail).

Raw data of plant occurrences were assembled for more than 5,000 species, aggregated from 

more than 20,000 plots. Not all plots had all data necessary for modeling. Fewer than 10% 

of the ~20,000 plots were characterized with field measured soil pH and C:N. The final 

input database included 1,214 plots having presence/absence response data for 1,875 plant 

understory species and abiotic predictor data for all five drivers. A PROPS model was fit for 

each species that had 25 or more occurrences in the plant occurrence database. This resulted 

in the inclusion of 327 plant species in the initial version of the US PROPS database (275 

herbaceous plants and the seedlings of 52 tree species). Of these 327 species, 181 had at 

least 50 occurrences and 76 had at least 100 occurrences.

Prior to fitting the PROPS models (see Statistical Modeling below for more details on 

PROPS model development), the abiotic factors were checked for normality and were 

considered skewed if the difference between mean and minimum was more than three times, 

or less than a third, of the difference between maximum and mean (Reinds et al. 2014). The 

distributions of precipitation and C:N were both determined to be skewed and these factors 

were log-transformed to obtain normal distributions. All transformed and untransformed 

abiotic conditions were then further normalized according to:

xnorm = x − xmean
xstd

(1)

,where Xstd is the standard deviation of the variable x. Among the five predictors, there was 

a moderate correlation between N deposition and temperature (r = 0.53) across the entire 

dataset; all other inter-predictor correlations were < 0.2. Relationships among N deposition, 

temperature, and biotic response will require further investigation.
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Statistical Modeling—To populate the US PROPS database, logistic regression was used 

to fit one-dimensional occurrence probability curves individually by species for each of the 

five explanatory variables (given in the Supplementary Material, SM2). The individual one-

dimensional curves were fitted with quadratic response functions constrained by a negative 

(or zero value) coefficient for the quadratic parameter to avoid a U-shaped curve. For each 

explanatory variable, a response function was derived, according to a logit function:

probi = 1
1 + exp( − z)

(2)

where Z is given by a quadratic equation:

z = ai + bi * xi + ci * xi
2

(3)

where prob is the probability that a species will occur, and xi are the abiotic conditions. The 

parameters ai, bi and ci were determined by the model fit. All models were retained regardless 

of the extent to which plant occurrence was related to a given explanatory variable. The 

individual one-dimensional models were used to determine an overall occurrence probability 

based on the combined probability among all five abiotic factors as described in the 

Supplementary Material, SM3.

Measures of goodness of fit are not reported for the PROPS models. Such measures are 

difficult to estimate for logistic regression because the observed values are binominal (0 

or 1) and the predictions are continuous values (probabilities between 0 and 1). Pseudo 

R-squared values (such as McFadden’s pseudo R-squared) are not reliable because they 

do not give a correlation between observed and predicted values and cannot be interpreted 

independently. Using an ROC (receiver operating characteristic) curve is not an option 

because in order to compare conditions (i.e. true positive, true negative, false positive, and 

false negative) a threshold value above which species occur is needed in order to decide 

whether or not a species occurs. Such a threshold value is difficult to select.

Habitat Suitability Index—The Habitat Suitability Index (HSI; Rowe et al. 2016) was 

used as an expression for plant diversity from PROPS modeling results:

HSI = 1
n Σk = 1

n probk
probk, max

(4)

where n is the total number of indicator species, probk is the occurrence probability of 

species k, and probk,max is the maximum occurrence probability of species k. The PROPS 

model computes the occurrence probability, which is not a direct surrogate for abundance. 

Thus, the HSI is conceptually appropriate here. As local habitat conditions are simulated to 

change (i.e., variables in Table SM2–1), the probability of occurrence for individual species 
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changes, as does the suitability of a site or habitat for that species. Sites that are favorable 

for many species are predicted to have a higher diversity and a higher HSI. Other indices 

like Simpson or Bray-Curtis can also be used to estimate diversity (Simpson 1949, Bray and 

Curtis 1957), but these are mostly based on species abundances (e.g., percent abundance 

ranging from 0–100%).

An increase in the value of HSI means that abiotic conditions have become more favorable 

for the selected set of indicator species. The HSI assumes a value between 0 and 1, 

where HSI = 1 indicates environmental conditions that are optimal for all indicator species 

included. In reality, HSI will be less than 1 because different species typically have different 

optimal abiotic conditions. Varying the membership of the n species allows the user to focus 

on different groups of species (e.g. N-fixers, disturbance-colonizers, etc.). However, even if 

the abiotic conditions are near optimal for all species (e.g., HSI approaches 1.0), various 

species may not be present if a factor not included in the model (e.g., light availability, 

herbivory) is limiting.

For the three model sites, vegetation surveys conducted in 2013 at Hubbard Brook (Phelan 

et al. 2016) and 2010 at Piney River and Cosby Creek (Lawrence et al. 2015) were used 

to identify candidate indicator species to use as the basis for calculating HSI. The list of 

candidate indicator species was compared with species included in the US PROPS database 

to select a set of indicator species for the HSI metric (Table 1). In general, selected indicator 

species were those considered to be characteristic of the vegetation association in which the 

site was contained. Details of methods used to select indicator species are detailed in the 

Supplementary Material, SM4.

VSD+ Modeling

The Very Simple Dynamic (VSD) biogeochemical soil acidification model (Posch and 

Reinds 2009) is a simple dynamic extension of the steady-state Simple Mass Balance model 

(SMB model). Because of its simplicity, lower data requirements compared with other 

dynamic models (e.g. ForSAFE), and reasonable performance (Tominaga et al. 2010), the 

VSD model has been used for regional-scale assessments of air pollution impacts in Europe 

(e.g., Hettelingh et al. 2007, Achermann et al. 2008, Reinds et al. 2009). Such regional 

assessments are also desirable for US systems. The model VSD+ is an extension of the 

VSD model with added C and N dynamics (Bonten et al. 2016). This extension enables 

examination of acidification and eutrophication effects in a single modeling platform, 

including the effects of climate change on the sequestration of C in soils and the impacts 

of N supply on the diversity of plant species. VSD+ is used here to develop input data 

(soil solution pH and soil C:N) for PROPS application. Additional model description and 

calibration details are included in Supplementary Material, SM5).

Much of the VSD+ input data for the Hubbard Brook site was developed for a related 

modeling project previously conducted at the same site using the ForSAFE-Veg model 

(Phelan et al. 2016). Data from Piney River and Cosby Creek were acquired by Lawrence 

et al. (2015) for MAGIC (Cosby et al. 1985) modeling of stream chemistry at these two 

national park sites. Remaining input data were derived from nationally available datasets 

or from the pre-processor models MetHyd and GrowUp (Bonten et al. 2016), as described 
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below. Data sources used to derive VSD+ inputs related to atmospheric deposition, soils, 

forest nutrient uptake, and N cycling are listed in Supplementary Material, SM6.

Soil Physiochemical Parameters—The upper 0.5 m of soil was assumed to represent 

the primary plant rooting depth. Soil physiochemical characteristics (bulk density, texture, 

cation exchange capacity, cation exchange constants) and soil mineral base cation (BC) 

weathering (BCw) for the Hubbard Brook site were obtained from Phelan et al. (2016; 

Supplementary Material Figure SM7–1). The Hubbard Brook soils data were derived from 

laboratory analyses of horizon-specific soil samples taken from a soil pit located on the 

vegetation plot (available on request from Scott Bailey swbailey@fs.fed.us). Because there 

were sufficient data for running PROFILE to estimate BCw at Hubbard Brook, BCw was 

simulated dynamically at that site under four future scenarios (Phelan et al. 2016), described 

below. For Piney River and Cosby Creek, soil physiochemical characteristics and soil BCw 

estimates were obtained from Lawrence et al. (2015). The Lawrence et al. (2015) study 

derived soil characteristics from individual soil horizons to a depth of 1.0 m, or until bedrock 

was encountered, from three soil pits located within the associated vegetation plot. An 

average of the data from the three pits was used for the modeling reported here. Estimates 

of BCw were determined with the MAGIC model at Piney River and Cosby Creek. Adequate 

data for BCw estimation with PROFILE were not available for these two sites. For all three 

sites, soil texture was obtained from SSURGO (http://www.nrcs.usda.gov/wps/portal/nrcs/

main/soils/survey/. U.S. Geological Survey (USGS) geology maps (http://ngmdb.usgs.gov/

ngmdb/ngmdb_home.html) were used to determine the absence of calcareous bedrock.

Reduction Factors—Maximum rates for mineralization, nitrification, and denitrification 

are established in VSD+. Reduction factors were used to decrease these maximum rates 

according to simulated soil temperature, moisture, and pH. The MetHyd pre-processor 

model was used to develop these reduction factors (Bonten et al. 2016). MetHyd is a simple 

soil water model that computes soil water content and leaching fluxes, both required by 

VSD+, using a bucket approach. It incorporates a snow-melt module for cold climates. 

The model is driven by input data regarding soil texture, organic matter, temperature, 

precipitation, and solar radiation. The effects of pH on mineralization, nitrification, and 

denitrification were incorporated during VSD+ simulation, using the simulated pH from the 

previous time-step.

Forest Nutrient Cycling—Tree N uptake and the content of C and N in litterfall 

contribute to the rate of N cycling and the fate of N in the soil environment. The GrowUp 

tool (v1.3.2; Bonten et al. 2016) and Forest Vegetation Simulator (FVS; Crookston and 

Dixon 2005, Keyster 2015) were used in conjunction with known disturbance events (e.g. 

tree harvests, windthrow) to derive these VSD+ inputs at all three sites, as described in 

Supplementary Material, SM8.

Atmospheric Deposition—Deposition inputs for Hubbard Brook were taken directly 

from the previous modeling at this site by Phelan et al. (2016) to facilitate future comparison 

between the ForSAFE-Veg and VSD+PROPS models (not explored here). The deposition 

(and climate; see below) scenario inputs at Hubbard Brook included both interannual 
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variability and long-term trends. Modeling at Piney River and Cosby Creek was based solely 

on linear trends between specified points in time for all scenarios of deposition and climate 

(see below). The hindcast deposition estimates used for Piney River and Cosby Creek were 

only available at 10 year intervals and linear ramps between years were used to fill gaps. 

All atmospheric deposition inputs were determined as annual total (wet + dry) deposition. 

Historical reconstructions of total N, S, and BC deposition at Hubbard Brook were used as 

described by Phelan et al. (2016). Historical reconstructions of total N, S, and BC deposition 

at Piney River and Cosby Creek were developed with data from the Total Deposition 

Program of the NADP (TDEP; Schwede and Lear 2014), the Advanced Statistical Trajectory 

Regional Air Pollution (ASTRAP; Shannon 1998) model, Baker (1991), and interpolated 

NADP wet deposition (http://nadp.sws.uiuc.edu/ntn/maps.aspx). Additional details regarding 

deposition input data can be found in Supplementary Material, SM9.

In addition to historical reconstructions (HR) of atmospheric deposition, estimates of future 

deposition were based on anticipated emissions reductions associated with current emissions 

control policy (Tier III) in the eastern United States (U.S. EPA 2014) implemented by 2030 

and held constant to the year 2100. Future deposition scenarios (Figure 2a) were specified 

as:

• Pre-Industrial Deposition (PID): 1.0 kg N ha−1 yr−1 and 3.0 kg S ha−1 yr−1 held 

constant between 1850 and 2100 (Phelan et al. 2016)

• Current Deposition (MD) – Historical reconstructions from 1850 to 2011, then 

TDEP 5-year (2009 – 2013) average held constant to 2100

• Anticipated Deposition (AD) – Historical reconstructions from 1850 to 2011, 

linear ramp between 2011 and 2025, then Tier III from 2025 to 2100.

Climate—The PRISM database (800 m resolution; http://www.prism.oregonstate.edu/) 

and data from the NASA Earth Exchange Downscaled Climate Projections (NEX-DCP30 

ensemble median; https://cds.nccs.nasa.gov/nex/) were used to develop time-series inputs 

of historical and future monthly air temperature and precipitation between 1850 and 2100. 

Two future climate change scenarios were developed and appended to estimates of historical 

climate: continuation of a modern (contemporary) climate and an anticipated future climate 

as estimated by IPCC (2013; RCP6.0) as described below. Alternate climate inputs are 

specified in Figure 2b, as:

• Modern Climate (MC): PRISM data were aggregated to represent year 2010 as 

a 9- year average (2006 – 2014; PRISM data for 2015 were not available at the 

time of this study) and held constant to the year 2100.

• RCP 6.0 (RCP6): Differences between averages of the last 10 years (2090–2099) 

and first 10 years (2006 – 2015) of the downscaled RCP6.0 output (multi-model 

median) were added to MC to represent year 2100 climate.

Air temperature estimates showed some historical increase, mainly at Hubbard Brook, and 

more marked future increases at all three sites under scenario RCP6, while precipitation 

amounts are projected to generally increase (Figure 2b).
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Modeled Scenarios of Deposition and Climate—Four scenarios were modeled with 

VSD+PROPS by combining the deposition and climate inputs as: MC-PID, MC-MD, MC-

AD, and RCP6-AD (Table 2). These scenarios capture the range of expected changes in key 

response drivers over time.

RESULTS

PROPS Model Development

Models were fit for 327 plant species that were represented in the database by at least 25 

occurrences. The individual 1-dimensional models (e.g. Brachyelytrum erectum, Athyrium 
filix- femina, Agrostis perennans, and Poa pratensis) and the associated analysis indicated 

that the overall (five-dimensional) probabilities corresponded well with the one-dimensional 

curves for each predictor variable (Supplementary Material, SM10).

Total annual contemporary N deposition (2000 – 2013 average) used as the basis for the 

PROPS models ranged between 1.0 and 19.7 kg/ha/yr at plant survey locations (Figure 3a, 

Figure 3b). The majority of sites (83%) were located in the northern and eastern United 

States (red outline shown in Figure 3a), which ranged in N deposition from 3.8 to 19.7 

(four sites with less than 4) kg N/ha/yr; Figure 3c). This has implications for PROPS model 

development, as will be discussed below.

Ecosystem Effects of Model Scenarios

Changes in Soil Chemistry—Changes in N deposition and climatic conditions across 

scenarios affected simulated values of soil solution pH and ANC, soil base saturation, soil 

C:N, and soil solution NO - concentration (Figure 4). Although soil solution ANC, soil 

base saturation, and soil solution NO3
- concentration are not directly used to estimate HSI 

with PROPS, results for these variables are shown to provide additional context related to 

simulated soil acid-base chemistry and N availability. For soil solution pH and ANC, each 

modeled site showed a decrease for the historical reconstruction (HR) simulation period due 

to past increases in S and N deposition. Under the MC-MD scenario, soil solution pH and 

ANC either remained at approximately current levels (Hubbard Brook and Cosby Creek), 

or increased slightly (Piney River). Both variables moderately recovered under the MC-AD 

scenario across the three sites. Future climate change (RCP6-AD) resulted in soil solution 

recovery close to pre-industrial levels at Piney River but had little effect at Hubbard Brook 

and Cosby Creek.

Soil base saturation remained above about 20% at all three sites under assumed long-term 

deposition at preindustrial levels (MC-PID). Base saturation was projected to have decreased 

during the 20th century in response to increasing acidic deposition at all three sites, with 

decreasing effects from north to south in the order of Hubbard Brook>Piney River>Cosby 

Creek. Base saturation at Hubbard Brook reached especially low values (<15%), well below 

the approximate 20% threshold for Al mobilization (Reuss and Johnson 1986), by the 

year 2000 (Figure 4). Base saturation at Piney River and Cosby Creek declined to near 

the 20% threshold over the historical record. Some base saturation recovery in the future 
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was projected under the MC-AD scenario at all three sites. Further recovery under climate 

change (RCP6-AD) was only projected for Piney River.

Simulated soil C:N diverged after the early harvest events between MC-PID, which had a 

relatively stable soil C:N, and the other scenarios, where soil C:N declined through time. 

The lowest future value for soil C:N was simulated for the RCP6-AD scenario, indicating 

future climate change will likely increase soil nutrient availability. Future simulated N 

deposition reduced soil C:N appreciably, as compared with assumed preindustrial deposition 

at all three sites, due to N inputs that remain higher than N removal.

Soil solution NO3
- concentrations, reflecting nutrient availability, were low across the 

time period simulated for the MC-PID scenario, and showed increases under historical 

reconstructions of N deposition during the latter part of the 20th century at all three sites. 

There was relatively little future change in soil solution NO3
- concentration in response 

to any of the scenarios at all three sites, other than an increase under climate change 

(RCP6-AD) at Piney River. Short-term effects of clearcut logging are evident mainly at 

Piney River in the early 1900s for soil solution NO3
- concentration, ANC, soil C:N, and 

base saturation. Simulations suggested a drop in nutrient BC and N uptake by the forest after 

clearcutting.

Changes in Habitat Suitability for Indicator Species—The HSI for the historical 

period (1850 – 2010) showed similar patterns among the model sites (Figure 5). At all 

sites, HSI increased during the first half of the 20th century and then showed a sharp drop 

during the period of highest N deposition (~ 1960 – 1990), followed by recovery in HSI 

with deposition reductions between 1990 and 2010. Between 2011 and 2100, HSI showed 

variable responses under the alternative future scenarios of deposition and climate.

At Hubbard Brook, future HSI remained relatively constant under the ambient deposition 

scenario (MC-MD). Future decreases in N deposition (MC-AD and RCP6-AD) caused a 

decrease in HSI, which was amplified with future climate change (RCP6-AD). Nevertheless, 

HSI remained above the low values attained during the period that had the highest N inputs 

(1970– 1990) across all scenarios.

At Piney River, future HSI increased slightly under the ambient deposition scenario 

(MC-MD). Decreases in future N deposition (MC-AD and RCP6-AD) decreased HSI 

approximately to the year when deposition stopped declining (2025), and thereafter showed 

little change under constant N deposition, and a slight increase with future climate change 

(RCP6-AD).

At Cosby Creek, future HSI remained relatively constant under the ambient deposition and 

climate scenario (MC-MD). Future decreases in N deposition (MC-AD and RCP6-AD) 

again decreased HSI out to the year when deposition stopped declining (2025), with little 

effect afterward for any scenario.
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DISCUSSION

In this modeling study, we set out to explore the feasibility of using VSD+PROPS to 

examine the potential effects of climate change and air pollution on temperate forest 

vegetation in the eastern United States. Input data were sufficiently available to calibrate 

and apply of VSD+ and estimate probability of species occurrence and HSI with PROPS 

at the three model sites. Simulated patterns of soil and soil solution acid-base chemistry 

(Figure 4) were in general agreement with available observations (Supplementary Material, 

SM11) and other dynamic modeling studies conducted at Hubbard Brook (Phelan et al. 

2016; ForSAFE), Piney River, and Cosby Creek (Lawrence et al. 2015; MAGIC).

The VSD+ simulation results for soil solution pH and soil C:N were used as input to 

the PROPS models for simulating changes in HSI for the full simulation period (1850 – 

2100). At all three sites, simulated HSI increased from relatively low levels during the 

pre-industrial period to peak values in the mid-20th century and decreased markedly during 

the period of highest N deposition (~1970–1990). Controlled experiments have found that 

N additions approximating N deposition within the range simulated by VSD+PROPS in 

our study can lead to reductions in vegetation diversity in just over one decade and that 

higher rates of N deposition can cause more rapid reductions in diversity (Clark and Tilman 

2008). A 25-year N addition (35 kg N/ha/yr) experiment at the Fernow Experimental Forest 

of West Virginia suggested N-mediated changes in the herbaceous layer were primarily 

driven by increases in nitrophilous Rubus spp. (Gilliam et al. 2016). However, increases in 

Rubus spp. was dependent on light availability (Walter et al. 2016), which highlights the 

need for examining interactive effects between N deposition and light availability in future 

iterations of PROPS model development. Unfortunately, there were no Rubus species with 

sufficient occurrences with which to develop PROPS model functions for comparison with 

these empirical results. The observed patterns in HSI response in our study were affected, 

at least in part and perhaps in large part, by the range of available N deposition data for 

building PROPS models and associated low data availability at the tails of this distribution. 

The effect of this data limitation is discussed in more detail in the following section.

Overall, the modeling results for the historical period of deposition at each of the model 

sites suggested that N deposition, relative to the other four PROPS drivers, has had the 

largest impact on species occurrence probability and HSI (cf. correspondence between 

HSI and N deposition; Figure 6). The deposition of N was the primary driver of HSI 

response mainly because simulated changes in N deposition were largest relative to the other 

drivers. Annual average air temperature, for example, exhibited only a weak temporal trend 

during the historical period, in contrast with N deposition which increased from background 

levels (1 kg N ha−1 yr−1) to nearly 20 kg N ha−1 yr−1 during the same time period. A 

similar discrepancy in the importance of changes in temperature and atmospheric deposition 

regimes was found in other studies attributing vegetation changes to dramatically changing 

historical deposition levels more so than to the recent climate warming trends (Wason et 

al. 2017). The correspondence between changes in N deposition and HSI can be explained 

by the availability of input data for PROPS model development. The N deposition niches 

were necessarily narrow due to the available distribution of N deposition input used for 

building the PROPS models (see below). The US PROPS models were developed primarily 
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from vegetation survey data centered roughly on the year 2000 (Simkin et al. 2016) and N 

deposition at this time was declining from historical peaks, but remained moderately high 

(> 8 kg/ha/yr) across much of the region except for the far Northeast (Figures 3b and 3c). 

Therefore, there are few species observations at low N deposition levels and consequently 

PROPS predicts low occurrence probabilities under low N deposition conditions. Thus, 

predicted occurrence probabilities under low future N deposition conditions may not be 

reliable. The uncertainty introduced by low data availability at either end of the input range 

of N deposition for building the PROPS models is further discussed in the example case 

study below.

Exploring Model Uncertainty: Cosby Creek Case Study

The Cosby Creek site is used here as an illustrative example of how HSI was related to 

each of the five PROPS drivers. The Cosby Creek site under the modern climate/deposition 

(MC-MD) scenario is used as an example because no major historical disturbance (e.g. tree 

harvesting, extensive blowdown) has occurred at this site, thus avoiding the confounding 

impacts on HSI due to the relatively large simulated changes in soil pH and C:N caused by 

the tree harvesting that occurred at Hubbard Brook and Piney River in the early 1900s.

The pattern of historical (1850 – 2011) N deposition throughout much of the eastern United 

States can be generally described as increasing from 1850 until 1970, peaking between 1970 

and 1990, and then decreasing from 1990 to a level in 2011 that approximated the mid-20th 

century. This pattern is shown in the historical reconstructions of N deposition used for 

VSD+PROPS modeling at Hubbard Brook, Piney River, and Cosby Creek (Figure 2a) and it 

is generally widely documented in the literature in the eastern United States (e.g., Driscoll et 

al. 2001).

Among the five drivers that influence HSI at Cosby Creek during the HR period (Figure 

6), estimated N deposition corresponds most closely with HSI and does so in two ways: 1) 

direct correspondence with HSI at deposition rates below 11.2 kg N/ha/yr and 2) inverse 

correspondence with HSI at deposition rates above 11.2 kg N/ha/yr. This might suggest 

increased habitat suitability as N deposition increases, until it reaches a tipping point. 

Further increases in N deposition decrease the suitability of the habitat. However, input 

data availability for building the PROPS models was limited at this high (> 14 kg N/ha/yr) 

level of N deposition, which may have contributed to the observed decline under high 

levels of simulated N deposition and obfuscated identification of a threshold of response. 

Furthermore, the HSI even at the peak deposition levels of the 1970s-1990s did not decline 

to levels below the HSI estimated for the 1850s.

The simulated probability of occurrence for individual species at Cosby Creek showed that 

each of the indicator plants responded similarly to peak deposition (Figure 7; analogous 

plots for Hubbard Brook and Piney River are shown in Supplementary Material, SM12). 

Deposition during this time period was in the range of 15 – 20 kg N/ha/yr. Very few data 

points from either this range or the lower end of the distribution (< 4 kg N/ha/yr) were 

used to build the PROPS functions (Figure 4). The PROPS model predicts that, for species 

distributed within the eastern United States (Figure 3; red box) few would thrive at low (< 4 

kg N/ha/yr) deposition, partly because plant occurrences were not available within this range 
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of deposition. Because the PROPS functions were derived from a logistic model, no/low 

input data availability in a given range for an abiotic driver effectively means zero/little 

chance for any species to occur when simulating within that range. Simulations of habitat 

suitability with VSD+PROPS based on soil solution pH, soil C:N, deposition, or climate 

inputs near to or beyond the extreme values used to build the PROPS models should be 

considered highly uncertain.

Future work on PROPS model development might focus on addressing the reduction in 

HSI at the extremes of the available deposition data, which may be partly a result of data 

availability as well as mechanistic effects. This suggests that PROPS, because of its reliance 

on empirical data, may only be suitable in its current form for assessing effects of future 

decreases in N deposition in the eastern United States if these loading values occur within 

the range of observed N deposition. PROPS may not be suitable for assessing time to 

recovery, historical patterns of vegetation, or other questions that consider deposition levels 

beyond the range experienced by the available regional vegetation data. VSD+ does not 

have these limitations because the biogeochemistry is not dependent on the availability of 

understory vegetation data. Uncertainty in pH and C/N ratio simulated by VSD+ has been 

shown to be limited (Bonten et al. 2016).

There may be several opportunities for improving PROPS for application to the eastern 

United States, particularly, inclusion of additional sites at the upper and especially at the 

lower end of the N deposition distribution. Alternate candidate predictor variables might also 

be considered, such as light availability, cumulative N deposition, site factors influencing N 

availability, seasonal climate metrics, and soil moisture indices. Extending the tails of the 

observational record on the high and low end of the N deposition gradient to match the 

deposition range of the simulations should remove the biases towards lower HSI that inflate 

the number of predicted zero or near-zero probabilities of occurrence. Evaluating future 

iterations of PROPS models against independent test data will be required to further improve 

confidence in the model results. Data that reflect changes in plant communities over time 

will be particularly important. Testing the feasibility of a regional VSD+ model application 

is also an appropriate next step for evaluating biological response with VSD+PROPS at 

a scale more relevant to environmental policy and management. Given the current state 

of model development and availability of input data, results of this study should not be 

used as the basis for resource management or policy decisions. However, observed patterns 

are appropriate for guiding further studies of N deposition and climate change effects on 

vegetation.

CONCLUSIONS

The VSD+ model was able to reproduce values consistent with observations of soil 

chemistry at the study sites. Simulations using VSD+PROPS at these sites suggested that 

historical changes in N deposition had pronounced impacts on HSI. Following the strong 

recovery of HSI between 1990 and 2010 caused by decreases in N deposition, future 

changes in climate and further decreases in N deposition were projected to slightly decrease 

habitat suitability for the selected indicator plants. The simulated HSI response was driven 

primarily by N deposition, in part because this driver was the most variable through time. 
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Lack of data at the low and high ends of the distribution of N deposition data used for 

building the PROPS functions contributed to uncertainty in HSI response for these simulated 

ranges of N deposition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Changes in climate and N deposition are important factors affecting biodiversity 

We assess past and future impacts on plant diversity with a soil-plant model chain 

Species occurrence probability was mostly driven by changes in N deposition Further 

development of statistical plant response functions is needed
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Figure 1. 
General depiction of the VSD+ model framework including input requirements and outputs 

generated. Acronym definitions shown in the figure include: N (nitrogen), S (sulfur), BC 

(base cation), Cl (Chloride), CEC (cation exchange capacity), C (carbon), VSD+ (very 

simple dynamic model with carbon and nitrogen cycling), PROPS (probability of occurrence 

for plant species model)
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Figure 2. 
Historical reconstructions (HR) and alternate scenarios of a) atmospheric deposition and 

b) climate used for VSD+PROPS simulations at Hubbard Brook (HB), Piney River (PR), 

and Cosby Creek (CC). Scenarios are labelled as: pre-industrial deposition (PID), modern 

deposition (MD), anticipated deposition (AD), modern climate (MC), and RCP6 climate 

(RCP6).
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Figure 3. 
a) Total N deposition (2000 – 2013 average) for plots with co-located vegetation surveys 

and soil chemistry data (n = 1,214) used to develop the U.S. PROPS database. The red 

outline encompasses the plots located in the northern and eastern U.S. (n = 1,057). Survey 

data from plots located in the west are not relevant for the indicator species analyzed in this 

study. Among the modelled indicator species, only Maianthemum canadense is distributed 

throughout the geographic extent represented by all 1,214 plots. b) Distribution of total 

N deposition among all sites (n = 1,214) and c) distribution of total N deposition among 
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sites located in the northern and eastern U.S. (n = 1,057) used for US PROPS model 

development.
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Figure 4. 
VSD+ modeled biogeochemical scenario responses at Hubbard Brook (HB), Piney River 

(PR), and Cosby Creek (CC). Scenarios are labeled as: historical reconstructions (HR), pre-

industrial deposition (PID), modern deposition (MD), anticipated deposition (AD), modern 

climate (MC), and RCP6 climate (RCP6).
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Figure 5. 
VSD+PROPS modeled HSI scenario responses at Hubbard Brook (HB), Piney River 

(PR), and Cosby Creek (CC). Scenarios are labeled as: historical reconstructions (HR), pre-

industrial deposition (PID), modern deposition (MD), anticipated deposition (AD), modern 

climate (MC), and RCP6 climate (RCP6).
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Figure 6. 
Simulated time-series of habitat suitability index (HSI; primary y-axes) and each of the 

five presumed main drivers of biological response (secondary y-axes) as represented in the 

MC-MD scenario at Cosby Creek.
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Figure 7. 
Simulated probability of occurrence for the individual indicator species at Cosby Creek 

under scenario MC-MD (Modern Climate – Modern Deposition).
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Table 2.

Combined deposition and climate scenarios used for VSD+PROPS modeling at Hubbard Brook (HB), Piney 

River (PR), and Cosby Creek (CC).

Combined Scenario ID Climate Scenario ID Deposition Scenario ID Climate Scenario Name Deposition Scenario Name

MC-PID MC PID Modern Climate Pre-Industrial Deposition

MC-MD MC MD Modern Climate Modern Deposition

MC-AD MC AD Modern Climate Anticipated Deposition

RCP6-AD RCP6 AD RCP 6 Climate Anticipated Deposition
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