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ABSTRACT 

Changes in climate and atmospheric acidic deposition alter biogeochemical cycles 

in forested ecosystems. I investigated the responses of vegetation, soil, and hydro-related 

processes to changes in climate and acidic deposition at five high-elevation forests in the 

southeastern U.S. using a biogeochemical model - PnET-BGC model. I focused on 

change-points and thresholds concepts that were less studied in forest ecosystems as well 

as seasonal variability of responses and extreme events. I applied principal component 

analysis (PCA) to reduce the dimensionality of data. I developed a Bayesian multi-level 

model to derive key biogeochemical variables response to temperature and precipitation 

(local) and latitude and elevation (regional) with uncertainty accounted for. The first 

principal components (PC1s) explain 50-60% and 40-50% of the variance in the 17 main 

biogeochemical variables simulated from the model at the Coweeta Basin (CWT) and 

Shenandoah National Park (SNP) respectively. PC1s at CWT are highly correlated to 

transpiration, gross and net primary production (GPP and NPP), soil base saturation, soil 

Al:Ca ratio, and stream chemistry (Ca2+ and K+), while PC1s at SNP are highly correlated 

to NPP, transpiration, and stream base cations. The key biogeochemical processes show 

strong seasonality in their response to future climate change. Higher latitudinal sites have 

earlier but fewer change-points than lower latitudes from 1931 to 2100. Vegetation at 

higher-elevation forests appears more sensitive to climate change, while soil and streams 

are more sensitive at the lower-elevation forests. Flooding and drought will become more 

frequent, and soil and stream will become more acidic under climate change. Regional 

analysis demonstrates that temperature tends to drive key biogeochemical variables more 

significantly than precipitation. Winter shows the least sensitivity to climate change in 
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NPP, transpiration, and acid neutralization capacity 3 (ANC) at all five sites. In addition, 

latitude and elevation influence the sensitivity of these biogeochemical variables to 

temperature and precipitation at some degree. Change in acidic deposition will likely 

shift the biogeochemical processes response to climate change differently, depending on 

biogeochemical processes, season, and the direction and magnitude of change in acidic 

deposition. The effect is minimal for NPP, and summer and winter will have the largest 

shifts.   
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CHAPTER I – INTRODUCTION 

Climate has considerably changed in recent decades due to human activities 

(IPCC, 2007) and global climate change is expected to accelerate through the end of this 

century (IPCC, 2014). The Coupled Model Intercomparison Project Phase 5 (CMIP5) 

based on four greenhouse gas emission scenarios, representative concentration pathways 

- RCPs: RCP2.6, 4.5, 6.0, and 8.5, has predicted that the global mean surface 

temperatures for years 2081-2100 will be 0.3 to 4.8 oC warmer than those observed in 

1986-2005. Higher–latitude regions are projected to experience greater temperature 

increases than regions at the lower-latitude. Global precipitation is also predicted to 

increase, driven by mean surface temperature with a 1% to 4% increase per oC by 2100. 

However, predication in the expected precipitation show high spatial variability (IPCC, 

2014) and is projected to increase in the southeastern U.S. but decrease in the western 

U.S where there has experienced severe droughts in the recent years. Temporally, global 

temperature increases will be accompanied with larger contrasts in precipitation between 

wet and dry regions and also between wet and dry seasons in individual regions (IPCC 

AR5, 2014). In the south and southeastern U.S., temperature is expected to increase from 

less than 1.7 oC on the Atlantic coast to above 2.8 oC in northwestern Texas using the 

Global General Circulation Model Hadley Centre Climate Model, version 3 (HadCM3), 

under the B2 emission scenario (IPCC 2000 standard emission scenario - mid-range 

emission; Mitchell et al. 2014). Precipitation is expected to increase over most regions of 

the southeastern U.S. for all seasons except summer. The average annual precipitation is 

predicted to decrease by 2% to 4% in Louisiana and Southern Florida respectively, but 

increase up to 6% across North Carolina and Virginia (Keim et al. 2011). 
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1.1 Climate impacts to forested watershed 

1.1.1 Impacts to forest 

Temperature and precipitation are two important factors of climate that alter 

forest distribution, composition, and productivity (Shugart et al. 2003). The interactions 

between temperature and precipitation can be complex by the biogeochemical conditions 

such as geology, physiography, and vegetation type (e.g., conifers, hardwoods, and 

species-specific composition). Higher air temperature will increase the length of the 

growing season, and therefore increase annual gross primary production and carbon 

sequestration if soil water content is not limited (Boisvenue and Running, 2006). 

Elevated temperatures in summer, however, may begin to exceed physiological optima, 

resulting in decreased productivity (Coder, 1999; Buermann et al. 2013; Hatfield and 

Prueger, 2015). At the same time, vegetation and soil respiration will increase with 

temperature and may offset the increased carbon storage driven by increased primary 

production (Turnbull et al. 2001). Changes in precipitation affects hydrological cycles 

and soil water content, which are directly related to vegetation growth and health. In the 

western regions of the U.S., the projected decreases in precipitation will likely negatively 

affect vegetation (Vose et al. 2016). For most regions in the southeastern U.S., the annual 

precipitation is predicted to increase; however, the seasonal variability is predicted to 

become larger, with more droughts in summer /fall and more frequent flooding events in 

spring /winter (Wu et al. 2012). Other changes in temperature and precipitation 

characteristics such as extreme values, duration, intensity, timing, and frequency also 

have critical effects on forest vegetation responses because they can impact vegetation 

dispersion and influence disturbances such as fire, drought, invasive species, insect, and 
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extreme weather conditions (Elliott et al. 1994; Dale et al. 2001; Elliott et al. 2002; Elliott 

and Vose, 2006; Elliott et al. 2009). Climate can also alter carbon allocation between 

different parts of tree tissues. As an example, Lapenis (2013) reported 17 increased 

carbon allocated to roots instead of stemwood due to soil acidification and an earlier 

growing season in a calcium-depleted spruce forest. 

1.1.2 Impacts to hydrology 

The most direct and prominent impacts of climate change on forest hydrology are 

snowpack and runoff patterns (Furniss et al. 2010). Over the last century, many 

mountains in the western region of North America have exhibited declines in spring 

snowpack even though winter precipitation increased in many places (Mote et al. 2005). 

For the southeastern U.S., the average annual snowfall has declined at a rate of 

approximately one percent per year since the late 1930s (Kunkel et al. 2009). In the 

northern parts of the Appalachians and at greater elevations, spring runoff occurred 

earlier in snow- and glacier-dominated watersheds (Stewart et al. 2005; Hodgkins & 

Dudley, 2006). A longer growing season and higher temperature increased 

evapotranspiration, leading to declines in spring and summer soil moisture (Meehl et al. 

2007; Wu et al. 2012). In some cases, (Kaskawulsh Glacier, Canada, for instance), an 

extreme and sudden change of river flow path, “river piracy”, occurred when the 

precipitation patterns changed and could no longer sustain the previous river flow 

(Shugar et al. 2017). Precipitation distribution is likely to be more spatially and 

temporally unevenly distributed in the U.S. by the end of this century (AR5, IPCC, 

2014). Frequency of droughts, flash floods, and extreme temperature days would also 

likely increase in many areas. The frequency of droughts is predicted to increase in the 
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northern Gulf of Mexico and the western U.S., however there will be fewer droughts in 

the rest of the southeastern U.S. (Strzepek et al. 2010). 

1.1.3 Impacts to soil 

Higher temperature can decrease soil moisture through increased 

evapotranspiration. More frequent extreme precipitation events could increase erosion, 

and prolonged droughts may increase wildfire events and induce degradation and loss of 

vegetation and soil (Klos et al. 2009). Additionally, climate change will indirectly affect 

soil properties through biotic and abiotic processes such as carbon fixation (Jobbagy and 

Jackson, 2000; Barger et al. 2011), acid neutralization capability, 

nitrification/denitrification rates, and mineralization of plant litters (Stark & Firestone, 

1995; Knoepp & Vose, 2007; Duran et al. 2016). As nitrogen is a major element in the 

RuBisCO enzyme and the light harvesting complexes that modulate photosynthesis, 

terrestrial biosphere models generally relate photosynthetic capacity to leaf nitrogen 

(Evans 1989; Aber & Federer, 1992; Croft et al. 2017). Bioactive nitrogen is usually 

contained in vegetation and soil. Human activities have increased the availability of 

reactive nitrogen, exceeding the demands of vegetation and microbes, which leads to 

nitrogen saturation and nitrogen leaching from soil into water bodies in some regions 

such as northeastern U.S. (Aber et al. 1989; Aber, 1992; Aber et al. 1998; Huang et al. 

2015; Chen et al. 2016). Saturated nitrogen leaching (from deposition or forest soils) is 

one of the main drivers of stream acidification, and it is dependent on precipitation, 

snowmelt, and water infiltration in the soil below the root zone (Mitchell, 1939; Rascher 

et al. 1987). Bernal et al. (2012) reported that the snowpack decline at the Hubbard Brook 

Experimental Forest in New Hampshire, U.S. has made the soil a massive nitrate sink 
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because of flow path change, past harvesting, and extreme weather events (i.e., 

hurricanes or ice storms). Temperature and precipitation changes can alter other nutrient 

cycles (Ca2+, Mg2+, and K+) by increasing water and temperature stress and depressing 

soil microbial activity (Bassirirad, 2000; Weih et al. 2002; Rennenberg et al. 2006). 

Campbell et al. (2009) has predicted there will be an increase in net primary production 

due to longer growing seasons, an increase in nitrate leaching due to enhanced net 

mineralization and nitrification, as well as declines in mineral weathering due to reduced 

soil moisture under climate change in the northeastern U.S. 

1.2 Atmospheric deposition impacts to forested watershed 

Acidic deposition has caused a number of environmental issues since fossil fuel 

has been largely used in the last century (Driscoll et al. 2001). Atmospheric deposition 

has been monitored intensively across the U.S. by the National Atmospheric Deposition 

Program (NADP) since 1978 (currently with 250 sites), and the Clean Air Status and 

Trends Network (CASTNET) since 1991 (currently with 95 locations throughout the U.S. 

and Canada; USEPA, 2017a). Acidic atmospheric deposition, largely comprised of 

sulfuric acid and nitric acid from SO2 and NOx fossil fuel emissions, is the major concern 

of the NADP and CASTNET programs. Ammonia, mainly from agricultural activities, 

plays an ever-increasing role in acid deposition (NH4
+ and NO3

- conversion by microbes 

through nitrification and NH3 converts to NH4
+ aerosols and NO3

- leaching to underneath 

soils, Driscoll et al. 2001). Acid deposition adversely affects ecosystems, leading to base 

nutrient depletion, aluminum toxicity, nitrogen saturation, and eutrophication (Aber, 

1989; Shortle & Bondietti, 1992; Driscoll et al. 2001; Driscoll et al. 2003). 
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Acidic deposition reduction and environment recovery may not happen 

concurrently and could be complicated and uncertain under future emission and human 

activity projections. Since the Clean Air Act and its amendments in the 1970s and 1990s, 

SO2 and NOx emission have dramatically decreased in the U.S. There has been an 84% 

decrease in the national average for SO2 between 1980 and 2015 and a 59% decrease for 

NOx over the same period (USEPA, 2017b). However, the recovery of ecosystems seems 

to lag behind the reduction of acidic deposition (Zhou et al. 2014, Wu and Driscoll 2010). 

In addition, it is widely accepted that ammonia deposition from increased agricultural 

activities has and will continue to increase if no reduction policy is implemented (Li et al. 

2016). This makes recovery of ecosystems from reduced SO2 and NOx emissions more 

uncertain and acidic deposition an ongoing concern on forest ecosystems’ structure and 

function. 

1.3 PnET-BGC model and modeling approach 

Modeling is a useful and efficient tool to address the questions arising in complex 

ecosystems such as how forest ecosystems respond to the changes in climate and acidic 

deposition. Observations and manipulated experiments, which are generally conducted in 

short-terms and narrow spatial scales, have provided some insights on above question, 

but the long-term effects of climate change on hydrological and biogeochemical 

processes in forested watersheds need to be better understood (Pourmokhtarian et al. 

2012). Models can synthesize state-of-the art knowledge and make predictions under 

varied future or hypothetical scenarios (Medlyn et al. 2011). A number of models have 

been developed to study biogeochemical cycles in forests affected by atmospheric 

deposition and/or climate, such as the Very Simple Dynamic Model (Posch & Reinds, 
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2009), Simple Mass Balance Model (Prado et al. 2016), Model of Acidification of 

Groundwater in Catchment (MAGIC, Cosby et al. 1985), and PnET (photosynthesis and 

evapotranspiration) family models including PnET, PnET-II, PnET-CN and PnET-BGC 

(Aber et al. 1992; Aber et al. 1995; Aber et al. 1996; Gbondo-Tugbawa et al. 2001). 

PnET-BGC (Fig. 1-1) is a lumped-parameter watershed model that can simulate 

the stocks and fluxes of the major elemental cycles including carbon, nitrogen, sulfur, and 

base cations (K+, Na+, Ca2+, and Mg2+) in vegetation, soil, and water. It includes 

processes of forest canopy exchange, primary productivity, litter decomposition, soil 

organic matter dynamics, weathering, and chemical equilibrium reactions between solid 

and solution phases in soil, hydrology cycle, and water chemistry at a monthly time step 

(Gbondo-Tugbawa & Driscoll, 2002; Chen et al. 2004a, b; Zhai et al. 2008; Wu & 

Driscoll, 2009; Zhou et al. 2015; Fakhraei et al. 2016). PnET-BGC integrates the PnET 

model (Aber & Federer, 1992) and a soil equilibrium model BGC model (Gbondo-

Tugbawa et al. 2001). PnET, representing photosynthesis and evapotranspiration, was 

first developed in 1992 (Aber & Federer, 1992) to simulate water and carbon cycles in 

vegetation. It has gone through a few stages of improvement and refinement, including 

incorporation of nitrogen cycles in PnET-CN (Aber et al. 1997), and addition of the BGC 

(biogeochemical cycle) submodules which simulates biogeochemical cycles of other 

major elements (Ca2+, Mg2+, K+, Na+, Cl-, Al3+, and SO4
2-) as well as chemical 

equilibrium reactions between solid and solution phases in the soil (Gbondo-Tugbawa et 

al. 2001). The outputs of the PnET-BGC model include estimates of streamflow, primary 

productivity, mineralization rates, immobilization rates, and concentrations of major 
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chemical elements in soil solution and streams. They also include base saturation of soil 

and acid neutralization capacity (ANC) of streams. 

So far, PnET-BGC has been intensively applied in northeastern U.S. forests 

(Gbondo-Tugbawa et al. 2001; Chen et al. 2004a, b; Zhai et al. 2008; Wu & Driscoll, 

2009; Zhou et al. 2015; Fakhraei et al. 2016). In this research, I will extend the 

application of the PnET-BGC model to the southeastern U.S. region (south and central 

Appalachians), where the climate, atmospheric acidic deposition, vegetation species, soil, 

and stream properties differ from the northeastern U.S. Additionally, I will use 

downscaled predictions of future climate including monthly air temperature, 

precipitation, and solar radiation, combined with a variety of atmospheric deposition 

scenarios, to drive the simulations of biogeochemical cycles in forests.
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Fig. 1-1 Structure of PnET-BGC model (adapted from Gbondo-Tugbawa et al. 2001. Specific processes see next page) 
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1. Gross Photosynthesis 12. Precipitation 23. Wood Litter 

2. Foliar Respiration 13. Interception 24. Root Litter 

3. Transfer to Mobil C 14. Snow-Rain 

Partition 

25. Foliar Litter 

4. Growth and Maintenance 

Respiration 

15. Snowmelt 26. Wood Decay 

5. Allocation to Buds 16. Shallow Flow 27. 

Mineralization/Immobilization 

6. Allocation to Fine Roots 17. Water Uptake 28. Nutrient Uptake 

7. Allocation to Wood 18. Transpiration 29. Cation Exchange Reactions 

8. Foliar Production 19. Deposition (Wet 

and Dry) 

30. Anion Adsorption Reactions 

9. Wood Production 20. Foliar Nutrient 

Uptake 

31. Drainage 

10. Soil Respiration 21. Foliar Exudation  

11. Weathering Supply 22. Throughfall & 

Stemflow 

 

 

1.4 Study sites 

In this work, I selected five forested-watersheds which cover both the southern (the 

Coweeta Basin – CWT, NC) and central (the Shenandoah National Park – SNP, VA) 

Appalachians (Fig. 1-2 and Table 1-1). The watersheds’ elevation ranges from 300 to 

over 1,500 meters and the latitude is between 38o26'40.6"N and 35o2'2.4"N. The 

smallest-sized watershed (watershed 18 – WS18) is located in CWT and the largest one 

(White Oak Run – WOR) is in SNP. Watershed 27 (CWT) has the highest elevation, the 

greatest precipitation, and the largest annual streamflow among these five sites (based on 

observation data between 1986 and 2015). Except WS18 (CWT), the remaining four 

watersheds show similar cooler temperatures during the same period (~ 10.0 oC). Within 

all watersheds, Chestnut Oak (Quercus montana), Northern Red Oak (Quercus rubra), 

and maples (Acer spp. such as red maple - Acer rubrum) are the dominant species and at 

colder and higher latitude or elevation sites. Birch (Betula spp.) are also common. 

Detailed descriptions of each study area and modeling data preparation are provided in 
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the following chapters (Chapter 2 – Coweeta Basin WS18 and WS27; Chapter 3 – 

Shenandoah National Park PR, WOR, and SR). 

1.5 Overall objective and general hypotheses  

I will predict how climate change, combined with changes in atmospheric 

deposition, affects 1.) hydrology (surface runoff), 2.) primary production, 3.) soil 

processes, and 4.) streamwater chemistry in forested watersheds in the southeastern U.S. 

using the PnET-BGC model and derive latitudinal and elevational dependences in key 

watershed processes with climate change and their seasonality changes using a Bayesian 

modeling approach. Even though there are large uncertainties in climate and atmospheric 

deposition predictions, the following patterns are likely to emerge:  

1) climate seasonality will become stronger and spatial variability in climate will 

become more extreme, 2) extreme climate events such as drought, storms, and extreme 

temperature events will become more frequent and intense, 3) atmospheric deposition of 

sulfur will continue to decline, and 4) nitrogen deposition would be complex due to 

projected increases in NH3 emissions, mainly from agricultural activities, and decreasing 

NOx emission, mainly from fossil fuel combustion (van Vuuren et al. 2011).      

I will explicitly test the following hypotheses: 

Hypothesis 1:  Climate change will affect the local hydrological cycle, primary 

productivity, soil and stream water chemistry, with the largest impact occurring in 

vegetation processes (ET, nutrient uptake, productivity). 

Hypothesis 2: Climate change will affect vegetation, soil, and stream water 

processes in each season differently, with the most pronounced effect happening in 

summer and winter. 
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Hypothesis 3: The response of the hydrological and biogeochemical cycles to 

climate change in the five forested watersheds will vary, with the largest response 

occurring in higher elevation and higher latitude watersheds.  

Hypothesis 4: Atmospheric deposition changes will likely synergistically intensify 

climate change impacts on key watershed processes such as vegetation, hydrology, and 

soil and stream chemistry, but this will also depend on the season.
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Fig. 1-2 Study watersheds: Coweeta Basin – CWT, NC (Watershed 18 and Watershed 27); Shenandoah National Park – SNP, 

VA (Paine Run, White Oak Run, and Staunton River). 
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Table 1-1. Summary of the five study watersheds’ features 

(Temperature and precipitation data based on observations collected between January 1986 and December 2015)  
Lat. 

(o) 

Elev. 

(m) 

Area 

(ha) 

Prcp. 

(cm/yr) 

Annual 

Temp. 

(oC) 

Streamflow 

(cm/yr) 

Dominant tree and shrub species* 

Staunton River 

(SR) 

38.4446 309-1,181 

(768) 

1,010 132 9.9 

(4.7-15.2) 

69 Quercus montana, Quercus rubra, Acer, 

spp., Betula spp. 

White Oak 

Run 

(WOR) 

38.2508 674-1,594 

(685) 

1,480 124 10.2 

(4.7-15.6) 

37 Quercus montana, Quercus rubra, Acer 

spp., Betula spp., Fraxinus spp., Tilia 

americana 

Paine River 

(PR) 

38.1986 434-1,040 

(657) 

1,390 128 10.4 

(4.9-15.9) 

40 Quercus montana, Quercus rubra, Acer 

spp., Betula spp., Fraxinus spp., Tilia 

Americana, Liriodendron tulipifera  

WS27 35.0340 1,061-1,454 

(1,398) 

39 229 10.2 

(5.9-14.5) 

163 Acer rubrum, Quercus montana (Q. 

prinus), Quercus rubra, Betula lenta, 

Betula alleghaniensis, Tsuga canadensis, 

Tilia americana, Liriodendron tulipifera, 

Rhododendron maximum, Nyssa sylvatica 

WS18 35.0495 726-993 

(887) 

13 192 14.0 

(8.9-19.6) 

96 Liriodendron tulipifera, Quercus montana 

(Q. prinus), Carya spp., Acer rubrum, 

Quercus coccinea, Pinus rigida, Quercus 

rubra, Kalmia latifolia, Tsuga canadensis, 

Betula lenta 

Where * denotes the data, for SNP, is from the National Park Service NPSpecies database and can be accessed at 

https://irma.nps.gov/NPSpecies and accessed on 1/1/2021; for the CWT, tree species data is from the 2010 USDA Forest Services 

Southern Station Coweeta Hydrologic Laboratory field survey; the values in Elevation parentheses are whole watersheds’ averaged 

elevations.

https://irma.nps.gov/NPSpecies
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CHAPTER II IMPACT OF CLIMATE CHANGE ON HYDROCHEMICAL 

PROCESSES AT TWO HIGH-ELEVATION FORESTED WATERSHEDS IN THE 

SOUTHERN APPALACHIANS, U.S. 

Abstract 

Climate change alters primary productivity and biogeochemical cycles in forested 

ecosystems. In this work I studied the holistic response of vegetation, soil, and 

hydrologically related processes to climate change by applying the PnET-BGC model at 

two high-elevation forested watersheds (WS18 and WS27) in the basin of the Coweeta 

Hydrologic Laboratory, NC, US. I investigated change-points and threshold concepts that 

focus on nonlinear responses of forest ecosystems to climate change, as well as seasonal 

variability and extreme events.  

Through the principal component analysis, I find the first three principal 

components (PC1s) that explain more than 80% of total variance in the 17 variables 

simulated in the model are highly correlated with transpiration, gross and net primary 

production (GPP and NPP), soil base saturation (BS), soil exchangeable Al:Ca ratio, 

stream Ca2+ and K+ concentrations, nitrogen mineralization, streamflow, and acid 

neutralization capacity (ANC). With climate change, GPP, NPP, transpiration, nitrogen 

mineralization, and streamflow are projected to increase, while soil base saturation, and 

base cation concentration, and ANC of streamwater are projected to decrease and show 

strong changes in seasonal variability. I detect five change-points of PC1 that occur 

between 1931 and 2100, with the last change-point projected to occur twenty years earlier 

under representative concentration pathway (RCP)8.5 than under RCP4.5 at both 

watersheds. The change-points are simulated to have occurred earlier at WS18 than at 
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WS27 in 1980s and 2010s but in the future are projected to occur earlier in WS 27 

relative to WS18, implying that changes in biogeochemical cycles may be accelerated at 

higher-elevation WS27. I also find an increase of 3 ºC and decrease of precipitation by 

40% will likely trigger a rapid change of key forest processes at the lower-elevation 

watershed but not at higher-elevation watershed with less water stress. While vegetation 

at higher-elevation forests appears more sensitive to climate change, soil and streams are 

more sensitive at the lower-elevation forests. Overall, the two forested watersheds will 

likely show substantial ecosystem alteration as they experience more frequent streamflow 

extremes, and an extended period when some indicators of acidification stress fall below 

critical values required for healthy soil and streams.  

This findings from this study will contribute to more-informed policy making in 

mitigating the impact of climate change in forest resource management. 
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2.1 Introduction 

Global climate has changed considerably over the past few decades and these 

changes will continue due to increases of greenhouse gas emissions, mainly through 

burning of fossil fuels and land disturbance (IPCC AR5, 2014; C2ES, 2019). In the IPCC 

AR5 report (2014), global air temperature between 2081 and 2100 is projected to be 0.3 

to 4.8 oC higher than the average between 1986 and 2005 with high confidence. 

Precipitation will likely increase as well (1% to 4% more per oC increment) with high 

spatial variability. 

Climate change has impacted and will impact forested ecosystems’ distribution, 

composition, and productivity (McKenney-Easterling et al. 2000; Shugart et al. 2003; 

McKenney et al. 2007; Albrich et al. 2020) by altering biogeochemical cycles in 

vegetation, soil, and streams within forests that lead to changes in habitat suitability and 

species competition. Considering forests represent 30% of the world’s land surface and 

provide a wide variety of ecosystem services, including carbon sequestration, water 

quality improvement, timber products, wildlife habitats and recreational opportunities etc. 

(Lindquist et al. 2012; Peters et al. 2013; United Nations, 2020, 

https://www.un.org/en/observances/forests-and-trees-day), alteration of biogeochemical 

cycles will likely degrade forests’ ecosystem services and affect human’s livelihood or 

quality of life. It is important to predict impact of climate change on forests in order to 

design effective mitigation measures to minimize potential adverse consequences to 

ecosystems and humans due to climate change.  However, such predictions involve large 

uncertainties as the response of biogeochemical processes to climate change is complex 

due to different controlling factors that interact at different spatial and temporal scales 

https://www.un.org/en/observances/forests-and-trees-day
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(Grimm et al. 2013). Increases in air temperature lead to longer growing seasons, and 

therefore increase annual primary productivity (Zohner et al. 2020). Meanwhile, plant 

respiration tends to increase with temperature (Turnbull et al. 2001), which results in 

uncertain changes in the direction and magnitude of the combined effect of these two 

processes, i.e., net primary productivity. Precipitation and available soil water are critical 

to forest growth. Climate change could reduce soil water content due to higher 

evapotranspiration associated with increase in temperature or changes in plant processes, 

or it could increase soil water content due to increased precipitation. The change of soil 

water content further alters soil properties through biotic and abiotic processes such as 

nitrification/denitrification and mineralization of plant nutrients (Stark & Firestone, 1995; 

Knoepp & Vose, 2007). For example, decomposition of plant litters is mediated by soil 

microbial activity, which is dependent on temperature and soil moisture (Krishna & 

Mahesh, 2017). As temperature increases and precipitation patterns change, 

decomposition rates will likely accelerate, therefore, carbon and nutrient (K, Ca, Mg, and 

P except N) release will become more rapid, especially in the fall and winter seasons 

(Chen et al. 2000; Davidson & Janssens, 2006). These biogeochemical changes will 

further impact water availability and quality (Delpla et al. 2009). Floods and droughts 

will likely become more frequent under climate change (e.g., Wu et al. 2014) and water 

quality can be degraded either because of drought-caused or flood-induced changes in 

temperature, pH, and concentrations of dissolved oxygen, nutrients, and dissolved 

organic matter (Stanke et al. 2013). 

In addition to chronic changes in temperature and precipitation, the duration, 

intensity, and frequency of extreme events, such as drought and intense precipitation and 
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runoff events mentioned above as well as wildfire and heat waves, are projected to 

increase with climate change (IPPC, 2014; Rita et al. 2019, Vose & Swank, 1994; 

Kloeppel et al. 2003; Martin et al. 2017). Studies show the southeastern U.S. has already 

experienced increasing droughts and heavy storms in recent decades (Furniss et al. 2010; 

Diffenbaugh & Ashfaq, 2010) and this trend is projected to continue (McKenney-

Easterling et al. 2000). Forests respond to these extreme events differently from to 

chronic change. More frequent and intensive extreme climate events may go beyond the 

ecological thresholds for forest stability, causing tree dieback, making trees vulnerable to 

insect/disease attacks (Kloeppel et al. 2003), or facilitating the expansion of invasive 

species to an irreversible extent (Hellmann et al. 2008; Pureswaran et al. 2018).  

An ecological threshold is defined as a maximum or minimum value of an 

environmental driver (such as temperature, precipitation, disturbance frequency, and 

deposition loading etc.), that, if exceeded, will result in an abrupt change in ecosystem 

state and function, where small changes in the environmental driver(s) produce large 

changes in the ecosystem (Groffman et al. 2006). Exceeding an ecological threshold is 

anticipated to result in an alternate steady state for the ecosystem where recovery back to 

the previous state is constrained by hysteresis behavior (Andersen et al. 2009), also 

known as a regime shift. The identification of an ecological threshold and understanding 

when a state shift occurs could be facilitated by dynamic process models (Wu et al. 

2017), in which environmental factors can be set to extreme conditions and then the 

resultant model outputs describing ecosystem status can be evaluated and compared. In 

the southern Appalachian forests, ecological thresholds may exist and could be exceeded 

due to climate induced warming and precipitation change (Albrich et al. 2020).   
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To improve the understanding of the nonlinear responses of forest processes to 

climate change, I aim to address the following questions: 1). What processes of forested 

ecosystems explain the largest component of variability in the impacts of climate change 

and does the impact of climate change on these processes’ present seasonal variability? 

2). Do change-points of these processes exist over time? Do they correspond to change-

points of temperature and precipitation? 3). Do these processes show threshold behavior 

in response to temperature or precipitation change? 4). How do frequency and intensity of 

extreme hydrological events and acidification status of soil and streams change in 

response to climate change? 5). How do the impacts of climate change on forest 

ecosystem processes contrast between lower and higher elevation watersheds?  

2.2 Methods 

I applied the PnET-BGC (Photosynthesis-EvapoTranspration and 

BioGeoChemistry) model, an integrated and dynamic biogeochemical model (Gbondo-

Tugbawa et al. 2001), to evaluate the impact of climate change on coupled vegetation-

soil-stream processes at the two watersheds at the Coweeta Basin in the southern 

Appalachian Mountains of North Carolina. I focused on average and extreme conditions. 

I implemented principal component analysis to derive the main biogeochemical processes 

that explain the majority of variance of all the processes / states and evaluated their 

seasonal changes. I next derived the change-points of ecosystem processes over time. I 

also studied potential thresholds of temperature and precipitation for stability of main 

biogeochemical variables. I further investigated the hydrological extremes in streams and 

extreme acidic events in streams and soil. The multiple aspects I focused on provide a 

comprehensive understanding on how forests respond to climate change. 
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2.2.1 Study area 

The Coweeta Experimental Forest at the Coweeta Basin was established in 1934 

by USDA Forest Service near Otto, North Carolina and was then renamed as Coweeta 

Hydrologic Laboratory in 1948 (35º03' N, 83º25'W, Fig. 1-1). The climate in this region 

is classified as marine, humid temperate, and features cool summers and mild winters, 

with less than 5% of annual precipitation occurring as snow (Swift et al. 1988). Two 

reference watersheds with detailed meteorology, vegetation, soil, and stream chemistry 

data were selected for this study to calibrate the PnET-BGC model: lower-elevation 

watershed 18 (WS18) and higher-elevation watershed 27 (WS27) (Fig. 1-1). WS18 is a 

12.5 ha watershed drained by Grady Branch, with an elevation range from 726 m to 993 

m and a northwest facing slope of 52%. From 1986 and 2015, over half of the 

precipitation was returned in streamflow (average of 96 cm yr-1 streamflow vs. 182 cm 

yr-1 total precipitation). The average annual air temperature was 14.0 oC with an average 

minimum of 8.9 oC and an average maximum of 19.6 oC. WS27 is a 39-ha watershed 

drained by Hard Luck Creek, and its elevation ranges from 1,061 m to 1,454 m with a 

northeast facing slope of 55%. From 1986 to 2015, over two third of precipitation was 

returned as streamflow (an average of 163 cm yr-1 streamflow vs. 229 cm yr-1 total 

precipitation). The average annual air temperature was 10.2 oC with an average minimum 

of 5.9 oC and an average maximum of 14.5 oC (derived from USDA Forest Service 

Southern Research Station: https://www.srs.fs.usda.gov/coweeta/tools-and-data/ accessed 

08/01/2020). Soils are deep sandy loams underlain by folded schist and gneiss. Under the 

uppermost true and biologically active soils consisting of Ultisols and Inceptisols, there is 

a porous, friable, and unconsolidated saprolite layer above bedrock, which is believed to 

https://www.srs.fs.usda.gov/coweeta/tools-and-data/
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be a primary source of base flow, storm flow, and stream geochemistry (Velbel, 1988). 

Soil depth decreases with elevation with whole basin averaged soil depth around 3 meters 

(Swank & Crossley Jr., 1988). The dominant vegetation at both watersheds is southern 

mixed deciduous forests with overstory codominance by oaks (Quercus), maples (Acer), 

hickories (Carya) and tulip poplar (Liriodendron tulipifera L.) and an evergreen 

understory of rosebay rhododendron (Rhododendron maximum L.) and mountain laurel 

(Kalmia latifolia L.) (Day et al. 1988; Elliott & Swank, 2008). 

These two watersheds have not been subject to human disturbances since the 

establishment of the experimental forest in 1934; however, they have experienced a 

variety of natural disturbances, including chestnut blight in the 1930s (Day & Monk, 

1974; Elliott & Swank, 2008), fall cankerworm infestation in WS27 in the 1970s (Swank 

et al. 1981), extended drought in the 1980s (Elliott & Swank, 1994), and Hurricane Opal 

in 1995 (Elliott et al. 2002). In addition, the region has experienced increasing air 

temperature and extreme precipitation events over the years (Laseter et al. 2012).  

2.2.2 Model description, inputs and calibration 

PnET-BGC model has been applied, primarily in the northeastern region of the 

U.S., to study forest primary production, water and nitrogen cycling, hydrology, as well 

as soil and lake/stream acidification in response to acidic deposition, climate change, and 

disturbances (Gbondo-Tugbawa & Driscoll, 2002; Chen & Driscoll, 2004a; Chen & 

Driscoll, 2004b; Chen & Driscoll, 2005a; Chen & Driscoll, 2005b; Zhai et al. 2008; Wu 

& Driscoll, 2009, 2010; Zhou et al. 2015; Pourmokhtarian et al. 2016; Valipour et al. 

2018; Robison & Scanlon, 2018). Recently the model has been applied to watershed in 

the mid and western U.S. (Niwot Ridge and Loch Vale Watershed, Colorado and The 
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H.J. Andrews Experimental Forest, Oregon, Dong et al. 2019). With the work presented 

herein, Coweeta Basin will be the southernmost U.S. region the PnET-BGC has been 

applied to. This model includes two major modules: 1) PnET, a module that simulates 

water, carbon, and nitrogen cycling, and 2) BGC, a module that includes vegetation and 

organic matter interactions of abiotic soil processes, solution speciation, and surface 

water process involving other major elements (Gbondo-Tugbawa et al. 2001). The main 

state variables simulated include primary productivity, transpiration, streamflow soil 

exchangeable cations, carbon and nitrogen mineralization, litter biomass, concentrations 

of sulfate, nitrate, potassium, calcium, magnesium, sodium and acid neutralization 

capacity (ANC) in stream at a monthly step. I applied variant of the model that accounts 

for the impact of CO2 on primary productivity based on the results from the Duke 

University’s Free-Air Carbon Dioxide Enrichment (FACE) project (Schlesinger et al. 

2006) where gross primary productivity increases with atmospheric CO2 concentration 

until 600 ppm. Increasing atmospheric CO2 has two confounding effects that are depicted 

in this model: an increase in maximum photosynthetic rate (Amax) and a reduction in 

stomatal conductance (gs). Stomatal conductance and photosynthesis are coupled (Jarvis 

& Davies, 1998; Ollinger et al. 2002; Ollinger et al. 2009). Stomatal conductance 

changes in proportion to difference between atmospheric CO2 (Ca) and internal CO2 (Ci) 

across the boundary of stomata. Ci is estimated from relatively constant Ci/Ca (Ollinger et 

al. 2009; Ci/Ca ~ 0.7 in Lavergne et al. 2019). The stomatal conductance and maximum 

photosynthetic rate are used to calculate CO2 assimilation. Additionally, water use 

efficiency (WUE) is a function of CO2 assimilation and vapor pressure (VPD), adjusted 

by Ci/Ca and increases in Amax (∆Amax). When atmospheric CO2 increases, Amax will 
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increase and gs will decrease, which results in an increase of WUE. Plant transpiration is 

constrained by both ∆Amax and adjusted conductance (Delgs) when Ca is high and is 

calculated from gross primary productivity and WUE. I further modified the PnET-BGC 

model by adding a base flow component in order to obtain more accurate simulations of 

streamflow. The previous PnET-BGC model would return zero streamflow if there is no 

precipitation in that month, which is not consistent with the observed streamflow (such as 

December 2006 at WS18, and October 2000 at WS27). Based on observed non-zero 

streamflow when monthly precipitation was zero between 1936 and present, I added base 

flows of 0.6 cm/mo at WS18 and 0.9 cm/mo at WS27. 

In order to run the PnET-BGC model, data of meteorology and atmospheric 

deposition of major elements are required as inputs (Table S2-1). Streamflow, vegetation 

productivity, soil and stream chemistry data are needed for model calibration. These data 

are described as follows.  

Meteorological data: Meteorological inputs include monthly maximum and 

minimum air temperature (Tmax and Tmin, 
oC), photosynthetic active radiation (PAR) 

(μmol·m-2·s-1), and precipitation (cm·mo-1). The daily maximum and minimum 

temperature were available from 1985 (WS18) /1992 (WS27) to 2015 

(https://www.srs.fs.usda.gov/coweeta/tools-and-data/, last accessed on 05/28/2020). The 

longer monthly time series of temperature was available at Climate Station 1 (CS01) in 

Coweeta (1935 – 2015). I derived a regression model based on monthly temperature 

measured at CS01 and at WS18/27 (WS18: 1985 to 2015, R2 = 0.90 for maximum 

temperature: Tmax-WS18 = 0.9968×Tmax-WS01 – 0.6957 and R2 = 0.91 for minimum 

temperature: Tmin-WS18 = 1.0029×Tmin-WS01 +1.8471; WS27: 1992 to 2015, R2 = 0.96 for 

https://www.srs.fs.usda.gov/coweeta/tools-and-data/
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maximum temperature: Tmax-WS27 = 1.0137×Tmax-WS01-6.1392 and R2 = 0.96 for minimum 

temperature: Tmin-WS27 = 1.0091×Tmin-WS01-0.7467). After deriving climate data from 1935 

to 1985 or 1992 for WS18 and WS27 based on the regression models, the monthly means 

of maximum and minimum temperature from 1935 to 1985 or 1992 were used as the 

temperature inputs before 1935 at each watershed. The monthly averages from 2016 to 

2100 in the base climate scenario were derived using monthly mean temperatures from 

2006 to 2015 (Hansen et al. 2006). 

     Monthly precipitation was available from August 1936 to 2015 at WS18 and 

April 1958 to 2015 at WS27. I derived the average total precipitation values for each 

month and applied them before 1936 and to the base scenario in the future.  

Measured PAR was available only for a limited period: May 2010 to December 

2011 at WS18 and 27. In order to obtain a longer-term series of PAR, I applied the 

simulated solar radiation from 1980 to 2010 based on the Daily Surface Weather and 

Climatological Summaries (DayMET), I converted solar radiation to PAR using Eq. 1. 

(Both et al. 2002): 

48.3 W m-2 (solar radiation) = 100 μmol m-2 s-1 (PAR) - Eq. 1 

Then the monthly averages of PAR between 1980 and 2010 were used as inputs for the 

years before 1980 and after 2011 under the base climate scenario.  

The climate change scenarios were statistically downscaled from four global 

atmosphere-ocean general circulation models (AOGCMs: CCSM4, HadGEM2, 

MIROC5, and MRI-CGCM3) with two representative concentration pathways (RCPs, 

RCP4.5 and RCP8.5). A Station-based Asynchronous Regional Regression Model was 

based on the long-term, and daily observed climate data collected from Coweeta WS18 
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(1982-2015) and WS27 (1992-2015) (Hayhoe et al. 2004; Hayhoe et al. 2007; Hayhoe et 

al. 2008; Pourmokhtarian et al. 2016).  The spatial resolution of the AOGCMs (~100 km) 

is too coarse for WS18 or 27 because small watersheds in complex mountainous terrain 

are strongly affected by local weather patterns (Pourmokhtarian et al. 2012). The station-

based technique generally returns higher precipitation projection than the Bias 

Correction-Spatial Disaggregation grid-based downscaling technique, another common 

downscaling approach (Pourmokhtarian, 2013). The RCP8.5 represents the most 

aggressive greenhouse gas (GHG) emission scenario. By 2100, the atmospheric CO2 

concentration is projected to be 1,370 ppm (Moss et al. 2010). RCP4.5 represents a 

scenario with some mitigation plans, and atmospheric CO2 concentration is projected to 

reach 580 ppm in 2100. To simplify the study and follow atmospheric CO2 trends 

between 1970 and 2020 (a linear increase from 330 to 403 ppm), I applied a linear 

extrapolation to derive annual predictions of atmospheric CO2 concentrations from 2016 

to 2100 as other studies have done (Kienast, 1991), based on the target CO2 

concentrations in 2100 in RCP4.5 and RCP8.5 and CO2 concentration of 403 ppm in 

2016. The predicted temperature and precipitation changes in all four seasons under 

climate change are similar between WS18 and 27 under each RCP scenario, except that 

the increase of precipitation under RCP8.5 at WS27 is predicted to be smaller than that at 

WS18, especially in spring and summer. RCP8.5 show higher temperature and 

precipitation increase than RCP4.5 and temperature kept increasing from past (1936-

1965) to current (1986-2015) and then to future (2071-2100) while precipitation first 

decreased from past to current then increase in the future. 
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The wet and dry depositions of major elements (Na+, Mg2+, K+, Ca2+, NH4
+, Cl-, 

NO3
-, and SO4

2-) were obtained from National Atmospheric Deposition Program (NADP) 

(http://nadp.slh.wisc.edu/) and The Clear Air Status and Trend Network (CASTNET) 

(https://www.epa.gov/castnet) respectively. The closest NADP site to the Coweeta Basin 

is NC25 (35º03'36.1" N, 83º25'50.7"W, located within the Coweeta Basin, 

http://nadp.slh.wisc.edu/data/ntn/plots/ntntrends.html?siteID=NC25, accessed on 

08/01/2020) and the wet deposition record is from July 1978 to 2015. For the dry 

deposition, the CASTNET COW137 station (35º03'36.1" N, 83º25'50.7"W), which is 

located at the same location as the NADP station, was used with the data available from 

November 1987 to 2015. Atmospheric deposition data before 1987 was reconstructed 

from national emission record from 1930 to 1978 and after 2015, and the relationship 

between emission and atmospheric deposition of SO2 and NOx between 1978 or 1987 and 

2015 (USEPA, 2000; Driscoll et al. 2001; Chen et al. 2004b). From 1850 (pre-industrial) 

to 1930 when the emission data were not available, I assume a 50% increase of SO2 and 

NOx emission during this period and a linear increment was applied to reconstruct sulfur 

and nitrogen emissions and wet depositions from 1850 to 1930. After wet deposition data 

was fully constructed, the monthly average dry-to-wet-deposition-ratios derived from 

observed CASTNET and NADP data were used to reconstruct missing dry deposition 

data for the period outside the observations from the CASNET station. In addition to S 

and N (SO4
2- and NO3

-), other chemical constituents include NH4
+, Ca2+, Mg2+, K+, Na+, 

and Cl-. For these elements, re-construction of deposition data before and after the 

observed NADP record period, a 5-year averages of monthly values were applied (i.e., 

monthly deposition before 1978 and after 2015 was calculated using observation between 

http://nadp.slh.wisc.edu/
https://www.epa.gov/castnet
http://nadp.slh.wisc.edu/data/ntn/plots/ntntrends.html?siteID=NC25
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1979 and 1983). For those elements that are not measured through NADP (dissolved 

organic carbon - DOC, Al3+, F-, PO4
3-, and Si), I used the input data in reference to 

previous work from the northeastern U.S (https://ctdrisco.expressions.syr.edu/pnet-bgc-

model/ and accessed on 08/01/02020). 

To calibrate the model, I applied data provided by the Coweeta Hydrologic 

Laboratory, including streamflow, steam concentrations of Na+, Mg2+, K+, Ca2+, Cl-, 

NH4
+, NO3

-, and SO4
2-. Other data used to calibrate different modules of the model 

included net primary productivity (NPP), net soil mineralization rates, and soil base 

saturation were available in the literature (Day & Monk, 1977; Knoepp & Swank, 1998; 

Knoepp et al. 2016) (Table S2-3).  

To quantify how well model simulations matched the site observations, I applied 

normalized mean error (NME) and normalized mean absolute error (NMAE, Janssen & 

Heuberger, 1995). The NME (Eq. 2) provides the average prediction bias and NMAE 

(Eq. 3) indicates the absolute error between predicted and observed values. NME and 

NMAE closer to 0 indicates a better model fit.  
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   - Eq. 3 

Where p is model prediction and p is the mean of predictions; o is observation and  o  is 

the mean of observations, and n is the number of observations. 

  

https://ctdrisco.expressions.syr.edu/pnet-bgc-model/
https://ctdrisco.expressions.syr.edu/pnet-bgc-model/
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2.2.3 Principal component analysis (PCA)  

To reduce the data dimensions of the many coupled vegetation-soil-stream 

processes analyzed, I applied principal component analyses based on 17 vegetation-

hydrology-soil-stream variables simulated from 1931 to 2100 for each climate model 

under both RCP4.5 and 8.5 climate scenarios (i.e., totally 8 runs for each watershed) with 

the PCA analysis tool package ‘FactoMineR’ in R. The simulated variables are gross 

primary production (GPP), net primary production (NPP), total litter mass, streamflow, 

transpiration, soil base saturation, soil Al:Ca, net nitrogen mineralization, gross nitrogen 

mineralization, gross nitrogen immobilization, nitrogen uptake, concentrations of NO3
-, 

SO4
2-, Ca2+, Mg2+, and K+, and the acid neutralizing capacity of streamwater (µeq/L). 

Note the application of PCA is for data dimension reduction and identification of 

important watershed process variables. Due to its exploratory nature, normality of the 

data is not a strict requirement (Vaughan & Ormerod, 2005; Jolliffe et al. 2016). 

2.2.4 Seasonal analysis 

I evaluated the changes of the ecological processes/states under changing climate 

for spring (March to May), summer (June to August), fall (September to November), and 

winter (December to February). I focused on the variables that had high correlations with 

Principal Component 1 and 2 and these include transpiration, GPP, NPP, soil base 

saturation, N mineralization, base cation (potassium and calcium) concentrations, ANC 

of stream. I subtracted the ecological conditions under current climate (1971-2000 or 

1996-2015) from the predicted ecological conditions under different scenarios of climate 

change (2071-2100), and plotted probability density functions based on the differences. 

Based on these plots, I derived whether changes are mostly positive or negative by 
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determining the area under the curve to the right or left of zero (zero indicating no 

change).  

2.2.5 Change-points detection and large climate variability 

Identifying a change-point in the time series is the first step in identifying a 

potential driver of change, and, therefore a mechanism for a potential regime shift 

(Andersen et al. 2009), even though the existence of an abrupt change-point does not 

necessarily lead to instability and hysteresis or regime shift. To further investigate the 

impact pf climate change on watershed processes, I conducted change-point analyses in 

the time series (1931-2100) of PCA score means of the principal component 1 (PC1s) 

that explained the largest variance of the variables (Andersen et al. 2009), to identify the 

years when PC1s exhibited or will exhibit significant shifts, using the R-package of 

‘changepoint’ (Killick & Eckley, 2014). I have selected the binary segmentation 

(‘BinSeg’ in R) method and checked for the normality between each change points (i.e., 

years) identified and they all met the normal distribution requirement (on annual basis). 

The same change point detection methods are used for the climate data between 1931 and 

2100 with climate data after 2016 being the averaged output of four climate models for 

each RCP scenarios (RCP4.5 and 8.5). For both PC1s and climate data (1931 – 2100) 

change-points detection, I set up number of change-points from 3 to 10 in the program. 

However, the results did not change once the set-up reached 5. 

At broad spatial scales, climate variability like El Niño-Southern 

Oscillation (ENSO) may enhance changes in temperature or precipitation (El Niño and La 

Niña Years and intensities at https://ggweather.com/enso/oni.htm and accessed on 

08/01/2020). Accordingly, I expect to observe concurrence in change-points in both 

https://ggweather.com/enso/oni.htm
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climate and watersheds processes (represented by PC1s), and they may correspond to 

timing of strong ENSO events. 

2.2.6 Threshold analysis 

I ran the PnET-BGC model under different combinations (132 scenarios) in 

temperature increase from 0.5 to 6 ºC with a step increment of 0.5 ºC (12 scenarios), and 

in precipitation change from -50 to +50% of the current conditions with a step change of 

10% (11 scenarios). I then evaluated the change in NPP (representing vegetation), 

transpiration (representing hydrology), and ANC (representing stream chemistry) to 

identify whether there existed threshold behaviors (abrupt change) of these three 

variables in response to changes in temperature and precipitation. 

2.2.7 Hydrological extremes and acidification status 

In addition to chronically changing average conditions, the extreme occurrence 

can impact the function of ecosystems. Extreme events are highly relevant to resource 

managers and the public as they incur greater societal consequences and costs (Grimm et 

al. 2013). As a result, increases in extreme events or shifts in seasonality have been 

considered in climate change mitigation plans and management strategies. In terms of 

extremes, I evaluated the streamflow extremes and the extreme acidic status in reference 

to critical chemical values in soil and streams. 

Coweeta has experienced increasing droughts and heavy storms in the recent 

decades (Furniss et al., 2010), and the frequency of such extreme meteorological 

conditions is projected to increase further under changing climate. I conducted a flood 

and drought frequency analysis between 1931 and 2100. I fit a Generalized Pareto (GP) 

distribution to the observed streamflow above a set threshold (15 cm/mo for WS18 and 



 

32 

 

25 cm/mo for WS27) to analyze flood frequency using the extRemes package in R (Wu 

et al., 2012, Gilleland & Katz, 2016). To determine the flooding threshold, I used the 

‘mean residual life plot’ that aims to find the lowest streamflow threshold that allows the 

thresholds vs. mean excess flow to be nearly linear and then I fit the GP distribution 

model over a range of thresholds (i.e., fit threshold ranges - GDP) to determine the final 

threshold (a graphical method to make selection of threshold above which the underlying 

GP shape parameter ξ to be approximately constant, Coles 2001). For drought frequency 

analysis, I used a truncation level (q0, 30% quantile of observed streamflow, Engeland et 

al., 2004; Wu et al., 2012) which was determined to be 4.1 cm/mo for WS18 and 8.0 

cm/mo for WS27. 

To evaluate the acidification status of the Coweeta ecosystem, I compared the 

total months that soil base saturation (BS) and stream ANC are below the critical 

chemical values under changing climate compared to the current climate scenario. Soil 

BS and stream ANC values that are lower than critical values of acidification indicators 

suggest that soil or water body may be susceptible to detrimental effects from ongoing 

acidic deposition or legacy sulfur and nitrogen that has accumulated in soil from 

historical atmospheric deposition and may become mobilized following changes in soil 

conditions. These critical values that are used to calculate critical loads of sulfur and 

nitrogen inform air quality management goals. They include (1) the molar Al:Ca ratio of 

soil water of 1.0, or soil percent base saturation of 10% -20% to protect the acid-base 

status of soil and forest vegetation; and (2) pH of 6.0, ANC of 50/20/0 μeq/L, or Al of 2 

μmol/L in stream to protect surface waters (Driscoll et al. 2001). Lower critical values of 

ANC (20/0 μeq/L) are used to protect against chronic acidification while higher critical 
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values are used to protect against episodic acidification 

(https://www.nrs.fs.fed.us/pubs/gtr/gtr_nrs71.pdf). I chose the critical limits of stream 

ANC and soil BS as 20 µeq/L and 10% to be protective of acidification stress. Values 

below these could result in detrimental effects. 

2.3 Results 

The key findings relevant to my research questions include: 1) The impacts of 

climate change on the forest ecosystem at Coweeta vary by season. There is not a 

particular season that will be impacted the most as this depends on the biogeochemical 

processes considered. 2) Five change-points have been found from 1930 to 2100 for 

PC1s, which explained 50-60% of the variance of the key biogeochemical 

processes/states, driven primarily by temperature or precipitation. 3) Net primary 

productivity, transpiration, and ANC show abrupt changes when precipitation decreases 

by 40% and temperature increases by 3 °C at the lower-elevation WS18, but the same 

threshold behavior does not show up at the higher-elevation WS27. 4) Drought and 

flooding will become more frequent under changing climate and the duration when soil 

and water chemistry (e.g., ANC and BS) are below the critical limits becomes longer 

with changing climate, indicating deterioration of ecosystem health with changing 

climate in terms of streamflow extremes and acidic status. 5) Vegetation seems to be 

impacted by climate change more at the higher-elevation WS27 than lower-elevation 

WS18, while soil and stream processes seem to be more impacted at WS18. Both WS27 

and WS18 are sensitive to temperature increase, with greater sensitivity in WS27. WS18 

is sensitive to precipitation when temperature increases by 3 °C and reduction of 

precipitation is larger than 40%, while WS27 is less sensitive to precipitation. 

https://www.nrs.fs.fed.us/pubs/gtr/gtr_nrs71.pdf


 

34 

 

2.3.1 Climate change 

For the two studied watersheds in the Coweeta Basin, observed air temperature 

increased from past (1936 – 1965) to current (1986 – 2015) and is projected to continue 

to increase between 2.5 and 4.8 oC from current to the future (2071 – 2100) on an annual 

basis (Fig. 2-1 and Table 2-1a). WS27 shows a slightly greater temperature increase than 

WS18 from current to the future, especially under RCP8.5 (+4.6 oC at WS18 vs. +4.8 oC 

at WS27). At WS18, spring and fall has larger temperature rise than summer and winter, 

while at WS27, summer is predicted to experience greater temperature increase in 

addition to spring and fall (Fig. 2-1a). 

Observed precipitation showed a decrease in all the seasons with the exception of 

fall from past to current. However, precipitation is predicted to increase ranging from 2.2 

to 4.0 cm/mo in all seasons in the future compared to current with the fall showing the 

smallest increment (Table 2-1). Both air temperature and precipitation in this basin 

follow the trend of regional climate projections for the southeast U.S. (IPCC, 2014). 

Noticeably, the temperature and precipitation in each season under changing climate 

scenario (2071-2100) is statistically significant different from those under current climate 

scenario (1986-2015) (Table 2-1b).   
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Fig. 2-1a Seasonal temperature comparison between past (1936–1965), current (1986–2015), and future (2071–2100) at Watershed 

18 (top) and Watershed 27 (bottom); spring (Mar.–May), summer (Jun.–Aug.), fall (Sep.–Nov.), and winter (Dec.– Feb.).
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Fig. 2-1b Seasonal precipitation comparison between past (1936–1965), current (1986–2015), and future (2071–2100) at Watershed 

18 (top) and Watershed 27 (bottom); spring (Mar.–May), summer (Jun.–Aug.), fall (Sep.–Nov.), and winter (Dec.–Feb.). 
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Table 2-1a. Seasonal temperature and precipitation in the past, current, and future (RCP4.5 and RCP8.5) at WS18 and WS27 

 Spr Sum Fall Win Mean Differ. 2 Var.3 

 Climate1 Temperature (oC) 

WS18 

Past 12.9 21.6 13.6 4.8 13.2   

Current 13.9 22.5 14.6 5.2 14.1 0.8*  

RCP4.5 16.7 25.2 17.1 7.0 16.5 2.5^ 0.5 

RCP8.5 18.6 27.5 19.2 9.2 18.6 4.6^ 0.4 

WS27 

Past 9.0 17.9 9.8 0.8 9.4   

Current 10.2 18.9 10.4 1.4 10.2 0.9*  

RCP4.5 13.1 21.7 13.0 3.1 12.7 2.5^ 0.5 

RCP8.5 15.0 24.4 15.2 5.4 15.0 4.8^ 0.6 

  Precipitation (cm/mo) 

WS18 

Past 16.9 15.6 12.7 19.6 16.2   

Current 14.7 13.8 15.3 17.2 15.3 -1.0*  

RCP4.5 19.8 15.7 15.8 20.2 17.9 2.6^ 1.9 

RCP8.5 20.2 17.1 16.8 22.8 19.2 4.0^ 2.0 

WS27 

Past 20.0 18.4 15.3 23.0 19.2   

Current 18.4 17.7 19.4 20.8 19.1 -0.1*  

RCP4.5 23.3 18.8 19.7 23.4 21.3 2.2^ 2.0 

RCP8.5 22.5 19.0 20.8 24.9 21.8 2.7^ 1.6 

Note: 1. Past climate refers to between 1936 and 1965, current climate between 1986 and 2015, and future climate between 2071 and 

2100 from four GCMs under either RCP4.5 or RCP8.5 scenario; 2. “Differ” refers to mean of difference of climate between scenarios, 

either current climate minus past climate (*) or future climate minus current climate (^); 3. seasonal variability – variance of future 

climate minus current climate.  Seasons: Spr – March to May, Sum – June to August, Fall – September to November, and Win – 

December to February. 
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Table 2-1b. Statistical test result of temperature and precipitation between current and changing climate scenarios 

 
TEMPERATURE  

RCP4.5-Current RCP8.5_Current  
Spr Sum Fall Win Spr Sum Fall Win 

WS18 *** *** *** *** *** *** *** *** 

WS27 *** *** *** *** *** *** *** ***  
PRECIPITATION 

WS18 *** ** - - *** *** * - 

WS27 *** ** - - *** *** - - 

 

Note: * indicates 0.01<p <0.05; ** indicates 0.001 < p <0.01; *** indicates p <0.001; and – indicates no significant difference has 

been detected. Color green means increasing from current to the future. In each season from 1986 to 2000 and from 2071 to 2100, 

monthly climate data were averaged first, then the 30 data points in each of the current and changing climate scenarios were checked 

for temporal autocorrelation (“acf” function in R) and normality (Shapiro test). As the checks show lack of temporal autocorrelation 

and met normality requirement, t-test was implemented to test whether the seasonal climate variables under current and changing 

climate scenarios were statistically significant different or not. 
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2.3.2 Model performance  

The PnET-BGC model simulated well most of monthly and annual vegetation-

soil-stream processes at both WS18 and WS27 from 1970s to 2014 (stream chemistry) or 

from 1930s/1940 to 2014 (streamflow), with NME ranging from -0.06 to 0.09 (Table 2-

2). However, NO3
- was underestimated at both WS18 and WS27 and SO4

2- was 

overestimated at WS18. The model also underestimated the variance of NO3
- and SO4

2-. 

There was an unexplainable increasing concentration of SO4
2- at WS18 between 1980s 

and 1990s, even though the atmospheric deposition of S continuously decreased during 

the same period after implementation of the Clean Air Act (1970) and Clean Air Act 

Amendments (1990) (US EPA: https://www.epa.gov/clean-air-act-overview/evolution-

clean-air-act). The nitrogen cycle is more complex than other element cycles, and 

therefore, PnET-BGC simulation of stream NO3
- involves larger uncertainties than other 

solutes (Fakhraei et al. 2017; Shao et al. 2020). In addition, contrary to a decrease in both 

observed nitrogen deposition and simulated nitrate leaching since the 1970s, both 

watersheds show an unexplainable increasing trend of observed nitrate concentration in 

streams, which helped to explain why the nitrate model simulation performance is poor. 

In addition to the long-term observed streamflow and stream chemistry 

concentrations, our model simulations were consistent with other published data (Table 

S2-3), including net primary productivity (NPP), soil base saturation, and net nitrogen 

mineralization rate. Model simulated aboveground NPPs at WS18 and WS27 using the 

averages between 1971 and 1980 are close to published data from Day and Monk (1977) 

(8,056 vs. 7,965 kg/ha/yr). For net nitrogen mineralization, the ten-year averages (1971-

1980) are 2.5 and 3.1 mg N/kg soil/mo at WS18 and WS27, which are within the range 
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reported by Knoepp and Swank (1998) based on the samples from an elevation gradient. 

The elevation over 1,000 m showed highest values. WS18 at the lower elevation has 

higher base saturation (BS) of 24.9% while the higher elevation WS27 has lower BS of 

4.0% with simulated data from 2001 to 2010, Table S2-3, and this simulated range covers 

data obtained from USDA Forest Services in 2008 soil survey from 9.2 to 19.7%. 

Table 2-2. Observed and simulated streamflow (unit: cm/month) and stream chemistry 

variables (unit: µmol/L) at WS18 and WS27 

WS18 Observed 

mean 
 Simulated 

mean 
 Model Performance 

 S.D.* S.D. NME NMAE 

Na+ 40.4 2.0 41.6 2.2 -0.02 0.08 

Mg2+ 12.4 0.6 11.5 0.7 0.01 0.09 

K+ 11.3 0.9 10.7 0.4 0.01 0.08 

Ca2+ 15.7 1.0 16.4 0.8 0.002 0.08 

Cl- 14.6 0.6 16.0 2.2 0.000 0.12 

NO3
-_N 0.8 0.5 0.3 0.2 -0.65 0.74 

SO4
2-_S 4.7 1.2 6.0 0.5 0.30 0.38 

ANC 83.7 5.7 80.6 5.2 -0.04 0.08 

Streamflow 8.2 2.5 9.0 2.3 0.09 0.15 

 

WS27 Observed 

mean 
 Simulated 

mean 
 Model Performance 

 S.D. S.D. NME NMAE 

Na+ 22.1 1.6 22.3 2.0 -0.02 0.09 

Mg2+ 8.4 0.6 8.7 0.7 -0.03 0.08 

K+ 5.8 0.7 5.6 0.1 -0.04 0.09 

Ca2+ 8.9 0.9 8.4 0.5 -0.06 0.08 

Cl- 13.2 1.4 13.5 1.8 -0.02 0.08 

NO3
-_N 2.3 1.1 1.1 0.9 -0.50 0.69 

SO4
2-_S 11.8 1.6 11.3 1.1 -0.05 0.13 

ANC** 23.6 2.5 25.3 4.0 0.07 0.13 

Streamflow 14.1 3.3 14.0 3.0 -0.003 0.06 

* S.D. denotes standard deviation. 

** ANC denotes acidic neutralization capacity (Driscoll et al., 

1994) 

Note: The water chemistry data ranged from 1972 to 2014 (ANC 

from 1973 to 2014), streamflow ranged from 1936 to 2015 at 

WS18, and from 1947 to 2015 at WS27. 
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2.3.3 PCA analysis 

     The PCA analysis indicated that the first three principal components explained ~ 85% 

of variance of the 17 variables analyzed (Table 2-3 and Table 2-4). Particularly, PC1 

explained 63.2% and 68.8% of total variances under RCP4.5 and RCP8.5 respectively at 

WS 18. PC1s explained 50.6% and 57.1% of variances under RCP4.5 and RCP8.5 

respectively at WS 27. Based on the loadings of the principal components, PC1s 

represent the contrast between primary production and transpiration vs. soil and stream 

alkalinity, and the second principal components (PC2s) depict nitrogen mineralization 

rate. The third principal components (PC3s) represent the concentrations of sulfate in 

stream at WS18 under RCP4.5 and at WS27 under both RCP4.5 and RCP8.5, while the 

PC3 at WS18 under RCP8.5 represents streamflow. 
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Table 2-3. Results of PCA analysis - loadings of the first three principal components at 

WS18 and WS27 under different climate change scenarios. (The high loading values are 

highlighted). 

 WS18 WS27 

RCP4.5 Comp 1 Comp 2 Comp 3 Comp 1 Comp 2 Comp 3 

GPP 0.98 -0.07 0.02 0.94 -0.18 0.15 

NPP 0.96 -0.10 0.04 0.93 -0.18 0.13 

TotLitterMass -0.49 0.26 -0.26 0.48 0.04 0.18 

Streamflow -0.21 -0.29 0.67 -0.02 -0.36 0.01 

Transpiration 0.93 0.10 -0.06 0.87 -0.14 0.25 

Base Saturation -0.97 0.05 0.06 -0.93 0.03 0.35 

Al/Ca 0.97 -0.02 0.04 0.93 0.01 -0.34 

NetNMin 0.75 -0.62 0.03 0.27 0.80 0.48 

GrossNMin -0.01 -0.97 -0.02 0.56 0.74 0.34 

GrossNImmob -0.83 -0.46 -0.06 0.76 0.57 0.14 

N_uptake 0.79 -0.57 0.05 0.68 0.60 0.36 

ANC -0.92 -0.21 0.28 -0.74 -0.16 0.60 

NO3
- -0.75 0.07 -0.16 -0.80 -0.04 0.43 

SO4
2- -0.07 -0.44 -0.75 0.11 0.55 -0.81 

Ca2+ -0.96 -0.19 -0.13 -0.88 0.45 0.01 

Mg2+ -0.89 -0.10 0.11 -0.63 0.68 -0.10 

K+ -0.94 -0.30 0.02 -0.60 0.66 -0.38 

Cumulative Variance (%) 63.2 77.4 84.6 50.6 71.3 84.3 

 

 WS18 WS27 

RCP8.5 Comp 1 Comp 2 Comp 3 Comp 

1 

Comp 

2 

Comp 3 

GPP 0.96 -0.15 0.02 0.97 -0.15 0.03 

NPP 0.91 -0.22 0.02 0.94 -0.10 0.00 

TotLitterMass -0.74 -0.00 0.21 -0.05 0.45 0.21 

Streamflow -0.02 -0.02 -0.91 0.19 -0.42 -0.14 

Transpiration 0.95 0.07 0.14 0.91 -0.15 0.17 

Base Saturation -0.97 0.10 -0.04 -0.93 -0.12 0.33 

Al/Ca 0.98 0.01 -0.00 0.94 0.07 -0.27 

NetNMin 0.82 -0.50 -0.12 0.71 0.28 0.57 

GrossNMin -0.28 -0.92 -0.09 0.68 0.53 0.46 

GrossNImmob -0.88 -0.40 0.02 0.51 0.72 0.25 

N_uptake 0.86 -0.44 -0.13 0.89 0.17 0.36 

ANC -0.94 -0.06 -0.27 -0.78 -0.32 0.49 

NO3
- -0.78 0.13 0.07 -0.77 -0.26 0.43 

SO4
2- -0.35 -0.58 0.43 -0.10 0.75 -0.61 

Ca2+ -0.98 -0.18 0.02 -0.93 0.33 0.12 

Mg2+ -0.92 0.02 -0.01 -0.77 0.51 0.11 

K+ -0.96 -0.23 -0.09 -0.77 0.58 -0.14 

Cumulative Variance (%) 68.8 80.4 87.5 57.1 73.7 84.5 
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Table 2-4. Results of PCA analysis – eigenvalues (EV) of 17 watershed processes 

variables (data from 1931 to 2100) at WS18 and WS27 under different climate change 

scenarios 

 

WS18 RCP4.5 

EV 

% of 

Variance 

Cumulative 

% of variance 

RCP8.5 

EV 

% of 

Variance 

Cumulative 

% of variance 

comp 1 10.7 63.2 63.2 11.7 68.8 68.8 

comp 2 2.4 14.3 77.4 2.0 11.6 80.4 

comp 3 1.2 7.2 84.6 1.2 7.1 87.5 

comp 4 0.9 5.3 89.9 0.7 4.3 91.8 

comp 5 0.7 4.3 94.2 0.5 2.9 94.7 

comp 6 0.5 2.7 96.9 0.3 2.0 96.8 

comp 7 0.2 1.2 98.1 0.3 1.7 98.5 

comp 8 0.1 0.8 98.9 0.1 0.7 99.1 

comp 9 0.1 0.5 99.4 0.1 0.5 99.6 

comp 10 0.1 0.4 99.8 0.0 0.2 99.8 

comp 11 0.03 0.17 99.9 0.0 0.1 99.9 

comp 12 0.01 0.03 100 0.00 0.02 100 

comp 13 0.00 0.02 100 0.00 0.01 100 

comp 14 0.00 0.02 100 0.00 0.01 100 

comp 15 0.00 0.01 100 0.00 0.01 100 

comp 16 0.00 0.00 100 0.00 0.00 100 

comp 17 0.00 0.00 100 0.00 0.00 100 

 

WS27 RCP4.5 

EV 

% of 

Variance 

Cumulative 

% of variance 

RCP8.5 

EV 

% of 

Variance 

Cumulative 

% of variance 

comp 1 8.6 50.6 50.6 9.7 57.1 57.1 

comp 2 3.5 20.6 71.3 2.8 16.6 73.7 

comp 3 2.2 13.1 84.3 1.8 10.9 84.5 

comp 4 1.2 7.2 91.5 1.0 5.8 90.3 

comp 5 0.7 4.2 95.7 0.9 5.0 95.4 

comp 6 0.3 1.5 97.2 0.3 1.8 97.2 

comp 7 0.2 0.9 98.1 0.2 1.3 98.4 

comp 8 0.1 0.7 98.8 0.1 0.7 99.1 

comp 9 0.1 0.5 99.3 0.1 0.4 99.5 

comp 10 0.0 0.2 99.6 0.0 0.2 99.7 

comp 11 0.0 0.2 99.8 0.0 0.2 99.9 

comp 12 0.02 0.14 99.9 0.01 0.08 99.9 

comp 13 0.01 0.05 100 0.00 0.03 100 

comp 14 0.01 0.03 100 0.00 0.02 100 

comp 15 0.00 0.01 100 0.00 0.01 100 

comp 16 0.00 0.00 100 0.00 0.01 100 

comp 17 0.00 0.00 100 0.00 0.00 100 
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2.3.4 Seasonal variability 

Based on the PCA analysis, my evaluation of the impacts of climate change on 

watersheds of Coweeta focused on the processes with high correlations with PC1s and 

PC2s in different seasons. Particularly I only included the figures of seasonal changes of 

transpiration, NPP, and stream ANC in the main text. The figures for other processes 

variables are described in Appendix Figure (Fig. S2-1 to Fig. S2-7).  

For both watersheds, transpiration (Fig. 2-2) is projected to increase under 

changing climate. However, the increase in transpiration at WS18 is smaller than WS27, 

probably due to higher water stress. Even though transpiration increases, annual 

streamflow (Fig. S2-1) under future climate is projected to increase with increasing 

precipitation (26.8% and 32.7% at WS18 under RCP4.5 and 8.5; 11.9% and 14.7% for 

WS27 under RCP4.5 and 8.5, respectively). Seasonally, streamflow tends to decrease in 

fall and winter at WS18. While at WS27, streamflow tends to decrease in summer and 

fall. 

The simulated impact of climate change on GPP is not as dramatic as for the 

water cycle (Fig. S2-2). However, it shows increases in summer under RCP4.5, but the 

direction of the change (i.e., decrease or increase) in summer with RCP8.5 depends on 

the climate model considered. The increase of GPP at WS27 is more dramatic, especially 

in summer and winter. Overall, annual GPP is projected to increase due to the extended 

growing season (2071-2100 compared to 1986-2015: increase by 13.8% and 17.9% for 

WS18, and 26.9% and 43.0% for WS27 under RCP4.5 and 8.5 scenarios, respectively). 

The simulated impact of climate change on NPP is moderate (Fig. 2-3). On an annual 

basis, NPP is projected to increase although summer shows strong decreases due to 
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increases in respiration. Under RCP8.5, NPP shows some decrease in summer and larger 

variance in winter, with some high values. During summer, NPP is lowered in WS18 as 

much as 43.2 g biomass/m2/mo or 23.1% under RCP8.5. For WS27, NPP increases 

somewhat during all seasons under RCP4.5. With RCP8.5, NPP shows decrease during 

summer. NPP is projected to increase to a greater degree in WS27 than WS18 due to less 

water stress associated with temperature increase. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-2a Transpiration at WS18 under future climate compared to current by seasons. 

Current (blue), RCP4.5 (green), and RCP8.5 (red), and hereafter the same. 
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Fig. 2-2b Transpiration at WS27 under future climate compared to current by seasons. 
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Fig. 2-3a NPP at WS18 under future climate compared to current by seasons. 

Fig. 2-3b NPP at WS27 under future climate compared to current by seasons. 
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Stream ANC is projected to decrease during all seasons under future climate with 

the largest decrease in summer and the smallest during winter at WS18 (Fig. 2-4). The 

variance in ANC largely increases during summer and fall at WS18, demonstrating that 

extremely low ANC values will become more frequent. The impact of climate change on 

stream ANC is minimal at WS27, with small decreases under RCP8.5.  

 

 

  

Fig. 2-4a ANC at WS18 under future climate compared to current by seasons. 
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Under climate change, the most conservative element, Cl-, as well as basic cations 

(Na+, K+, Ca2+, and Mg2+) and SO4
2- exhibited decreases in concentration but increases in 

total flux as streamflow increases. The increased flux of the base cations in soil is mainly 

due to release from wood litter. Calcium concentration (Fig. S2-3) in stream decreases 

dramatically in all seasons at WS18. A similar decrease is also evident in WS27, but not 

as marked. Potassium concentrations decrease (Fig. S2-4) in stream water during all 

seasons at WS18 with the most distinct change occurring in winter and spring. Decreases 

in potassium are also evident at WS27 with all seasons showing similar trends. Potassium 

and calcium showed clear seasonal changes with streamflow variations (higher 

Fig. 2-4b ANC at WS27 under future climate compared to current by seasons. 
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concentration in late spring through early autumn and lower concentration during winter). 

Sulfate concentration (Fig. S2-5) in stream water decreases in both watersheds, especially 

in winter under RCP8.5 and with lower values than projected under RCP4.5. Compared 

to conditions under current climate, future sulfate concentration will be less varied in 

WS27 but showing greater decrease than WS18. WS18 has the highest (median) sulfate 

concentration in summer while in WS27, the highest concentrations occur in fall and 

winter.  

Soil base saturation (Fig. S2-6) shows decreases during all the seasons at both 

watersheds under RCP4.5 and 8.5.  Decreases are significant under both climate 

scenarios in WS18, but only marginal under RCP8.5 in WS27. Al:Ca in soil shows a 

significant increase in all the seasons, but increases are most pronounced during summer, 

at WS18 under RCP4.5 and 8.5. Al:Ca in soil increases particularly during summer in 

WS27 as well, but significant increases are only for some climate models (CCSM4 and 

HadGEM2) under RCP8.5.  

The simulated impact of climate change on N mineralization is small (Fig. S2-7). 

In WS18 under RCP8.5, the N mineralization rate shows some decrease. At WS27, the 

mineralization shows some decrease in winter with RCP4.5 and during summer and 

winter under RCP8.5  

Overall, the response of individual forest processes to climate change varies by 

season. Furthermore, vegetation seems to be more sensitive to climate change at WS27 

than WS18, while soil processes and stream chemistry seem to be more impacted by 

climate change at WS18 than WS27. 
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2.3.5 Temporal trend of biogeochemical processes and change-points 

From the time series of the scores of the PC1s that explained more than 50% of 

the total variances, I derived five similar decadal change-points for WS 18 and 27 (Table 

2-5, Fig. 2-5). The change-points were earlier at WS18 than at WS27 during 1980s and 

2010s but are projected to occur at similar time points or even earlier at WS 27 relative to 

WS18 under future changing climate, implying accelerated changes of biogeochemical 

processes at the higher-elevation WS27 site. The last change-points are predicted to occur 

20 years earlier and showing a more marked response under RCP8.5 compared to those 

under RCP4.5 at the lower- and higher-elevation forests. 

When I compared the change-points of temperature and precipitation to those of 

PC1, I found the first few change-points of PC1 matched those of temperature at WS18, 

showing temperature is the main driver of watershed response (Table 2-5, Fig. S2-8). 

However, precipitation is the main driver for the change-point of PC1 in 2079 at WS18. 

Precipitation is likely to be the main driver for the change-points in 2010s and the 2070s, 

while temperature is the main driver for the change-point in 2030s and around 2060. Both 

precipitation and temperature are important for the change-point in 1989, and the driver is 

not clear for the change-point in 2069.  
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Table 2-5. Change-points of the scores of the first principal components (PC1s) s and 

climate (temperature and precipitation) 

   CP1* CP2  CP3 CP4 CP5 

WS18 

PC1-RCP4.5 ― 1981 2010 ― 2039 ― 2079 

PC1-RCP8.5 ― 1985 2010 2023 2039 2059 ― 

        

Temperature-RCP4.5 ― 1984 ― 2023 ― ― ― 

Temperature-RCP8.5 ― ― 2010 ― 2038 2067 ― 

        

Precipitation-RCP4.5 ― ― ― ― ― ― 2076 

Precipitation-RCP8.5 ― ― ― ― 2043 ― 2081 

        

WS27 

PC1-RCP4.5 1969 1989 2015 ― 2038 ― 2074 

PC1-RCP8.5 1969 1989 2017 ― ― 2059 ― 

        

Temperature-RCP4.5 ― 1989 ― ― 2038 ― ― 

Temperature-RCP8.5 ― 1997 ― ― 2038 2067 ― 

        

Precipitation-RCP4.5 ― 1998 2012 ― ― ― 2076 

Precipitation-RCP8.5 ― 1998 2012 ― ― ― 2081 

Note: where the results are average of four climate models for two future climate 

scenarios; and (*) indicates that only those years that were within the same decade and at 

both watersheds were identified as the changing point in PC1 
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Fig. 2-5 PC1 change-points at WS18 and WS27 (top left – WS18 RCP4.5, bottom left – 

WS18 RCP8.5, top right – WS27 RCP4.5, and bottom right – WS27 RCP8.5) 
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2.3.6 Thresholds of temperature and precipitation driving ecosystem change 

I further studied the potential thresholds of temperature or precipitation that could 

drive the shift of three processes with large loadings in PC1 representing vegetation – net 

primary productivity (NPP), hydrology – transpiration, and stream chemistry – stream 

acid neutralizing capacity (ANC) respectively.  

At WS18, NPP increases with temperature initially and then decreases following 

temperature increases of more than 1 ºC (Fig. 2-6). The decrease is especially dramatic 

under a 40% decrease in precipitation and temperature increases larger than 3 ºC. 

Decreases in precipitation do not have as large an impact on NPP at WS27 as WS18. 

NPP increases with temperature until temperature increase reaches 5 ºC at WS27.
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Fig. 2-6 Threshold of temperature (top) and precipitation (bottom) change impact to NPP (2016-2100) at WS18 (left) and WS27 (right) 
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Fig. 2-7 Threshold of temperature (top) and precipitation (bottom) change impact to Transpiration (2016-2100) 

at WS18 (left) and WS27 (right) 
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At WS18, transpiration increases with temperature except when precipitation is reduced by 40% or more (Fig. 2-7). When the 

temperature increase is greater than 3 ºC, decreases in precipitation of 40% or more will reduce transpiration. At WS27, transpiration 

increases with temperature and unlike WS18 water is not limited. 
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Fig. 2-8 Threshold of temperature (top) and precipitation (bottom) change impact to ANC (2016-2100) at WS18 (left) and WS27 (right) 
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The response of stream ANC to changes temperature and precipitation associated with changing climate is more complex (Fig. 

2-8). At WS18, ANC decreases with increases in temperature and the decrease is particularly pronounced when precipitation 

experiences a 40% reduction. Similarly, at WS27, ANC slowly decreases with increases in temperature when precipitation 

experiences a 40% reduction or more.  
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Overall, WS18 is affected by both precipitation and temperature while WS27 is 

more impacted by temperature due to its relatively abundant precipitation supply. At 

WS27, NPP and transpiration are impacted by temperature, with response greater than 

simulated for WS18. Stream ANC responds to both changes in temperature and 

precipitation. In addition, simulations suggest smooth changes in NPP, transpiration and 

ANC at WS27, while threshold behavior occurs in WS18 when temperature increases 

above 3 °C and precipitation is reduced by 40%. 

2.3.7 Extremes in streamflow and acidic conditions 

Compared to current climate (1986-2015), the total number of months that ANC 

is above the critical limit of 20 μeq/L are projected to decrease under future changing 

climate scenario (Table 2-6). In addition, it is found that the duration is even shorter with 

RCP8.5 than with RCP4.5. The exception is RCP4.5 at WS27. For the base saturation 

(BS), the WS27 has lower BS than WS18 as the pH in soil solution is lower at the higher 

elevation (Table 2-6). BS at WS27 never exceeds 10% under both current and changing 

climate scenarios. At WS18, the number of months when BS exceeds 10% becomes less 

under changing climate scenarios than the current climate condition. The analysis of 

stream ANC and soil BS indicate soil and water will become more acidic, which will 

affect biota in the ecosystems further (Maaroufi & De Long 2020). 

By comparing the current (1986 to 2015) to future (2071 to 2100) scenarios, I 

found that both the duration and frequency of flooding and drought are predicted to 

increase (Table 2-7 & 2-8). The return levels (defined as ‘the m-year return level as 

the streamflow for which the expected number of events in an m year period is one’ 

Cooley, 2013) at the same return periods under future climate conditions are much 
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greater than under the current climate scenario. For instance, for current climate, the 50-

year streamflow return levels are 34.6 and 54.8 cm/mo for WS18 and WS27 (Table 2-8). 

However, the same streamflow will become as frequent as 5-year event or 10-year event 

for WS18 and WS27, respectively under changing climate (RCP4.5). Meanwhile, 

RCP8.5 shows more frequent flooding than RCP4.5 even though the difference is 

relatively small. Under both climate scenarios, WS18 and WS27 are predicted to have 

substantial increase in frequency of droughts (in months). WS18 and WS27 have over 

50% and near 90% increase respectively in drought events compared to current (2071 to 

2100 vs. 1986 to 2015). 
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Table 2-6. Total number of months in 30 years (1986-2015 or 2071-2100) of ANC and BS 

that are above the critical values under current and changing climate scenarios 

 WS18 WS27 

 ANC BS ANC BS 

CM1_4.5 344 348 118 0 

CM1_8.5 343 348 71 0 

CM2_4.5 329 348 122 0 

CM2_8.5 339 348 80 0 

CM3_4.5 346 348 75 0 

CM3_8.5 346 348 55 0 

CM4_4.5 348 348 110 0 

CM4_8.5 348 348 90 0 

CURRENT 360 360 91 0 

RCP4.5 342 348 106 0 

RCP8.5 344 348 74 0 

 

Table 2-7. Duration of flooding and drought (unit: months) at two watersheds, based on 

flooding threshold 
 

WS18 WS27  
drought 

(<4.1 cm/mo) 

flooding 

(>15 cm/mo) 

drought 

(<8.0 cm/mo) 

flooding 

(>25 cm/mo) 

Current 107 46 66 17 

CM1_rcp4.5 172 71 135 58 

CM1_rcp8.5 171 86 141 63 

CM2_rcp4.5 176 68 141 60 

CM2_rcp8.5 182 76 147 76 

CM3_rcp4.5 153 73 114 62 

CM3_rcp8.5 172 77 129 74 

CM4_rcp4.5 143 83 108 61 

CM4_rcp8.5 130 82 95 63      

current 107 46 66 17 

RCP4.5_avg* 161 (+50.5%) 74 (+60.9%) 125 (+89.4%) 60 (+253%) 

RCP8.5_avg* 164 (+53.3%) 80 (+73.9%) 128 (+93.9%) 69 (+306%) 

Note: The numbers in brackets indicate =percentage increase compared to current results 
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Table 2-8. Flooding frequency analysis under both current and future climate at WS18 and WS27 

WS18 Return Period 

(Years) 
Return level (cm/mo) 

Current S1* S2 S3 S4 S5 S6 S7 S8 RCP4.5 RCP8.5 

2 21.1 28.9 29.8 28.7 34.9 26.1 28.7 28.2 28.9 28.0 30.6 

5 25.3 35.8 38.8 36.5 45.4 30.7 34.9 36.4 35.1 34.9 38.5 

10 28.1 40.6 46.3 42.2 53.1 33.6 39.0 43.2 39.3 39.9 44.4 

20 30.6 44.9 54.5 47.8 60.6 36.0 42.7 50.7 43.2 44.9 50.3 

50 33.6 50.1 66.4 55.0 70.2 38.6 47.1 61.5 47.9 51.3 57.9 

100 35.6 53.7 76.3 60.3 77.3 40.3 49.9 70.6 51.1 56.2 63.7 

      
      

      
      

WS27 Return Period 

(Years) 
Return level (cm/mo) 

Current S1* S2 S3 S4 S5 S6 S7 S8 RCP4.5 RCP8.5 

2 30.1 40.3 42.7 40.1 49.0 36.0 40.3 38.2 38.7 38.7 42.7 

5 36.1 48.0 53.3 50.4 61.1 43.9 48.3 47.1 46.8 47.3 52.4 

10 41.2 52.9 61.1 58.4 69.6 50.2 54.0 54.1 52.6 53.9 59.3 

20 46.7 56.9 68.7 66.6 77.7 57.1 59.5 61.3 58.1 60.5 66.0 

50 54.8 61.4 78.4 77.7 87.6 66.8 66.5 71.1 65.1 69.3 74.4 

100 61.6 64.2 85.5 86.4 94.7 74.8 71.5 78.7 70.2 76.0 80.5 

Note: S1 through S8 represents climate model 1 to 4 under RCP4.5 and 8.5 scenarios (*: S1, S3, S5, and S7 are climate model 1 to 

4 under RCP4.5 scenario and S2, S4, S6, and S8 are climate model 1 to 4 under RCP8.5 scenario). Above is the return level 

estimate of current climate streamflow flooding (data used are 1936-2015 at WS18 and 1946-2015 at WS27) using L-moments 

method (vs. MLE, GMLE, Bayesian as L-moments method gave better fitting between simulated and observed streamflow).
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2.4 Discussion 

2.4.1 Spatial and seasonal variability 

The specific impacts of climate change on the hydrochemical processes have 

shown large spatial variability. Evapotranspiration and streamflow are predicted to 

increase under both moderate (RCP4.5) and high-end (RCP8.5) climate change scenarios 

at both WS18 and WS27. The predicted increase of evapotranspiration with climate 

change is consistent with patterns found in seven forest watersheds across four 

northeastern states in the U.S. (Pourmokhtarian et al. 2016). Annual streamflow, 

however, is highly variable among these watersheds, with some watersheds predicted to 

increase while others predicted to decrease, depending on whether the increase of 

evapotranspiration is offset by the increase of precipitation or not (Campbell et al. 2011). 

The hydrological predictions are different at the Andrews Experimental Forest in the 

northwestern U.S., where it is predicted that there will be a 20% to 71% decreases in 

annual transpiration under future climate change corresponding to 49% to 86% decreases 

in foliar biomass due to drought stress and 56% to 77% increases in stomatal conductance 

(Dong et al. 2019). The decrease in evapotranspiration will contribute to higher 

streamflow at this forest. In the western U.S. where future climate is projected to become 

warmer and dryer, gross and net nitrogen mineralization are predicted to increase, and net 

primary productivity is predicted to increase by 32%, due to feedbacks between warmer 

temperatures and enhanced nitrogen mineralization in forests. In Coweeta Basin, Knoepp 

and Swank (1998 and 2002) found that temperature and temperature-moisture 

interactions significantly affected net soil nitrogen mineralization based on a series of 

long-term studied plots at different elevations. When temperature was warmer and soil 
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moisture content was higher, nitrogen mineralization was reported to be greater. From the 

relatively low elevation oak-pine dominated watershed to the higher elevation watershed 

dominated by northern hardwoods, net nitrogen mineralization (NetNMin) rate showed a 

strong spatial pattern with the highest NetNMin observed at the highest site, even though 

there were other factors besides temperature and soil moisture that also influenced 

nitrogen cycle both in the laboratory and in situ. 

Climate change is projected to have variable effects on ecosystem responses 

across the seasons. Even though annual streamflow is projected to increase, these 

increases are less pronounced in fall and winter at WS18, and in summer and fall at 

WS27. Spring is important because of loss of snowpack and leaf-out timing that can 

extend the growing season and exacerbate drought stress. A hotter summer together with 

a warmer spring, coupled with temporally unevenly distributed precipitation, could 

increase drought stress and risks of wildfire. The drought stress could extend to other 

seasons. The fall season presents the lowest percent increase of precipitation among all 

the seasons. With higher evapotranspiration driven by higher temperature, streamflow is 

projected to decrease thereby causing more droughts.  During winter, relative temperature 

increases are particularly pronounced, which decreases precipitation inputs as snow and 

the degree and duration of snow coverage (Campbell et al. 2011; Pourmokhtarian et al. 

2016). Here I found that the responses of individual biogeochemical processes varied 

across seasons.  

Effects of climate change are difficult to evaluate during the “shoulder seasons” 

due to the large year to year variability. As a result, impacts during these periods are 

generally ignored, however more and more research shows transitional seasons are 
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affected by climate change to a greater degree than previously thought (Xie et al. 2015; 

Goss et al. 2020). Traditional definition and transition between seasons are predicted to 

become less clear as we may see shorter spring and fall, while winter and summer will 

become longer, and most of the year will fall into more extreme hot and cold 

temperatures (Thomson 2009).  

2.4.2 The impact of CO2 on ecosystems 

Elevated CO2 associated with climate change tends to increase plant water use 

efficiency, i.e., increases primary productivity and reduces evapotranspiration (Reyer et 

al. 2015), which benefits forests by increasing their drought tolerance although there are 

counteracting effects to consider. Elevated CO2 could also increase plant leaf area, 

therefore, making trees less drought tolerant (Ghannoum & Way, 2011). Reduced 

evapotranspiration could lead to increases in leaf temperature, thereby increasing 

temperature stress. Increased productivity under elevated CO2 may increase litter 

(Hyvonen et al. 2007), leading to increased litter accumulation and higher vulnerability to 

fire.  

Many studies on the response of forest habitats to increased CO2 are at the small 

scale of individual trees or small plots. Scaling up the effect to the ecosystem scales 

involves large uncertainties. Furthermore, the fertilizing effect of CO2 is commonly 

found only in young trees (Korner et al. 2007). When I assume elevated CO2 increases 

primary productivity at the entire watershed, as I have done in this study, it is likely an 

optimistic estimate on primary productivity.  

  



 

65 

 

2.4.3 The impact of large-scale climate variability and extremes 

Generally, during El Niño years, the southeastern U.S. would experience cooler 

temperatures and wetter winters (https://www.weather.gov/tae/enso). Together with the 

North Atlantic Oscillation (NAO), it was found that the southern Appalachians had 

higher snowfall and cooler temperature in winter during El Niño and negative NAO 

phases (Eck et al. 2019). In contrast, La Niña and positive NAO years had warmer and 

drier winter weather. I evaluated how ENSO could affect biogeochemical processes. The 

analysis shows that Oceanic Niño Index (ONI which indicates ENSO) had a negative 

relation with the integrated biogeochemical processes (PC1) in the winter and early 

spring (January to April) at WS18 and WS27 (Fig. S2-9). Strong El Niño years generally 

had lower PC1 (Fig. S2-9 and S2-10), indicating lower productivity and higher alkalinity 

in soil and streams. In addition, the larger precipitation more likely leads to flooding. 

Therefore, El Niño years can enhance extremes in streamflow and acidic conditions 

(flushing high amount of decomposed organic matter downstream to ponds or lakes), a 

major concern to society. On the other hand, the prediction of El Niño’s intensity using 

current climate models involves large uncertainty (Wang et al. 2019), which makes 

predictions of extreme events more challenging under climate change. 

2.4.4 Ecological thresholds 

The changing-points in history are mostly driven by temperature, however the 

main driver shifts to precipitation in the different scenarios of future climate change, 

consistent with predictions from other studies in temperate forest (Peters et al. 2013; 

Charney et al. 2016; Novick et al. 2016). The change-points may represent critical 

transitions between states and align with the concept of ecological thresholds. 

https://www.weather.gov/tae/enso
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Although simulation of individual ecosystem processes changes in different 

directions and show strong seasonality at the two study sites, overall ecosystem functions 

will likely degrade as the frequency of extreme streamflow and duration of extreme 

acidic conditions increase with climate change. The negative impact will likely 

compromise forest resilience (such as droughts and flash-flooding impacts to soil and 

surface water). It is increasingly important to understand whether and how climate 

change leads to reduced resilience and potential thresholds (Reyer et al. 2015). 

Threshold-based concepts emphasize abrupt change and nonlinear (or rarely linear) 

responses of ecosystems to abiotic and biotic drivers. It can guide natural resource 

management with proper use, for example, providing early warning signs of ecosystem 

transitions (Munson et al. 2018). However, these concepts have rarely been tested in 

forests, probably due to the difficulty of predicting forests’ responses to climate change 

arising from large heterogeneity across spatial and temporal scales. Predicting the 

thresholds based on empirical data remains challenging (Moore, 2018) due to multiple 

interactions, different scales, and stochasticity. A more effective approach is using a 

combination of models and long-term observations or short-term experiments. As such, 

time-series data that exist in long-term ecological research sites are very valuable. 

Furthermore, process models that account for important underlying mechanisms, such as 

the PnET-BGC model I applied in this study, can facilitate threshold analysis.  

However, one needs to take extra caution to interpret the change-points or 

potential thresholds based on simulations of the ecosystem models. Most models 

(including PnET-BGC) are not designed to simulate thresholds due to the inclusion of 

equilibrium pools, which represent average steady state responses and/or lack of 
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feedbacks between vegetation and climate (Reyer et al. 2015). Nevertheless, these models 

can provide a diagnostic tool for ecosystem’s resilience to environmental driver changes.  

The abrupt changes of NPP, transpiration, and stream ANC at and above 3 ℃ 

coupled with 40% decreases in precipitation at WS18 is consistent with a previous study 

that showed considerable ecosystem change is expected under local temperature change 

of 4 ℃ in the temperate zone (Heyder, 2011). Sensitivity to temperature change increases 

with decreasing precipitation in WS18. Though a reduction in precipitation of 40% or 

more is not likely at WS18, drought is projected to become more frequent and this 

condition will likely push ecosystems closer to abrupt changes in function. 

I applied the threshold concepts to a variety of key ecosystem processes. 

Ecosystem performance was commonly measured by changes in plant growth, with 

metrics of foliar cover to the tree ring growth, as primary production is the basis of 

ecosystem functions. However, different structures of vegetation can have different 

responses to disturbance, creating unique thresholds/tipping points that need to be 

identified (Munson et al. 2018). Furthermore, biogeochemical processes interact with 

plant growth and likely lead to different threshold responses. For example, simulations 

for WS18 suggest that NPP increases with increases in temperature initially but will 

decrease when temperature rises more than 1 ℃ at WS18, transpiration will increase with 

temperature until the temperature increase reaches 3 ℃.  

2.4.5 Caveats of PnET-BGC 

PnET-BGC is a watershed-scale model that was operated on a monthly time step, 

so it is not well suited to address finer spatial and temporal resolutions (Merganicova et 

al. 2019). This model treats the vegetation in the watershed as a big leaf, therefore, it does 
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not consider the difference among tree types and fine structure (Elliott et al. 2015), 

adaption (Jandi et al. 2019), or shift of vegetation types. Recent studies show that the 

critical transitions of vegetation type in mountain forests (Albrich et al. 2020) may 

change the fundamental relationships between foliar N concentration and maximum 

photosynthesis rate, which is one of the two fundamental relations that PnET-BGC is 

built on. Reich et al. (1995) has studied the photosynthesis-foliage nitrogen relation, for 

deciduous hardwood and evergreen coniferous tree species. Broadleaf deciduous forest 

species have the highest correlation with leaf nitrogen content (r2 = 0.75, P<0.001) while 

evergreen conifers show a weaker yet significant correlation (r2 = 0.59, P<0.001), 

whereas the slope of the regression is higher than for broadleaf trees, which means 

broadleaf has higher photosynthesis rate under same foliage nitrogen content. 

Furthermore, the function of understory shrub vegetation in cycling nutrients, carbon, and 

water is another component this model lacks. Different stages of vegetation not only have 

different capabilities of nutrient uptake, photosynthesis, cycling of carbon and water, but 

larger and older trees may be also more susceptible to stress such as drought and storms 

(Clinton et al. 1993; Clinton & Baker, 2000; Clinton et al. 2003), which is not depicted in 

the model.  

This model requires a number of empirical data to calibrate, some of which are 

not available for the study watersheds (such as Al and DOC concentrations), making 

calibration for these parameters less robust. In addition, the model under-predicts nitrate 

concentrations in streamwater, suggesting the need to critically review this submodule for 

applications at Coweeta watersheds. Other simulations using PnET-BGC have been 

challenged to accurately simulate nitrogen dynamics (e.g., Shao et al. 2020). This model 
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is designed to predict long-term hydrologic and biogeochemical changes at the watershed 

scale (Aber & Federer, 1992; Gbondo-Tugbawa et al. 2001), combined with the lack of 

feedback between vegetation and climate, it is not an ideal tool to derive regime shifts. 

However, the change-point and threshold analysis show the potential of regime shifts 

under higher temperature and drought conditions at the lower-elevation watershed.   

Despite these caveats, the PnET-BGC model provides a useful tool to evaluate the 

impact of climate change on forested ecosystems over long time scales (multiple decades 

to centuries). When depicting complex ecosystems, as many other ecological models 

have done, it is necessary to make assumptions and inherent uncertainties exist (Aber et 

al. 1992; Aber & Federer, 2001). In order to capture the uncertainty, I have applied 

multiple climate change scenarios. The consistent response of biogeochemical cycles 

provides projections with higher confidence, while inconsistent predictions indicate 

larger uncertainties involved and can generate important hypotheses in future studies. 

2.5 Conclusion 

I studied the impact of climate change on the function of two high-elevation 

forested watersheds in the southern Appalachians, focusing on the nonlinear responses by 

studying change-points of biogeochemical processes and identifying the potential 

thresholds of some climatic drivers. Even with the general positive response of vegetation 

to warming and overall increased precipitation, simulations show signs of potential 

degradation in future ecosystem health, driven by more frequent hydrological extreme 

events and longer extreme acidic conditions in soil and streams. I detected earlier change-

points of PC1 occurring under RCP8.5 compared to RCP4.5, and at the higher elevation 

WS27 than at WS18, indicating potential accelerating change of key biogeochemical 
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processes under more extreme warming and at higher-elevations. The potential thresholds 

at the lower elevation watershed (WS18) shows the forest is less resilient to climate 

changes under warming conditions. This analysis may provide useful information for 

resource managers to anticipate the potential risks that the forests will likely face under 

climate change. Therefore, forest managers can consider possible measures such as tree 

planting and forest restoration, wildfire control, establishment of mixed stands, planting 

better adapted species or varieties, and vegetation insects and diseases control (etc.) to 

mitigate future adverse impacts.   
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CHAPTER III THE IMPACT OF CHANGE IN ACIDIC DEPOSITION AND 

CLIMATE ON FIVE FORESTED WATERSHEDS IN THE SOUTHEASTERN U.S. 

Abstract 

Climate change disproportionally affects forest ecosystems at different latitudes 

and elevations. This pattern will be further complicated due to interactions with change in 

acidic depositions. There have been limited studies on the combined effect of change in 

climate and acid deposition on forested ecosystems. In addition, the regional analysis on 

climate change impact involves large uncertainties. In this study, I predict the impact of 

climate change on hydrology, vegetation dynamics, soil processes, and stream chemistry 

in five forested watersheds that cover both southern and central Appalachians with a 

variety of latitudes and elevations. I also examine if predicted changes in acidic 

atmospheric deposition exacerbate climate change impacts. Furthermore, I synthesize the 

response of key biogeochemical variables to climate change regionally.   

I applied an integrated biogeochemical model PnET-BGC at three forested 

watersheds in the Shenandoah National Park (SNP) in Virginia and two forested 

watersheds in the Coweeta Basin in North Carolina, U.S. under different climate change 

scenarios (RCP4.5 and RCP8.5) that were downscaled to watershed scales and included 

interactions with a variety of scenarios of sulfate, nitrate, and ammonia depositions. I 

applied multi-level Bayesian models to synthesize the response of biogeochemical 

processes to climate change. 

The results show transpiration and stream base cations are closely related to the 

first principal components (PC1) of seventeen main biogeochemical variables simulated 

by the PnET-BGC at SNP. They show seasonal variability in response to climate change. 



 

72 

 

There are more change points detected for the PC1s at the SNP than at the Coweeta 

Basin, and the first change point occurred in the 1940s at the SNP, 40 years earlier than 

estimated for the Coweeta Basin. In general, the watersheds at higher latitude or elevation 

showed fewer but earlier changing points than their lower latitude, lower elevation 

counterparts. The change of acidic deposition affects the response of some key 

biogeochemical variables to climate change. The effects depend on the biogeochemical 

processes, seasons and the direction and magnitude of the change in acidic deposition. 

The effect is minimum for net primary productivity. Seasonally, summer and winter are 

the two seasons that will be most impacted by acidic deposition based on the percent 

changes between current (1986 to 2015) and future (2071 to 2100) over the selected 

watershed process variables (NPP, ANC, BS, and transpiration, and discharge). Across 

all five sites from southern to central Appalachians, the response of the key 

biogeochemical variables to precipitation is less significant than to temperature. Winter 

shows the least sensitivity to climate change among the four seasons in NPP, 

transpiration, and ANC except the NPP’s response to precipitation under RCP8.5 and 

ANC’s response to temperature under RCP8.5. In addition, latitude and elevation affects 

the sensitivity of these biogeochemical variables to temperature and precipitation, but 

with large uncertainties. Therefore, the latitudinal and elevation pattern of climate change 

impact is not conclusive based on the five sites I studied.  

I evaluated the climate change impacts at the season, site and regional scales. I 

quantified the uncertainties of the responses of different biogeochemical processes to 

temperature and precipitation and the role of latitude and elevation in affecting the 

responses. The consideration of multi-scale drivers and uncertainties is important for 
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local and regional policy to improve forest conservation and mitigation plans under 

climate change.   
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3.1 Introduction 

Accumulating evidence has shown the change of global climate in recent decades 

has affected forest ecosystems (IPCC, 2007; Campbell et al. 2011; Pourmokhtarian et al. 

2012; Caldwell et al. 2016). Some climate change impacts are sudden and dramatic while 

others can be gradual and subtle. In arid and semi-arid regions, drought and wildfire are 

becoming more frequent as temperature increases and precipitation decreases or becomes 

more unevenly distributed, negatively affecting primary productivity and altering 

biogeochemical cycles in forests (Westerling et al. 2014). In the areas where precipitation 

is not limiting or where it is cold, such as at higher latitudes or elevations, increased 

temperature can increase primary productivity (Ruiz-Perez & Vico, 2020). 

Climate change is projected to continue to accelerate through the end of this 

century. The global mean surface temperature in years 2081-2100 is predicted to be 0.3 to 

4.8 oC higher than in 1986-2005 (Intergovernmental Panel on Climate Change, IPCC, 

2014). Precipitation is also predicted to increase with mean surface temperatures with a 

1% to 4% increase per 1oC by 2100 with high spatial variability. The climate in 

southeastern U.S. is expected to follow this trend and its temperature is projected to 

increase even more (up to 6 oC by end of this century) as land heats faster than oceans 

(Mitchell et al. 2014; Anandhi & Bentley; 2018). 

In addition to general projections of future climate, local climate can have 

substantial variation over short distance in both altitude and latitude (Lee, 2014; Pepin et 

al. 2015; Wang et al. 2016; Serreze et al. 2000). Higher latitudes may experience larger 

impact due to climate change as they warm faster than the lower latitude regions (Roots, 

1989). Additionally, higher elevation normally shows greater changes in temperature than 
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nearby areas at lower elevations (Wang et al. 2014; Pepin et al. 2015; Wang et al. 2016). 

Wang et al. (2014) found that high-elevation regions are warming 26% faster than the 

nearby low-elevation regions on average using a paired comparison method. Higher 

elevation mountainous watersheds typically receive more precipitation than lower 

watersheds. Meanwhile temperature has seasonal differences in relation to latitude and 

altitude (Lu et al. 2009). In summer, temperature is more strongly related to elevation 

than to latitude, while in winter it is more closely related to latitude. As air temperature is 

predicted to increase the most in winter, the correlation between latitude and temperature 

will be weakened in winter because of uneven warming/cooling at different latitudes. In 

summer, however, when temperature increases, the correlation between temperature and 

altitude is expected to become even stronger due to both altitude and topographical 

effects (Lu et al. 2009). Therefore, climate change had disproportional impact on forested 

ecosystems in different seasons and at different elevations and latitudes. 

Temperature and precipitation, as mentioned previously, are the two most 

important factors in climate, and can affect forest in many processes, such as primary 

productivity, carbon sequestration (Turnbull et al. 2001; Boisvenue & Running, 2006; 

Buermann et al. 2013; Hatfield & Prueger, 2015), and hydrology (such as snowpack, 

droughts, and flooding: Kunkel et al. 2009; Furniss et al. 2010; Giang et al. 2014; Wu et 

al. 2014) as well as soil properties such as soil moisture and loss of organic carbon 

storage from drought, flooding, and wildfire ( Stark & Firestone, 1995; Jobbagy & 

Jackson, 2000; Knoepp & Vose, 2007; Duran et al. 2016).  

Human activities have increased the availability of reactive nitrogen, exceeding 

the demands of vegetation and microbes, leading to nitrogen saturation and nitrogen 
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leaching from soil into water bodies (Aber et al. 1989; Aber, 1992; Aber et al. 1998; 

Huang et al. 2015; Chen et al. 2016). Nitrogen leaching is dependent on precipitation, 

snowmelt, and water infiltration in the soil below the root zone and causes stream 

acidification (Mitchell, 1939; Rascher et al. 1987). While reactive nitrogenous 

atmospheric deposition is expected to increase, sulfate deposition is expected to continue 

to decrease since passage of the Clean Air Act. The impact of changes in acidic 

deposition rates on ecosystem processes is relatively well understood (Chen et al. 2004; 

Zhai et al. 2008; Wu & Driscoll, 2009), however the research on how changes in acidic 

deposition interacting with climate change affect ecosystems is limited (Wu & Driscoll, 

2010). 

In this work, I aim to address the following questions: 1) What biogeochemical 

processes/variables explain the largest variability in the impact of climate change in the 

Shenandoah National Park (SNP) and how do these compare to the Coweeta Basin? What 

is the seasonal variability of these processes? 2) How do the change points of PC1s at the 

SNP compare to those at the Coweeta Basin? 3) How do changes in acidic deposition 

rates interact with climate change to affect key biogeochemical processes? 4) What is the 

spatial pattern of sensitivity of the key biogeochemical processes to temperature and 

precipitation? 

3.2 Methods 

I first investigated the impact of climate change on three watersheds within the 

Shenandoah National Park (SNP). I applied PnET-BGC model to simulate 

biogeochemical processes under current climate and changing climate scenarios. The 

climate change scenarios were downscaled from the general circulation models (GCMs) 
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at the watershed scales (Hayhoe et al. 2004; Hayhoe et al. 2007; Hayhoe et al. 2008). I 

then applied principal component analysis based on a variety of biogeochemical 

processes to simplify the high-dimensional problem. Next, I studied the seasonality of 

these processes that are closely related to the first principal components (PC1s), including 

gross primary productivity, transpiration, and Ca2+ and ANC in stream. I also detected the 

change points of the PC1s over time and the potential drivers from past (1931) to the 

future (2100).   

I further combined the three sites at SNP with the two sites at the Coweeta Basin 

(CWT, Chapter 2), and evaluated how change of acidic deposits affect climate change 

impact by implementing the PnET-BGC model in scenarios with different climate and 

acidic depositions. To synthesize the regional pattern of the impact of changes of climate 

and acidic depositions, I applied multi-level Bayesian models to analyze how these key 

processes respond to precipitation and temperature across five watersheds in different 

seasons under different scenarios of acidic depositions.  

3.2.1 Study sites  

The five forested watersheds cover both south and central Appalachians with two 

at the Coweeta Basin in North Carolina, and three at the Shenandoah National Park in 

Virginia. I described the two watersheds at the Coweeta Basin in Chapter 2. So, in this 

chapter, I will only focus on the three watersheds in the SNP.  

The three watersheds in Shenandoah National Park are located in a temperate 

climate zone with cool summers and short, mild winters. They are Staunton River (SR, 

38o02’40”N, 78o22’15”W), White Oak Run (WOR, 38o15’03”N, 78o44’53”W), and 

Paine Run (PR, 38o11’55”N, 78o47’36”W), from north to south (Fig. 1-1). Annual total 
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precipitation at these three watersheds is 128 cm which is ~40 percent lower than the two 

watersheds at the Coweeta Basin (Table S3-1). Snow occupies a relative larger 

proportion of precipitation in these watersheds compared to the Coweeta Basin. For 

instance, snow was up to 14% of annual precipitation at the Big Meadows National 

Climate Data Center-NCDC weather station between 1935 and 2012 (station ID: 

USC00440720, elevation: 1,079 m at 38o31’18”N, 78o26’08W, 

https://www.ncdc.noaa.gov/cdo-

web/datasets/GSOM/stations/GHCND:USC00440720/detail  and accessed on 

08/01/2020) compared to 5% at the Coweeta Basin. The three watersheds have lower 

precipitation and streamflow compared to the Coweeta Basin (Table S3-1). In addition, 

the watersheds have lower ratio of streamflow to precipitation (1/3 to 1/2 in SNP vs. 1/2 

to 2/3 in Coweeta). During the same time, the watersheds in the SNP showed lower 

annual temperature than that at the Watershed 18 but similar to that at the Watershed 27 

at the Coweeta Basin (Table S3-1). 

The SR is closest to the wet deposition (NADP VA28), dry deposition 

(CASTNET SH418), and climate (NCDC station: Big Meadows) stations among the 

three watersheds (Fig. 1-1). This watershed covers about 1,050 ha and ranges from 335 to 

1,056 m in elevation. In 1941, the dominant tree species were chestnut oak (Quercus 

prinus) (33% of area) and red oak (Quercus rubra) (23% of area) (Fievet et al. 2003). In 

1985, the chestnut oak became even more prevalent, covering 48% of the watershed. 

There have been no significant fires since the formation of the park (1935). WOR 

watershed has an area less than 1,000 ha and ranges from 480 to 968 m in elevation and 

chestnut oak dominates in this watershed as well with 47% of area in 1941 and 82% of 

https://www.ncdc.noaa.gov/cdo-web/datasets/GSOM/stations/GHCND:USC00440720/detail
https://www.ncdc.noaa.gov/cdo-web/datasets/GSOM/stations/GHCND:USC00440720/detail
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area in 1985. There were no significant fires in WOR. Like SR, anthropogenic activities 

and constructions (such as road and buildings) in the WOR are very limited. PR has the 

largest area among the three watersheds (1,240 ha). Its elevation ranges from 434 to 

1,040 m and chestnut oak is also the dominant species in this watershed. In 1998, a large 

fire affected about half of the area of PR. The sizes of the Shenandoah watersheds are 

much larger than the two watersheds at the Coweeta Basin (~1,000 ha or more in the 

Shenandoah National Park vs. 13 to 30 ha at the Coweeta Basin). 

3.2.2 Input data and data for model calibration  

The required input data for the PnET-BGC model include climatic conditions, 

atmospheric depositions, vegetation properties, and soil characteristics (Table S3-2). 

3.2.2.1 Climate data 

The climate data was obtained from the Big Meadows station (Network ID: 

GHCND: USC00440720) at the National Climatic Data Center (NCDC), which includes 

monthly precipitation, maximum and minimum temperature (Tmax and Tmin), and solar 

radiation (http://www.ncdc.noaa.gov/cdo-

web/datasets/GHCND/stations/GHCND:USC00440720/detail, accessed on 08/01/2020). 

The weather station is the only one close to these three watersheds in the SNP and it is 

near the Stanton River watershed (approximately 8.0 km from the weather station to the 

center of the watershed while approximately 45 km to the center of the other two 

watersheds, Fig.1-1) at an elevation of 1,079 m. The Tmax, Tmin, and precipitation 

measured from this weather station were not directly used due to the difference of 

elevations between the weather station and the three watersheds. I first derived regression 

models between temperature/precipitation and elevation in each month between 1935 and 

http://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/stations/GHCND:USC00440720/detail
http://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/stations/GHCND:USC00440720/detail
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2015 based on the weather stations at the Big Meadows and other fifteen weathers 

stations nearby (Table S3-3 and S3-4, R2 ranges between 0.067 and 0.801 and with 12-

month averaged R2 0.45 for Prcp, 0.60 for Tmax, and 0.30 for Tmin). Then I calculated 

the ratios of temperature/precipitation at the SR, WOR, or PR to at the Big Meadows in 

each month based on the regression models and average elevation for each watershed. 

These ratios, combined with monthly climate data at the Big Meadows, I derived the 

temperature and precipitation at the SR, WOR, and PR watersheds from 1935 to 2015. I 

replaced negative precipitation derived with an arbitrarily small value of 0.1 cm mo-1. 

During the years when there was no observed climate data (i.e., before 1935 and after 

2015), I used the monthly averages of Tmax, Tmin, and precipitation from 1935 to 1985 

as the climate inputs for the years between 1000 (the year the model runs start) and 1934 

and the monthly averages between 2006 and 2015 as the climate inputs from 2016 to 

2100 under the base climate scenario. I applied solar radiation derived from the Daily 

Surface Weather and Climatological Summaries (DayMET data, https://daymet.ornl.gov/, 

spatial resolution: 1 km) between 1980 and 2015. Meanwhile, I derived a regression 

model for the DayMET-modeled solar radiation as a function of observed solar radiation 

at the Big Meadows station between 1988 and 2015 (R2 of 0.28). Based on the regression 

model, I derived solar radiation at the three watersheds from 1935 to 2015. I then used 

the monthly averages between 1935 and 2015 as the solar radiation before 1935 and after 

2015.  

In the future climate change scenarios, I used downscaled climate predictions of 

air temperature, solar radiation, and precipitation at the watershed scale from four global 

atmosphere-ocean general circulation models (Atmosphere-Ocean General Circulation 

https://daymet.ornl.gov/
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Models - AOGCMs: CCSM4, HadGEM2, MIROC5, and MRI-CGCM3) coupled with 

two Representative Concentration Pathways (RCP4.5 and RCP8.5). The downscaling is 

based on the long-term daily observations at the Big Meadows weather station (Hayhoe, 

et al. 2004; Hayhoe et al. 2007; Hayhoe et al. 2008; Pourmokhtarian et al. 2016). 

AOGCMs has a coarse spatial resolution of ~100 km, which has limitations when applied 

to small, high-elevation watersheds in complex mountainous which are strongly affected 

by local weather patterns (Pourmokhtarian et al. 2012). I then applied the same 

temperature and precipitation ratios between the three watersheds and the Big Meadows 

in Table S3-4 to derive future climate at each watershed.   

3.2.2.2 Atmospheric depositions 

I obtained wet and dry depositions of major elements (NO3
--N, SO4

2--S, Cl-, Na+, 

Mg2+, K+, Ca2+, NH4
+) from the National Atmospheric Deposition Program (NADP) and 

The Clear Air Status and Trend Network (CASTNET) respectively. The closest NADP 

station for the SNP is VA28 that is close to the SR and the wet deposition data ranges 

from 1981 to 2015. The closest CASTNET station is SH418 and the dry deposition data 

ranges from 1988 to current.  I constructed the data before the measurements based on the 

national sulfur dioxide (SO2) emission records from 1931 to 1987 and the relation 

between the emission and atmospheric deposition of SO4
2--S and NOx-N between 1988 

and 2015 (EPA, 2000; Driscoll et al. 2001; Chen et al. 2004). From 1850 (pre-industrial) 

to 1930, I assumed a 50% increase of SO2 and NOx emissions and applied a linear 

increment to construct the emissions and wet deposition of SO4
2--S and NOx-N. Between 

1000 and 1850, I kept the sulfur and nitrogen wet deposition the same as in 1850. I 

applied a monthly-average dry to wet deposition ratios of sulfate, nitrate, ammonia, 
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chloride, and base cations of sodium, magnesium, potassium, and calcium derived from 

observed wet and dry depositions to construct the unobserved dry depositions.  

3.2.2.3 Disturbance history 

For the PR, there was a fire event that destroyed about half of the area and in 

order to incorporate it into model simulation, the parameters have been set are: fire 

intensity as 0.5 (from 0 to 1.0 and 1.0 indicates total destroyed), remain fraction as 0.5 

(from 0 to 1.0 and 0.5 indicates that half of total vegetation remained after disturbance), 

and soil loss as 0. And the foliage regeneration time used is the model default value as 

100 years (return to pre-disturbance status). 

3.2.2.4 Soil and stream chemistry data 

In order to calibrate the model, I applied measured data in the soil and streams 

provided by the Stream and Water Analysis System – Virginia Social Services System 

(SWAS-VSSS) program, including streamflow, concentrations of Na+, Mg2+, K+, Ca2+, 

Cl-, NH4
+, NO3

- and SO4
2- in streams from 1992 to 2012 (Table S3-2). Other data used to 

further calibrate different modules of the model included gross primary productivity 

(GPP, http://www.edc.uri.edu/ATMT-

DSS/report_forecast/subsection_summaries/M221.html and accessed on 08/01/2020), net 

primary productivity (NPP, http://www.edc.uri.edu/atmt-

dss/report_forecast/forest_health/M221_NPP.html and accessed on 08/01/2020), and 

nitrogen mineralization and immobilization rates (Lovett & Ruesink, 1995; Lovett & 

Tobiessen, 1993).  

  

http://www.edc.uri.edu/ATMT-DSS/report_forecast/subsection_summaries/M221.html
http://www.edc.uri.edu/ATMT-DSS/report_forecast/subsection_summaries/M221.html
http://www.edc.uri.edu/atmt-dss/report_forecast/forest_health/M221_NPP.html
http://www.edc.uri.edu/atmt-dss/report_forecast/forest_health/M221_NPP.html
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3.2.2.5 Model calibration and other methods 

To quantify the model fit, I used normalized mean error and normalized mean 

absolute error to evaluate how close the model simulations are to the observed data in 

stream, soil, and vegetation, as described in Chapter 1. I also applied the PCA and 

detected change points of PC1, as in Chapter 1. 

3.2.3 Bayesian analysis 

I applied multi-level Bayesian models to examine the climate change’s impact on 

NPP, transpiration, calcium concentration in stream, and ANC, the key biogeochemical 

variables that relate closely to PC1, from 2016 to 2100 under RCP4.5 and RCP8.5 across 

the five sites that vary in latitude and elevation (Fig. 3-1). Synthesis of the climate change 

impacts at the regional scale is challenging due to the large variances involved. 

Hierarchical models have the advantage of decomposing a complex question into 

manageable components and can account for uncertainties from data, models, and 

parameters (Clark, 2005).  The posteriors of the coefficients for precipitation and 

temperature at the site scale and for latitude and elevation at the regional scale facilitate 

inference on the latitude and elevation’s impact and difference in sensitivity of the 

biogeochemical variables to precipitation and temperature at different watersheds. More 

importantly, the variances are readily summarized in the credible intervals based on the 

posterior distributions. 
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Fig. 3-1. Bayesian Model. 

The model to illustrate the hierarchical structure with complexity decomposed into stages of data, processes, and parameters (vertical 

direction), and the association of different spatial scales (horizontal direction). Biogeochemical process (ANC, NPP, transpiration) 

(Dij) was a function of variables at the season scale (j) and site scale (i). j represents each season, while i represents the site j belongs 

to. The season-scale process was modeled using the temperature (Tij), precipitation (Pij) as the covariates. The site-scale process was 

modeled using elevation (Ei) and latitude (Li) as the covariates.
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To represent the biogeochemical process D in season j at site i, let 𝐷𝑖𝑗 . 𝜇 represent 

the mean of 𝐷𝑖𝑗, and 𝜎𝑠
2 represent the variance of D at the site scale. 𝐷𝑖𝑗 was modeled by 

assuming it was distributed as (~) a normal distribution (Eq. 1): 

𝐷𝑖𝑗~𝑁(𝐷𝑖𝑗.𝜇, 𝜎𝑠
2) (1) 

Mean of the 𝐷𝑖𝑗.𝜇 was a linear function of the covariates at the season level: 

temperature (𝑇𝑖𝑗) and precipitation (𝑃𝑖𝑗) (Eq.2)    

𝐷𝑖𝑗 . 𝜇 =  𝑓𝑠(𝛽0𝑖, 𝛽1𝑖, 𝛽2𝑖) = 𝛽0𝑖 +   𝛽1𝑖 × 𝑇𝑖𝑗 + 𝛽2𝑖 × 𝑃𝑖𝑗 (2) 

Where 𝛽𝑠  were the parameters dependent on regional covariates including latitude and 

elevation.  

Therefore, the D at five sites in four seasons was modeled as in Equation 3: 

𝑝(𝐷|𝛽0, 𝛽1, 𝛽2, 𝜎𝑠
2) ∝  ∏ ∏ 𝑁(𝐷𝑖𝑗| 𝑓𝑠(𝛽0𝑖, 𝛽1𝑖, 𝛽2𝑖), 𝜎𝑠

2)

4

𝑗=1

5

𝑖=1

 

(3) 

At the site scale, the intercept 𝛽𝑠  were all modeled by assuming they were 

distributed as (~) normal distributions: 

𝛽0𝑖~𝑁(𝛽0𝑖. 𝜇, 𝜎𝑟0
2 ) 

                                               𝛽1𝑖~𝑁(𝛽1𝑖. 𝜇, 𝜎𝑟1
2 ) 

𝛽2𝑖~𝑁(𝛽2𝑖. 𝜇, 𝜎𝑟2
2 ) 

(4) 

Means of the intercept and slopes for temperature and precipitation were modeled 

as linear functions of elevation (𝐸𝑖) and latitude (𝐿𝑖) (Eq. 5) 

𝛽0𝑖 . 𝜇 = 𝑓𝑟(𝐶00, 𝐶01, 𝐶02) = 𝐶00 + 𝐶01 × 𝐸𝑖 + 𝐶02 × 𝐿𝑖 

𝛽1𝑖 . 𝜇 = 𝑓𝑟(𝐶10, 𝐶11, 𝐶12) = 𝐶10 + 𝐶11 × 𝐸𝑖 + 𝐶12 × 𝐿𝑖 

𝛽2𝑖 . 𝜇 = 𝑓𝑟(𝐶20, 𝐶21, 𝐶22) = 𝐶20 + 𝐶21 × 𝐸𝑖 + 𝐶22 × 𝐿𝑖 

(5) 
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To complete the Bayesian model, I defined prior distribution for unknown 

parameters (𝐶00, . . . 𝐶22, 𝜎𝑠
2, 𝜎𝑟0

2 …𝜎𝑟2
2 ). I used conjugated priors for computation 

efficiency (Calder et al. 2003) therefore the priors and posteriors have the same 

probability distribution forms. The priors for 𝐶00. . . 𝐶22 were normally distributed and the 

priors for  𝜎𝑠
2, 𝜎𝑟0

2 …𝜎𝑟2
2  followed the inverse gamma distribution. The priors’ 

distributions were flat and only weakly influenced the posteriors, which reflected the lack 

of knowledge on the parameters (Lambert, 2005). 

By combining the parameter (priors), process, and data models, I derived the joint 

distribution of unknowns in Eq. 6: 

𝑝(𝛽0, 𝛽1, 𝛽2, 𝐶00, 𝐶01, 𝐶02, 𝐶10, 𝐶11, 𝐶12, 𝐶20, 𝐶21, 𝐶22, 𝜎𝑠
2, 𝜎𝑟0

2 , 𝜎𝑟1
2 , 𝜎𝑟2

2 |𝐷, 𝑇, 𝑃, 𝐸, 𝐿) 

∝ 𝑝(𝐷|𝛽0, 𝛽1, 𝛽2, 𝜎𝑠
2) × 𝑝(𝛽0|𝐶00, 𝐶01, 𝐶02, 𝜎𝑟0

2 ) 

× 𝑝(𝛽1|𝐶10, 𝐶11, 𝐶12, 𝜎𝑟1
2 ) × 𝑝(𝛽2|𝐶20, 𝐶21, 𝐶22, 𝜎𝑟2

2 ) 

× 𝑝(𝐶00) × 𝑝(𝐶01) × 𝑝(𝐶02) 

× 𝑝(𝐶10) × 𝑝(𝐶11) × 𝑝(𝐶12) × 𝑝(𝐶20) × 𝑝(𝐶21) × 𝑝(𝐶22) 

× 𝑝(𝜎𝑠
2) × 𝑝(𝜎𝑟0

2 ) × 𝑝(𝜎𝑟1
2 ) × 𝑝(𝜎𝑟2

2 ) 

(6) 

The posterior distributions were computed using Markov Chain Monte Carlo 

Simulation (MCMC) (Robert, 2004) using the software JAGS 4.3.0 (Plummer, 2017). I 

summarized 95% and 50% credible intervals based on the posteriors. If the 95% credible 

interval of a parameter for a particular covariate does not contain 0, then I say the 

covariate’s impact on D is significant. 
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3.3 Results 

3.3.1 Climate change 

Similar to the two Coweeta Basin (CWT) watersheds, the three Shenandoah 

National Park (SNP) watersheds are predicted to have higher air temperature and 

precipitation compared to current and past climate (3-14 ENSO Oceanic Niño Index vs. 

PC1 scores in PR (top), SR (middle), and WOR).  

On an annual basis, the SNP watersheds are predicted to have even larger 

temperature increases (+4.1 to 6.5 oC vs. 2.5 to 4.8 oC at the Coweeta) from current (1986 

– 2015) to the future (2071 – 2100), and air temperature contradiction between summer 

and winter in the SNP is greater than the Coweeta watersheds. RCP8.5 has higher 

temperature change than RCP4.5 for all seasons. 

Annual precipitation on an annual basis is predicted to increase from 5.0 to 6.4 

cm/mo in future (2071 – 2100) compared to current (1986 – 2015), which is also a 

greater change than the two CWT watersheds (2.2 – 4.0 cm/mo). By seasons, from past to 

current, the summer precipitation has barely changed whereas all the rest of the seasons 

have had considerable increases in precipitation, which is different from CWT in both 

spring and winter. Summer and fall are predicted to have greater precipitation under 

moderate climate scenario (i.e., RCP4.5) than under RCP8.5, largely attributed to higher 

predictions of precipitation for these two seasons under RCP 4.5 by one of the four 

climate models (HadGEM2). 

In summary, both air temperature and precipitation are projected to significantly 

increase from now to the future across all three studied SNP watersheds (Table 3-1).  
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Fig. 3-2a Air temperature by seasons at the Shenandoah National Park (SNP): Paine Run (PR, top), Staunton River (SR, middle), 

and White Oak Run (WOR, bottom); past (1936-2015, blue), current (1986–2015, green), and future (2071-2100, orange–RCP4.5 

and red–RCP8.5), hereafter the same. 
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Fig. 3-2b Precipitation by seasons at the Shenandoah National Park (SNP): Paine Run (PR, top), Staunton River (SR, middle), and 

White Oak Run (WOR, bottom); past (1936-2015, blue), current (1986-2015, green), and future (2071–2100, orange–RCP4.5 and 

red–RCP8.5). 
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Table 3-1 Statistical test result of temperature and precipitation between current and 

changing climate scenarios 
 

TEMPERATURE 

 RCP4.5-Current RCP8.5_Current  
Spr Sum Fal Win Spr Sum Fal Win 

PR *** *** *** *** *** *** *** *** 

SR *** *** *** *** *** *** *** *** 

WOR *** *** *** *** *** *** *** ***  
PRECIPITATION 

PR *** *** *** *** *** *** * *** 

SR *** *** *** *** *** *** * *** 

WOR *** *** *** *** *** *** * *** 

Note: * indicates 0.01<p <0.05; ** indicates 0.001 < p <0.01; *** indicates p <0.001; and 

– indicates no significant difference has been detected. Color green means increasing 

from current to the future. In each season from 1986 to 2000 and from 2071 to 2100, 

monthly climate data were averaged first, then the 30 data points in each of the current 

and changing climate scenarios were checked for temporal autocorrelation (“acf” 

function in R) and normality (Shapiro test). As the checks show lack of temporal 

autocorrelation and met normality requirement, t-test was implemented to test whether 

the seasonal climate variables under current and changing climate scenarios were 

statistically significant different or not. 

3.3.2 Model performance 

The PnET-BGC model simulated the observed long-term streamflow and stream 

chemistry generally well at the three watersheds in the SNP (PR, SR, and WOR) except 

for nitrate concentrations. NME ranges from -0.07 to 0.09 for stream chemistry. ANC 

and the streamflow are mostly accurately simulated in the SR among the three watersheds 

(Table 3-2). The model had difficulty capturing the streamflow peaks and it 

overestimated the streamflow at PR and WOR, which caused the ANC simulations at PR 

or WOR not as good as at the SR or at the Coweeta Basin.  
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Table 3-2. Observed and simulated streamflow (unit: cm/month) and water chemistry 

variables (unit: µmol/L) at PR, SR, and WOR 

PR Observed 

mean 
 Simulated 

mean 
 Model Performance 

 S.D.* S.D. NME NMAE 

Na+ 23.6 1.0 25.6 2.7 0.09 0.12 

Mg2+ 25.4 1.2 25.6 2.1 0.01 0.06 

K+ 47.1 1.4 50.9 4.1 0.08 0.09 

Ca2+ 14.7 0.5 15.0 1.2 0.02 0.06 

Cl- 23.0 1.2 22.4 1.4 -0.03 0.04 

NO3
-_N 4.2 6.0 0.9 0.7 -0.80 0.84 

SO4
2-_S 55.1 1.5 58.7 5.0 0.06 0.08 

ANC 13.3 3.1 17.1 1.2 0.28 0.33 

Streamflow 3.2 1.5 4.8 1.9 0.48 0.45 

 

SR Observed 

mean 
 Simulated 

mean 
 Model Performance 

 S.D. S.D. NME NMAE 

Na+ 62.4 1.9 59.9 2.8 -0.04 0.06 

Mg2+ 14.2 1.1 14.8 0.7 0.04 0.07 

K+ 10.9 0.5 11.2 0.6 0.03 0.05 

Ca2+ 33.2 1.7 30.8 1.6 -0.07 0.08 

Cl- 22.8 1.0 22.2 1.3 -0.02 0.07 

NO3
-_N 0.8 1.2 0.8 0.5 -0.07 0.76 

SO4
2-_S 22.4 1.2 23.0 1.5 0.03 0.08 

ANC** 99.6 7.0 93.3 4.5 -0.06 0.07 

Streamflow 5.8 1.9 5.4 1.9 -0.06 0.18 

 

 

WOR Observed 

mean 
 Simulated 

mean 
 Model Performance 

 S.D. S.D. NME NMAE 

Na+ 22.1 1.0 24.3 2.4 0.10 0.10 

Mg2+ 27.5 2.3 24.3 1.8 -0.12 0.12 

K+ 43.7 5.2 43.7 3.4 0.00 0.10 

Ca2+ 17.4 1.3 15.5 0.8 -0.11 0.12 

Cl- 21.2 1.9 21.8 1.5 0.03 0.07 

NO3
-_N 11.4 13.7 0.6 0.2 -0.95 0.94 

SO4
2-_S 39.7 2.3 51.9 3.5 0.31 0.29 

ANC** 43.7 10.3 21.5 1.2 -0.51 0.52 

Streamflow 3.9 2.0 6.2 1.9 0.58 0.37 

* S.D. denotes standard deviation.  

** ANC denotes acidic neutralization capacity (Driscoll et al., 1994) 

Note: The water chemistry data ranged from 1992 to 2012. 
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3.3.3 PCA analysis and change-points detection 

By conducting PCA analysis of 17 simulated hydrological and biogeochemical 

variables/processes in vegetation, soil, and streams, I have found the first three principal 

components explained around 70% of total variance (Table 3-3), compared to 85% of 

variance explained at the Coweeta Basin. In addition, I detected change-points of PC1 

scores and climate data from 1931 to 2100 and identified any concurrence between them.  

At the SNP watersheds, transpiration and stream chemistry (base cations) are 

closely related to PC1s, compared to Coweeta Basin where transpiration, primary 

production, and soil and stream chemistry are closely related to PC1s. Additionally, the 

variance explained by PC1s in the SNP is lower than at the Coweeta Basin (40-50% at 

SNP vs. 50-70% at Coweeta). Based on the loadings of the principal components, PC1s 

represent the contrast between hydrology and alkalinity in both soil and stream. The time 

series of the PC1 scores are similar between PR and WOR, while different from SR, 

which could be attributed to PR and WOR being geographically closer and having more 

similar climatic and biogeochemical conditions. PC2 explained an additional 10 to 20 % 

of variance and was closely related to nitrogen uptake and net mineralization. NPP, SO4
2-, 

and/or gross nitrogen immobilization are closely related to PC3, depending on the 

watershed studied. At the Coweeta Basin, soil nitrogen cycling (e.g., GrossNMin) is also 

closely related to PC2 but the variable is gross net mineralization. Still at the Coweeta 

Basin, stream SO4
2- is closely related to PC3.  
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Table 3-3. Results of PCA analysis - loadings of the first three principal components at PR, SR, and WOR under different climate 

change scenarios. (The high values of loadings are highlighted). 

 PR SR WOR 

RCP4.5 Comp 1 Comp 2 Comp 3 Comp 1 Comp 2 Comp 3 Comp 1 Comp 2 Comp 3 

GPP 0.65 -0.10 -0.70 0.65 -0.31 -0.37 0.81 -0.25 0.18 

NPP 0.07 -0.10 -0.88 0.29 -0.27 -0.46 0.55 -0.20 0.08 

TotLitterMass -0.79 0.14 -0.25 -0.66 0.35 -0.50 -0.46 0.34 -0.66 

Streamflow 0.82 -0.04 -0.00 0.81 -0.08 -0.12 0.84 0.08 -0.00 

Transpiration 0.80 -0.24 -0.20 0.70 -0.49 0.12 0.66 -0.48 0.38 

Base Saturation -0.72 -0.02 0.04 -0.94 -0.02 0.21 -0.78 -0.21 0.29 

Al/Ca 0.53 -0.40 0.28 0.92 0.05 0.11 0.89 0.21 -0.19 

NetNMin 0.15 -0.92 -0.05 0.14 -0.88 -0.21 0.56 -0.71 -0.23 

GrossNMin -0.42 -0.77 -0.21 -0.33 -0.73 -0.48 0.19 -0.68 -0.65 

GrossNImmob -0.79 -0.19 -0.26 -0.69 -0.18 -0.54 -0.33 -0.27 -0.80 

N_uptake 0.04 -0.89 0.06 0.02 -0.92 0.05 0.34 -0.86 -0.07 

ANC 0.11 -0.06 -0.02 -0.95 -0.05 -0.11 -0.73 -0.15 0.31 

NO3
- 0.39 -0.62 0.38 -0.19 -0.66 0.53 -0.38 -0.63 0.41 

SO4
2- -0.50 -0.04 -0.08 -0.24 0.29 -0.56 -0.49 -0.08 -0.34 

Ca2+ -0.90 -0.26 0.06 -0.94 -0.21 0.18 -0.94 -0.28 0.03 

Mg2+ -0.89 -0.15 0.06 -0.94 -0.14 0.16 -0.92 -0.25 0.13 

K+ -0.93 -0.19 0.01 -0.93 -0.22 0.18 -0.95 -0.22 -0.05 

Cumulative Variance (%) 40.5 58.3 68.5 47.5 67.3 78.8 46.2 63.5 76.8 
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Table 3-2 continued (RCP8.5). 

 PR SR WOR 

RCP8.5 Comp 1 Comp 2 Comp 3 Comp 1 Comp 2 Comp 3 Comp 1 Comp 2 Comp 3 

GPP 0.72 -0.20 -0.28 0.75 -0.37 0.02 0.89 -0.08 -0.21 

NPP 0.10 -0.21 -0.26 0.26 -0.47 0.12 0.54 -0.28 -0.14 

TotLitterMass -0.81 -0.07 0.26 -0.81 -0.05 0.39 -0.74 -0.46 0.22 

Streamflow 0.71 -0.12 0.02 0.70 -0.10 0.14 0.71 -0.02 0.14 

Transpiration 0.83 -0.09 -0.37 0.84 -0.17 -0.32 0.83 0.19 -0.39 

Base Saturation -0.75 0.26 -0.59 -0.91 0.08 -0.30 -0.71 0.39 -0.53 

Al/Ca 0.36 -0.39 0.02 0.43 0.27 -0.40 0.44 0.28 0.22 

NetNMin -0.00 -0.94 -0.13 0.38 -0.85 -0.12 0.70 -0.43 -0.49 

GrossNMin -0.51 -0.80 0.01 -0.35 -0.88 0.07 0.02 -0.83 -0.45 

GrossNImmob -0.81 -0.31 0.14 -0.80 -0.40 0.20 -0.64 -0.65 -0.11 

N_uptake -0.08 -0.83 -0.14 0.33 -0.78 -0.29 0.64 -0.33 -0.54 

ANC -0.75 0.20 -0.55 -0.94 -0.20 -0.00 -0.68 0.40 -0.52 

NO3
- 0.36 -0.42 -0.19 0.38 0.09 -0.75 0.50 0.51 -0.20 

SO4
2- -0.31 -0.17 0.84 -0.14 -0.09 0.77 -0.44 -0.50 0.39 

Ca2+ -0.90 -0.04 -0.18 -0.87 -0.11 -0.44 -0.90 0.09 -0.29 

Mg2+ -0.87 0.01 0.06 -0.88 -0.01 -0.32 -0.84 0.15 -0.23 

K+ -0.92 -0.11 -0.22 -0.84 -0.14 -0.48 -0.90 -0.01 -0.31 

Cumulative Variance (%) 42.2 59.2 70.3 45.9 62.5 76.4 47.5 63.3 75.3 

I have identified fewer and earlier change-points in the PC1 scores at the SNP between 1931 and 2100 compared to the same 

temporal span at the Coweeta Basin. They occurred in the 1940s, 2010s, and 2060s (Table 3-4 and Fig. 3-3). The first two change-

points were most likely driven by temperature change (Figure S3-1), while the third change-points are likely driven by both 

precipitation and temperature (Table 3-4). The change-points in the 2010s were also detected at the Coweeta Basin (Table 2-5). The 
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change-points of PC1 in 2040s and 2070s, driven by temperature or precipitation, at the Coweeta Basin are not detected in the SNP 

though there seems a shift in climate at the SNP during this time. At the Coweeta Basin, the change points of PC1 in the future were 

driven by precipitation at the lower-elevation watershed while the likely driver shifts to temperature at the higher-elevation watershed.  

Table 3-4. Change points of the scores of the first principal components (PC1s) in contrast to change points of climate (temperature 

and precipitation, * indicates change points of PC1s fall into the same decades in all three watersheds) 

  CP1*    CP2*   CP3*  

PR 

PC1-RCP4.5 ― ― ― 1988 2019 2024 ― ― ― 

PC1-RCP8.5 1948 ― ― 1989 ― 2022 ― 2063 ― 

Temperature-RCP4.5 ― ― ― ― ― 2024 ― ― ― 

Temperature-RCP8.5 ― ― ― ― 2011 ― 2038 2067 ― 

Precipitation-RCP4.5 ― 1959 1970 ― 2012 ― ― ― 2092 

Precipitation-RCP8.5 ― 1959 1970 ― 2009 ― ― 2058 ― 

SR 

PC1-RCP4.5 1944 ― ― ― 2018 ― 2038 ― ― 

PC1-RCP8.5 1944 ― ― ― 2018 ― ― 2063 2097 
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Fig. 3-3 Change points of the PC1 scores between 1931 and 2100 based on means at PR (left), SR (middle), and WOR (right); 

and RCP4.5 (Top) and RCP8.5 (Bottom). 
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Fig. 3-4a PR comparison of transpiration by seasons between current (1986-2015) and 

future climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 

Spring Summer 

Fall 

Winter 

3.3.4 Seasonality of climate change impacts 

I focused on the biological and chemical variables that are closely related to the 

first three principal components. In general, all three watersheds in the SNP show 

similarly seasonal pattern for these key processes / variables (transpiration, NPP, and 

ANC).  

Transpiration (Fig.3-4) increases in all four seasons across all the three 

watersheds under climate change. However, the increase is relatively small in summer 

and winter compared to spring and fall. In addition, the change under RCP8.5 is larger 

than RCP4.5. While streamflow is predicted to increase under changing climate and more 

so under RCP8.5, summer generally shows the lowest increase in streamflow at three 

watersheds among the four seasons (Fig. S3-2).  
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Fig. 3-4b WOR comparison of transpiration by seasons between current (1986-2015) and 

future climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 

Spring Summer 

Fall 

Winter 
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Fig. 3-4c SR comparison of transpiration by seasons between current (1986-2015) and 

future climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 

Spring Summer 

Fall 

Winter 
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The largest change of both NPP and GPP (Fig. 3-5, Fig. S3-3) is predicted to 

occur in summer, and they will decrease under both climate scenarios with more decrease 

under RCP8.5. GPP and NPP will increase slightly in spring and fall and the variance 

becomes smaller. In winter, SR and PR show minimal changes in NPP while WOR 

shows a slight increase in NPP. At the Coweeta Basin, both watersheds show clear 

increasing trends in spring and fall. In summer, there is minimum change of NPP under 

RCP4.5 and it decreases under RCP8.5. The change of NPP and GPP is also very small in 

winter at Coweeta.  

  

Fig. 3-5a PR comparison of NPP by seasons between current (1986-2015) and future climate 

scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 

Spring Summer 

Fall 

Winter 
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Fig. 3-5b WOR comparison of NPP by seasons between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 

Spring Summer 

Fall 

Winter 
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Fig. 3-5c SR comparison of NPP by seasons between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 

Spring Summer 

Fall 

Winter 
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ANC (Fig. 3-6) and concentrations of Ca2+, K+, and SO4
2- in streams (Fig. S3-4 to 

S3-6) are predicted to decrease under changing climate for all seasons compared to 

current climate at all three watersheds, except a slight increase of ANC at the WOR. The 

decrease of ANC is very similar or even slightly larger in RCP4.5 compared to RCP8.5, 

probably driven by larger precipitation predictions in one of the climate models 

(HadGEM2) under RCP4.5 than under RCP8.5. Generally, winter and fall have the 

greatest decrease in ANC at PR and SR (>40%). At SR, the reduction of ANC is more 

pronounced under RCP8.5 than under RCP4.5. Similar decreasing trend in ANC is also 

detected at the WS18 but not at the WS27 at the Coweeta Basin. 

  

Fig. 3-6a PR comparison of ANC by seasons between current (1986-2015) and future climate 

scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 

Spring Summer 

Fall 

Winter 
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Fig. 3-6b WOR comparison of ANC by seasons between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fall 

Winter 
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Spring Summer 

Fall 

Winter 

Fig. 3-6c SR comparison of ANC by seasons between current (1986-2015) and future climate 

scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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3.3.5 Combined impacts of change in climate and acidic deposition 

The change in deposition of NO3
-, SO4

2-, and NH4
+ follows a linear 

increase/decrease from current (i.e., 2016) to 2036 and deposition is maintained constant 

after 2036 (Fig. 3-7) (Fakhraei et al. 2016). Each level differs from next by ±10% of 

current level with the change ranging from –100% to +100% of current level. 

 

Fig. 3-7 Deposition change regime from 2016 to 2036 and to 2100 (2015 as current 

level). Each line represents a percentage of current deposition level indicated on the 

figure, with a total of 21 scenarios. 

The change of acidic deposition is likely to shift the response of the key 

biogeochemical variables to climate change, especially in ANC in streams. In general, the 

shift is more pronounced with RCP8.5 than with RCP4.5. ANC decreases when sulfate, 

nitrate and ammonia deposition increases under climate change across the five sites (Fig. 

3-7). The watersheds with lower ANC under the current climate scenario (i.e., WS27 and 

PR) are predicted to show greater sensitivity in response to deposition change than the 

other watersheds. Under the current climate, PR has the lowest ANC among the five 

watersheds (13.3 µeq/L, based on observation data from 1992 to 2012, Table 3-2). When 

depositions of sulfate, nitrate and ammonia double the current level under RCP4.5, ANC 
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is predicted to drop to the level the same as that under RCP 8.5 but without changes of 

the acidic depositions.  At the Coweeta Basin WS27, it takes only 50% of increase in 

acidic depositions for the ANC under RCP4.5 to decrease to the same ANC level that is 

under RCP8.5 without change of the depositions. Meanwhile, same percentage change of 

deposition leads to larger change of ANC under RCP8.5 than the RCP4.5, and this 

pattern is more distinct at the watersheds in the SNP. 

When I applied reduction of acidic deposition, the ANC is predicted to increase, 

however, the increase at WS18 is less than the decrease of ANC with the same 

percentage of increase in the acidic deposition for both RCP4.5 and 8.5 (Fig. 3-8). This 

shows recovery of ANC will be delayed even with a reduction of acidic deposition under 

climate change. 
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Fig. 3-8 ANC vs. Deposition changes in NO3
-, NH4

+, and SO4
2- (ANC data between 2071 and 2100) 
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NPP’s response to change of acidic deposition varies by watershed studied (Fig. 

3-9). At WS18 in Coweeta Basin, NPP is similar under both climate scenarios. At the 

Coweeta Basin watersheds, NPP will increase as deposition rises for both climate change 

scenarios although NPP is higher under RCP8.5 than RCP4.5. At the three watersheds in 

the SNP, NPP is higher under RCP4.5 than RCP8.5. The increase of acidic deposition has 

little impact on NPP under RC8.5 while it leads to decrease of NPP in the SNP under 

RCP4.5. 
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Fig. 3-9 NPP vs. Deposition changes in NO3
-, NH4

+, and SO4
2- (NPP data 

between 2071 and 2100) for all 21 scenarios. 
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Transpiration (Fig. 3-10) is predicted to increase when depositions increase at the 

majority of the watersheds under both climate change scenarios. I detected the increase at 

the Coweeta Basin for both scenarios, while the increase is only clear at the SR and WOR 

in the SNP under RCP4.5. The change of transpiration with change of depositions is 

small at the PR for both RCP4.5 and 8.5. Meanwhile, transpiration under RCP8.5 is 

higher than RCP4.5 at all five watersheds.  

Streamflow (Fig. S3-7), on the other hand, shows decreases with increase of 

acidic depositions at all five watersheds under RCP4.5 and Coweeta Basin under RCP8.5.  
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Fig. 3-9 Continued. 
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Fig. 3-10 Transpiration vs. Deposition changes in NO3
-, NH4

+, and SO4
2- 

(NPP data between 2071 and 2100) for all 21 scenarios. 
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3.3.6 Synthesis of five watersheds with and without deposition change 

The spatial pattern of the impact of climate change is complicated by the climate 

change scenarios, biogeochemical processes, and seasons. The 95% credible intervals of 

the coefficients for elevation and latitudes all contain 0, which shows a lack of 

significantly latitudinal or elevational patterns based on the five sites. However, some 

50% credible intervals contain 0, especially in elevation or latitude’s impact on the 

response of biogeochemical cycles to temperature, indicating some weak latitudinal or 

elevational pattern.  

     NPP is more sensitive to temperature in spring, summer, and fall than in winter 

(Fig. 3-11) with positive temperature impacts on NPP in spring and fall, and a negative 

impact on NPP in summer. Temperature’s impact on NPP in winter is mixed but is 

mostly positive based on 50% and 95% of credible intervals (CIs) of the coefficient for 

temperature under RCP8.5 when modeling NPP. However, the impact is either positive at 

WS18 and WOR (95% CIs) or negative at PR and SR (50% CI) or negligible at WS27 

under RCP4.5. NPP at the WS27 in the Coweeta shows the largest increase per unit 

increase of temperature in spring and fall. NPP responds positively to increase of 

precipitation in summer under RCP4.5 and 8.5 at the high-latitude sites in the SNP while 

the increase is negligible at the low-latitude sites at the Coweeta Basin. There are fewer 

significant effects of precipitation compared to temperature on NPP across the five sites. 

Elevation enhances response of NPP to temperature under RCP8.5. Latitude mitigates its 

response to temperature under RCP4.5 but enhances its response to temperature under 

RCP8.5. 
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Fig. 3-11a NPP’s sensitivity to Temperature (top) and Precipitation (bottom) without (left) and with deposition change (-50%: middle and +50%: 

right) by seasons (y-axis from top to bottom each season grouped by sites are spring, summer, fall, and winter) under RCP4.5. 
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Fig. 3-11b NPP’s sensitivity to Temperature (top) and Precipitation (bottom) change without (left) and with deposition change (-50%: middle and 

+50%: right) by seasons (y-axis from top to bottom each season grouped by sites are spring, summer, fall, and winter) under RCP8.5. 
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Transpiration positively responds to temperature except at the Paine Run under RCP4.5 

and three high-latitude sites under RCP8.5 (Fig. 3-12). The response of transpiration to 

precipitation is negligible at most of the sites and seasons except at Paine Run in spring 

(negative), summer (positive) and fall (negative) under RCP4.5. Under RCP8.5, precipitation has 

a negative impact on transpiration at most of the sites in most seasons except the three high-

latitude sites in summer. Latitude increases the response of transpiration to precipitation under 

RCP8.5. Other impacts of latitude or elevation on the responses of transpiration to temperature or 

precipitation are negligible. 

The more integrated in-stream variables including calcium concentrations and ANC have 

more mixed responses to temperature and precipitation than NPP or transpiration depending on 

season, site, and climate change scenarios. ANC’s response to climate change is enhanced by 

elevation under both scenarios (Fig. 3-13), while latitude enhances the response under RCP4.5, 

and to temperature under RCP8.5, but mitigates the response to precipitation under RCP8.5. 

Latitude and elevation play negligible roles in affecting calcium’s response to climate change 

(Fig. 3-14).  



 

 

1
1
6

 

Fig. 3-12a Transpiration’s sensitivity to Temperature (top) and Precipitation (bottom) change without (left) and with deposition change (-50%: 

middle and +50%: right) by seasons (y-axis from top to bottom each season grouped by sites are spring, summer, fall, and winter) under RCP4.5. 
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Fig. 3-12b Transpiration’s sensitivity to Temperature (top) and Precipitation (bottom) change without (left) and with deposition change (-50%: 

middle and +50%: right) by seasons (y-axis from top to bottom each season grouped by sites are spring, summer, fall, and winter) under RCP8.5. 
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Fig. 3-13a ANC’s sensitivity to Temperature (top) and Precipitation (bottom) change without (left) and with deposition change (-50%: middle and 

+50%: right) by seasons (y-axis from top to bottom each season grouped by sites are spring, summer, fall, and winter) under RCP4.5. 
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Fig. 3-13b ANC’s sensitivity to Temperature (top) and Precipitation (bottom) change without (left) and with deposition change (-50%: middle and 

+50%: right) by seasons (y-axis from top to bottom each season grouped by sites are spring, summer, fall, and winter) under RCP8.5. 
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Fig. 3-14a Stream calcium’s sensitivity to Temperature (top) and Precipitation (bottom) change without (left) and with deposition change (-50%: 

middle and +50%: right) by seasons (y-axis from top to bottom each season grouped by sites are spring, summer, fall, and winter) under RCP4.5. 
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Fig. 3-14b Stream calcium’s sensitivity to Temperature (top) and Precipitation (bottom) change without (left) and with deposition change (-50%: 

middle and +50%: right) by seasons (y-axis from top to bottom each season grouped by sites are spring, summer, fall, and winter) under RCP8.5. 
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3.4 Discussion 

3.4.1 Uncertainty in regional pattern of climate change impact 

Climate models show that warming is faster at higher latitudes and elevations 

(Lee, 2014; Pepin et al. 2015; Wang et al. 2014; Wang et al. 2016; Serreze et al. 2000, 

Rangwala et al. 2013).  In addition, seasonal change of climate shows strong variability 

among temperate forest regions due to differences in latitude, topographic features (e.g., 

mountains) and proximity to the ocean (Gilliam, 2016). However, research on latitudinal 

and elevational responses of forested ecosystems to climate change is limited. 

As biogeochemical processes, climate change scenarios, seasons, vegetation 

types, and soil types etc. act at multiple spatial scales, prediction of complicated 

latitudinal and elevational patterns of climate change impacts and synthesis of regional 

impacts involve large uncertainties. Quantifying these uncertainties is essential for more 

efficient forest management, but uncertainty estimates are not often provided in previous 

evaluations. A modeling technique that can assimilate errors from different sources at 

multi-scales to quantify uncertainties in model predictions is needed. Bayesian multi-

level models provide such a tool which I applied in my study to synthesizing the response 

of the key biogeochemical variables to temperature and precipitation across different 

latitudes and elevations.  

Bayesian frameworks are capable of exploiting diverse sources of information at 

multiple scales to account for uncertainties and prior information and have the ability to 

draw inferences on large numbers of inferred variables and parameters that describe 

complex relationships (Clark, 2005; Clark & Gelfand, 2006, Wu et al. 2018). The 

simulation results are informative and uncertainties can be quantified using credible 
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intervals from resulting model posteriors (Wu et al. 2012a; Wu et al. 2012b). Bayesian–

based models have previously been applied to forest ecosystem models at the site 

scale/watershed scale (Augustynczik et al. 2017, Clark et al. 2013, Keenan 2015).  

The Bayesian multi-level (regional, site and season-scale) models developed 

herein show potential seasonal effects of temperature and precipitation (seasonal scale), 

combined with latitude and elevation (site scale) on NPP, transpiration, calcium 

concentration in streams, and ANC in streams. The resultant posterior probabilities 

demonstrate the complexity of spatial and seasonal patterns of the responses of forested 

ecosystems to climate change. Even though the medians of the posteriors of the 

coefficients for season-specific temperature and precipitation, and site-scaled latitude and 

elevation may not be close to 0 (average response), some posteriors include 0, showing a 

lack of significant effects of these variables on the key biogeochemical variables at some 

sites and in some seasons. In general, how latitude or elevation affects the temperature’s 

impact are more defined as positive or negative with more of the 95% or 50% credible 

intervals being positive or negative compared to the impact of precipitation. Larger 

uncertainty involved in the forest’s response to precipitation has also been investigated in 

other areas (Nielsen & Ball, 2014; Campo, 2016; Duveneck & Thompson, 2017; Jeong et 

al. 2018). 

The sensitivity of NPP to climatic changes in temperature and precipitation has 

implications on forest carbon sequestration. Warming is predicted to increase NPP in all 

seasons except summer, with the largest NPP increases per unit of temperature in the 

spring followed by fall and winter. However, the magnitude of positive effects in spring 

and negative effects in summer are similar. These findings are consistent with the 
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previous work that suggests higher primary production in spring may by followed by 

greater respiration, resulting in decreased NPP, particularly in summer when precipitation 

is low and evapotranspiration is high (Oishi et al. 2018; Liu & Wu, 2020, Duveneck & 

Thompason 2017). On the other hand, increased precipitation tends to decrease NPP at all 

sites in summer under both RCP4.5 and 8.5 and at the three sites in SNP in fall under 

RCP8.5. Even under this more aggressive warming scenario, increases in NPP with 

higher precipitation is not predicted among the sites and seasons. Note the five sites I 

studied generally have abundant precipitation under the current and changing climate 

scenarios, so my findings cannot be extrapolated to regions where water availability is 

limited. Furthermore, increased NPP due to warming does not necessarily increase either 

soil organic carbon or carbon sequestration over long periods if the increased NPP is 

mainly stored in aboveground biomass (Suddick et al. 2013; Oishi et al. 2018).   

All 95% credible intervals of the effect of latitude and elevation contain 0 while 

some 50% credible intervals do not, showing the general lack of significant spatial 

patterns along latitude or elevation, though they impact the sensitivity of the key 

biogeochemical variables to temperature or precipitation to some degree. In addition, the 

effect of latitude or elevation on precipitation’s impact is even less significant. Note I 

only applied five sites in my study. Latitudinal and elevational patterns of the impact of 

climate change on forested ecosystems has been studied yet no consistent conclusion has 

been drawn (Serreze et al. 2000; Hwang et al. 2014; Pepin et al. 2015). The complexity is 

enhanced by different dominant vegetation species, which is only coarsely represented by 

hardwoods in my model simulations. The dominant species in the SNP is chestnut oak 
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(aka dry oaks), while the dominant species in the Coweeta Basin include dry mixed oaks 

at low elevation and mesic mixed oaks at high elevation (Knoepp et al. 2008).  

The PnET-BGC model is a deterministic model which cannot account for all 

uncertainties of climate projections which likely influence biogeochemical simulations, 

though I considered different climate models (four climate models) and RCPs (RCP4.5 

and 8.5). Furthermore, climate is determined by the local environment as well as by 

global-scale climatic variability such as El Niño-Southern Oscillation (ENSO). In my 

study, I find that the values of PC1, which represent transpiration, ANC, and stream base 

cations, were lower during the strong El Niño years when the Oceanic Nino Index (ONI) 

is large from 1950 to 2015 (Fig. 3-15) in the SNP. This is consistent with the finding at 

the Coweeta Basin (Chapter 2), although the relation at SNP is weaker. Current climate 

models can only coarsely predict ENSO which could introduce more uncertainty on the 

response of forested ecosystems to climate change (Smith et al. 2015; Wang et al. 2019). 

In face of these large uncertainties, policy making, and conservation management call for 

flexible climate adaption and mitigation strategies (Drechsler 2020; Martens et al. 2020). 

For instance, Keenan (2015) has reviewed a number of measures used on adaptive forest 

management that aims to reduce the vulnerability of forest to increasing threats (such as 

drought, flooding, insects, and disease, etc.) and ‘shocks from natural disasters or 

extreme events’ (such as hurricanes and wildfires, etc.), or to enhance forest’s resilience 

to climate progressive or extreme changes (such as CO2, high heat or freezing, spatial and 

temporal unevenly precipitation distribution etc.). Since changing climate impacts to a 

forest will vary locally, management needs to be flexible in ways that meet the specific 
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needs of the local conditions (Innes et al. 2009), which often requires ‘multiple forms of 

knowledge and new approaches to forest management decisions (Keenan 2015). 
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Fig. 3-15 ENSO Oceanic Niño Index vs. PC1 scores in PR (top), SR (middle), and WOR 

(bottom) (strong El Niño years are highlighted with red vertical lines). 
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WOR ONI vs. PC1 (Jan to Apr)
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Fig. 3-15 Continued. 

3.4.2 Combined effect of acidic deposition and climate change 

There is very limited research on the impact of combined changes in acidic 

atmospheric deposition and climate on biogeochemical cycles (Wu & Driscoll, 2010; 

Greaver, et al. 2016; Lu et al. 2018; Robison & Scanlon, 2018; Wason et al. 2019). Wu 

and Driscoll (2010) show that critical load of sulfate and nitrogen based on the critical 

values of ANC will be smaller under climate change scenarios, indicating that water 

quality improvements require more substantial reductions in acidic deposition under 

changing climate compared to the current climate. 

My study shows atmospheric acidic deposition changes are predicted to shift the 

response of key biogeochemical variables to temperature and precipitation depending on 

the variables studied, seasons focused, and climate change scenarios considered (Fig. 3-

11 to 3-14). Among the four variables studied, NPP shows minimal response to acidic 

deposition, which may indicate that nitrogen is not limiting, especially for mature forests 
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where NPP is not projected to increase with increased nitrogen availability (Swank & 

Vose, 1997). 

The lack of response of NPP to nitrogen additions indicates these ecosystems are 

nitrogen saturated (Aber et al. 1989, Aber et al. 2002). The different temporal trends of 

nitrate concentration between Coweeta Basin and SNP, i.e., increasing from 1970 to 

present at the Coweeta Basin, and decreasing from 1980 to present at the SNP, suggests 

Coweeta Basin has experienced nitrogen saturation while SNP has not. It helps explain 

why increasing nitrogen deposition at the Coweeta Basin leads to loss of base and 

nutrient cations, lower ANC, more acidified soil, and possibly lower primary productivity 

(Bowman et al. 2008; Horswill et al. 2008). Based on the increasing nitrate concentration 

in streams and increasing NPP (Swank & Vose 1997), the watersheds at the Coweeta 

Basin are in transition from stage 1 (nitrogen unsaturated condition) to stage 2 (impact of 

increased nitrate in streamflow still subtle) (Aber et al. 1989). In contrast, the SNP 

watersheds are not experiencing nitrogen saturation (stage 0) based on decreasing stream 

nitrate concentrations and decreasing NPP following the decreasing nitrogen until 

recently when NPP started to increase without increases in nitrate concentrations.  

My study shows that changes in acidic deposition do not influence latitudinal or 

elevational effects on biogeochemical responses to temperature and precipitation. I 

applied the same magnitude of acidic deposition changes across all five sites. In reality, 

the change in acidic deposition may show spatial variability, which adds complexity to 

the evaluation of the combined effects of shifts in climate and acidic atmospheric 

deposition.   



 

129 

 

Atmospheric deposition of both nitrate and ammonium, especially dry deposition, 

has been decreasing since 1970s after passage of the Clean Air Act, however, emissions 

of ammonia (NH3) are likely to increase as agriculture activity increases (Rice, et al. 

2014; Ellis et al. 2013; Kanakidou et al. 2016; Li et al. 2016). It is probably worth 

investigating the impact of change of nitrogen deposition alone, then combined with 

change of climate, on forest ecosystems in a future study. 

The majority of the biogeochemical variables show nonlinear responses to acidic 

deposition change. This indicates the unequal response of these processes to increases 

and decreases of acidic deposition. For example, the increase of ANC with the decrease 

of acidic deposition at WS18 and SR will be smaller than the decrease of ANC with the 

same magnitude of increase of acidic deposition. This shows slower recovery of the 

systems even though acidic deposition decreases. Recovery rate of ANC under decreased 

acidic deposition and its positive relation to elevation has been studied in Wu and 

Driscoll (2012), which is consistent with my study that lower elevations like WS18 and 

SR show a slower recovery rate of ANC (Fig. 3-8). 

3.4.3 Disturbance 

The impact of natural wildfire on watershed hydrology largely depends on fire 

intensity, frequency, and duration (Yao, 2003). Generally, watershed streamflow will 

increase in the early years of forest fire recovery due to lower evapotranspiration rates 

and reduced water holding capacity through loss of soil organic matter and increased soil 

bulk density (Verma et al. 2019). Meanwhile, peak flows and low flows are more 

frequent due to lack of vegetation buffering (Niemeyer et al. 2020). In my work, I did not 

detect increasing annual streamflow after fire at PR, however, the ratio of peak to low 
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flows increased after fire, compared to either pre-fire at the same watershed, or to WOR 

and SR, which indicates that fire disturbance made PR more vulnerable to flash flooding 

and drought. 

I also compared the stream chemistry before and after the large fire event since 

soil and vegetation nutrients can be released and leached into streams (McColl & Grigal, 

1977). In my results, I detected increases in Ca2+ and K+ fluxes. Other more conservative 

elements such as Na+ and Cl- increased at a much smaller magnitude compared, probably 

attributed to precipitation increases. Flux of NO3
- quickly dropped to near zero 

suggesting its quick uptake due to vegetation recovery. In addition, increased SO4
2- 

indicates that forest floor burning released sulfate from the soil (Lydersen et al. 2014). 

Soil in the southern and central Appalachians generally has high SO4
2- due to its large 

adsorption capacity of atmospheric SO4
2- from coal combustion (Cosby et al. 2006). 

Other disturbances such as hurricanes need to be further investigated as the 

frequency and intensity of hurricanes are projected to increase under climate change. 

Hurricane’s impact on forest has been studied previously and the most direct impacts of 

hurricanes are blowdown of trees and large inputs of precipitation, which could cause 

short- or long-term release of nutrients, soil loss, and change in streamflow (Webster et 

al. 1992; Elliott et al. 2002). For watersheds controlled by marine climate, hurricanes can 

also pour large amounts of seawater-rich elements such as SO4
2-, Cl-, Ca2+, Mg2+, and 

Na+ on them (Heartsill-Scalley et al. 2007). 

3.4.4 Implications for water quantity and water quality 

Transpiration is important to vegetation function, hydrological cycle, and energy 

balance of the earth and it is predicted to increase with rising temperature. It could lead to 



 

131 

 

negative feedbacks that could reduce surface temperature. However, the increase of 

transpiration may be offset by a negative response to increased precipitation in the region.  

Though streamflow is predicted to increase in the five watersheds, it does not 

directly lead to less concerns on water supply downstream, as the extreme hydrological 

events play an important role in actual water supply. Similar to Chapter 2, the flooding 

and drought under future climate (2081 to 2100) compared to current climate (1992 to 

2011) at the SNP (Table 3-5) are predicted to become more frequent than in the current 

climate, except PR under RCP8.5. Furthermore, flooding is more frequent under RCP4.5 

than RCP8.5 at PR and WOR, probably due to the higher precipitation projections in the 

HadGEM2 climate model under RCP4.5 than under RCP8.5. Furthermore, the 

streamflow becomes larger at the same return period in the changing climate scenario 

than in the current climate scenario for both RCP4.5 and 8.5 (Table 3-6). 

ANC is an important indicator for water quality (Stumm & Morgan, 1981). ANC 

decreases in general, responding to climate change (Robison & Scanlon, 2018), more so 

under RCP8.5 than RCP4.5. The reduction will have important implications on acid-

sensitive biota such as Brook Trout population (Bulger et al. 1995), especially in SNP 

where ANC tends to be smaller than at Coweeta Basin. The response of biota to ANC 

shows threshold behavior, meaning a sudden shift occurs once ANC drops below a 

threshold value, like 0, 25, or 50 µeq/L. I find the ANC are below thresholds for longer 

time periods under future climate change scenarios compared to the current climate 

scenario, indicating potential impairment to the biota. 
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Table 3-5. Duration of flooding and drought (unit: months) at two watersheds, based on 

flooding thresholds) (unit: cm/mo) 
 

PR SR WOR  
drought 

(<0.66) 

flooding 

(>6.0) 

drought 

(<2.5) 

flooding 

(>8.0) 

drought 

(<0.69) 

flooding 

(>6.0) 

Current 66 36 66 54 77 66 

CM1_rcp4.5 59 76 121 63 106 94 

CM1_rcp8.5 70 60 131 58 112 76 

CM2_rcp4.5 58 134 80 124 69 147 

CM2_rcp8.5 46 91 111 92 96 108 

CM3_rcp4.5 103 62 153 55 146 72 

CM3_rcp8.5 69 91 117 88 105 105 

CM4_rcp4.5 66 92 111 81 100 106 

CM4_rcp8.5 52 97 107 89 92 119      
  

current 66 36 66 54 77 66 

RCP4.5_avg* 72 

(8.3%) 

91 

(153%) 

116 

(76.1%) 

81 

(49.5%) 

105 

(36.7%) 

105 

(58.7%) 

RCP8.5_avg* 59 

(-10.2%) 

85 

(135%) 

117 

(76.5%) 

82 

(51.4%) 

101 

(31.5%) 

102 

(54.5%) 

Note: The numbers in brackets indicate increasing percentage compared to current 

results. The thresholds for flooding were determined based on current streamflow data 

(1992 to 2011) and using mean residual life plot to depicts the thresholds vs. mean excess 

flow and fitting the Generalized Pareto distribution (GPD) model over a range of 

thresholds in determination of the final thresholds, and the drought level is based on the 

30% quantile of observed streamflow, the same to Coweeta Basin study.
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Table 3-6. Flooding frequency analysis under both current and future climate at PR, SR, and WOR 

 Return Period 

(Years) 
Return level (cm/mo) 

  
Current S1* S2 S3 S4 S5 S6 S7 S8 RCP4.5 RCP4.5* RCP8.5 

PR 

2 12.8 18.3 19.9 70.7 32.6 37.0 45.5 28.7 25.1 38.7 28.0 30.8 

5 16.8 24.5 27.4 93.2 44.6 57.2 63.8 41.5 32.2 54.1 41.1 42.0 

10 19.6 29.2 33.2 110.3 54.1 75.4 78.5 53.0 37.4 67.0 52.5 50.8 

20 22.1 34.1 39.2 127.4 63.9 96.4 94.1 66.3 42.4 81.1 65.6 59.9 

50 25.2 40.7 47.5 150.1 77.5 129.3 116.2 87.1 48.6 101.8 85.7 72.5 

100 27.3 45.8 53.9 167.3 88.3 158.7 134.0 105.7 53.2 119.4 103.4 82.4 

SR 

2 17.5 20.3 20.7 72.4 33.4 39.8 47.5 29.9 26.3 40.6 30.0 32.0 

5 22.1 26.0 28.6 92.6 46.7 59.5 66.9 44.2 33.9 55.6 43.2 44.0 

10 25.5 30.1 35.1 107.0 58.0 76.0 82.9 57.6 39.7 67.7 54.6 53.9 

20 28.7 33.9 42.3 120.8 70.5 94.2 100.2 73.8 45.4 80.7 67.3 64.6 

50 32.8 38.6 52.6 137.9 89.2 120.8 125.3 100.6 53.0 99.5 86.7 80.0 

100 35.8 41.9 61.2 150.2 105.0 143.2 146.0 125.8 58.7 115.3 103.6 92.7 

WOR 

2 13.2 20.6 21.0 73.5 34.4 39.9 48.9 31.4 26.6 41.4 30.6 32.7 

5 17.8 25.9 28.4 99.2 45.8 60.0 66.7 45.5 33.4 57.7 43.8 43.6 

10 21.5 29.5 34.1 119.6 54.6 77.4 80.5 58.0 38.1 71.1 55.0 51.8 

20 25.5 32.8 39.9 140.9 63.4 96.9 94.7 72.5 42.5 85.8 67.4 60.1 

50 31.0 36.7 47.8 170.5 75.2 126.5 113.9 95.1 48.0 107.2 86.1 71.2 

100 35.4 39.3 53.9 194.1 84.2 152.1 128.7 115.3 51.8 125.2 102.2 79.7 

Note: S1 through S8 represents climate model 1 to 4 RCP4.5 and 8.5 scenarios (*: S1, S3, S5, and S7 are climate model 1 to 4 under 

RCP4.5 scenario and S2, S4, S6, and S8 are climate model 1 to 4 under RCP8.5 scenario). In table above is the return level estimate of 

current climate streamflow flooding (data used are 1992-2011 at PR and SR, and 1988-2010 at WOR) using L-moments method. * is 

calculated without S3 (i.e., Climate model 2 RCP4.5). 
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3.5 Conclusion 

Climate change alters forest ecosystem processes in a way that increases potential 

risks to forest sustainability. How to take advantage of potential benefits (such as 

increased NPP) and mitigate the negative consequences (such as droughts, floods and 

subsequent soil nutrient losses) in forest management with large uncertainties is 

challenging. My study presents some important findings that are under-studied at the 

regional scale with uncertainties accounted for.  

The impacts of climate change on forest processes showed strong seasonality. 

Changes in acidic atmospheric deposition rates will likely further shift the seasonal 

impacts, and the magnitude will depend on local conditions such as deposition history, 

soil properties, vegetation composition, precipitation and temperature, as well as latitude 

and elevation. The large uncertainties involved in the responses of forest processes to 

climate change and depositional change call for more flexible adaption plans to mitigate 

the adverse impact of climate change on forest management.   
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CHAPTER IV CONCLUSION 

The rapid increase in the global human population and activities has driven 

accelerated changes in global climate and atmospheric deposition especially in the last 

several decades and these changes are projected to continue into the future. Forest 

ecosystems, one of the main natural resources that can mitigate the impact of climate 

change through sequestering carbon dioxide, lowering air and surface temperatures, 

buffering storms and drought, and absorbing acidic deposition, are under great stress. As 

climate models predict greater warming tendency at higher elevations (Lee, 2014; Pepin 

et al. 2015; Wang et al. 2014; Wang et al. 2016; Serreze et al. 2000, Rangwala et al. 

2013), high-elevation forests will likely experience higher risks under climate change 

than low-elevation forests. Furthermore, the negative effects of acid deposition on forests 

are magnified at higher elevations (over 4,000 feet) due to a much greater volume of 

precipitation there (Lewis, 2011). The research on the combined impacts of change in 

climate and acidic deposition is limited and requires more research attention. How to 

better manage, conserve, and restore high-elevation forest ecosystems is important, but 

challenging, due to the complexity involved in the responses of vegetation, soil, and 

streamflow to the combined changes in climate and atmospheric deposition in these 

ecosystems. 

My research findings will facilitate more-informed policy making in forest 

ecosystems and natural resource management through an improved understanding of key 

hydrological and biogeochemical cycles. These findings apply to forests in the central 

and southern Appalachians of the U.S. in response to medium to aggressive climate 

change scenarios and low to high atmospheric depositions of nitrogen and sulfur. In 
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addition to the average response of forested ecosystems to a changing environment, I 

consider the effects in extreme hydrological and acidic deposition events, change-points 

over time, and potential thresholds of temperature and precipitation. The threshold-based 

concepts have rarely been tested in forests, probably due to the difficulty of predicting the 

range of forests’ responses to climate change arising from the large heterogeneity across 

spatial and temporal scales. However, the thresholds emphasize abrupt change points and 

nonlinear (or rarely linear) responses of forest ecosystems to abiotic and biotic drivers, 

and can guide natural resource management with proper use, for example, by providing 

early warning signs of ecosystem transitions (Munson et al. 2018). 

To better present the impact of climate change at the five studied watersheds in 

this work, I summarized the changes of the 17 model-derived key watershed process 

variables in each season between current (1986-2015) and future (2071-2100 for both 

RCP4.5 and 8.5) scenarios, particularly, the directions of the changes and the significance 

levels of the statistical tests (Table 4-1). The following can be concluded: 

In vegetation: most GPP and NPP are predicted to increase significantly. 

However, during summer and at higher latitude sites, GPP and NPP will be significantly 

negatively impacted. This can be explained by higher water stress during this season 

coupled with less precipitation input at the SNP locations (compared to CWT sites). 

Additionally, RCP8.5 generally shows more significant reduction than RCP4.5 in both 

GPP and NPP, especially during summer and at the higher latitude sites.  

In hydrology: transpiration will significantly increase during almost all seasons 

and across all sites as both precipitation and temperature are projected to increase from 

present day to the end of this century. However, all three SNP watersheds, having 
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relatively less precipitation input compared to the two CWT watersheds, show a non-

significant decline in transpiration. Streamflow at CWT is trending to increase in winter 

and spring seasons and decrease in summer and fall seasons, but the predicted future 

changes are not significantly different from current conditions. For SNP watersheds, all 

seasons under RCP4.5 and summer and winter under RCP8.5 are predicted to have higher 

streamflow, which is most likely caused by less vegetation production and reduced 

transpiration. 

In soil: base saturation across all sites and seasons is predicted to significantly 

decrease, which indicates a greater loss of base cations from the soil under changing 

climate. Along with the reduction of base saturation, the Al:Ca ratio is predicted to 

increase significantly at all seasons under both RCP4.5 and 8.5 at CWT and all seasons 

under RCP4.5 at SNP. Additionally, most nitrogen processes are negatively impacted, 

such as gross nitrogen mineralization and immobilization. For the net nitrogen 

mineralization, results are complicated due to counteracting processes being involved at 

the same time. 

In streamwater chemistry: The concentration of major cations and sulfate are 

predicted to significantly decrease, even though soil loss of cations to nearby water flows 

(streams) are predicted to increase, probably due to the higher streamflow (not 

necessarily statistically significant though). ANC also shows similar results across most 

of the five sites (except WOR and WS27 during certain seasons). The change of nitrate 

concentration can increase or decrease depending on the site, season, and climate change 

scenario. 
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From the discussion of the above four processes, I conclude that under future 

climate change scenarios, most watersheds’ processes will be significantly negatively 

impacted, and RCP8.5 will generally have greater negative impacts than RCP4.5. 

Particular sites in higher latitude and lower elevation are more sensitive and vulnerable to 

future climate change.   
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Table 4-1. Significance test of 17 watershed state variables between current (1986-2015) and future (2071-2100) for five studied watersheds 

 
WS18 WS27 

RCP4.5 RCP8.5 RCP4.5 RCP8.5 

Spr Sum Fall Win Spr Sum Fall Win Spr Sum Fall Win Spr Sum Fall Win 

GPP *** *** *** *** *** - *** *** *** *** *** ** *** *** *** *** 

NPP *** - *** *** *** *** *** *** *** *** *** - *** *** *** *** 

Totlitter *** *** *** - *** *** *** *** *** *** *** *** *** *** *** *** 

Mg2+ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

K+ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

Ca2+ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

NO3
- *** *** *** *** *** *** *** *** *** *** *** *** *** ** *** *** 

SO4
2- *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

ANC *** *** *** *** *** *** *** *** ** - - *** *** * * - 

Streamflow - - - - - - - * - - - - - - - ** 

Trans *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

Al/Ca *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

BS *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

GrossNMin - - - ** *** *** *** *** - - - ** - ** - ** 

GrossNImmob *** *** *** *** *** *** *** *** * - - * * - ** *** 

NetNMin *** *** - - *** *** * - - - - *** - *** * - 

Nuptake *** *** * ** *** *** ** *** * - - - *** *** *** *** 

Note: * indicates 0.01<p <0.05; ** indicates 0.001 < p <0.01; *** indicates p <0.001; and – indicates no significant difference has been detected. 

Color green means increasing from current to the future (red means decreasing). In each season from 1986 to 2000 and from 2071 to 2100, 

monthly climate data were averaged first, then the 30 data points in each of the current and changing climate scenarios were checked for temporal 

autocorrelation (“acf” function in R) and normality (Shapiro test). As the checks show lack of temporal autocorrelation and met normality 

requirement, t-test was implemented to test whether the seasonal climate variables under current and changing climate scenarios were statistically 

significant different or not.  
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Table 4-1. (Continued.) 

 
PR SR 

RCP4.5 RCP8.5 RCP4.5 RCP8.5 

Spr Sum Fall Win Spr Sum Fall Win Spr Sum Fall Win Spr Sum Fall Win 

GPP *** *** *** ** *** *** *** *** *** *** *** ** *** *** *** *** 

NPP *** *** - - *** *** *** *** *** *** ** ** *** *** *** * 

Totlitter - *** *** *** - *** *** ** ** *** *** *** ** *** *** *** 

Mg2+ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

K+ *** *** *** *** *** *** *** *** *** *** *** *** *** *** ** *** 

Ca2+ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

NO3
- *** ** ** *** *** * *** *** ** - * * *** * *** *** 

SO4
2- *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

ANC *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

Streamflow * *** *** *** - *** - *** * *** *** *** - *** - *** 

Trans *** - *** ** *** - *** *** *** - *** ** *** - *** *** 

Al/Ca *** *** ** *** - - - * *** *** *** *** * * * ** 

BS *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

GrossNMin ** *** *** *** *** *** *** *** - *** *** ** *** *** *** *** 

GrossNImmob *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

NetNMin - ** *** ** ** ** *** *** - - *** - - ** - - 

Nuptake *** ** *** *** * *** ** *** * - - *** *** - - *** 
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Table 4-1. (Continued.) 

 
WOR 

RCP4.5 RCP8.5 

Spr Sum Fall Win Spr Sum Fall Win 

GPP *** *** *** *** *** *** *** *** 
NPP *** *** *** *** *** *** *** *** 

Totlitter *** - *** *** *** ** *** *** 
Mg2+ *** *** *** *** *** *** *** *** 

K+ *** *** *** *** *** *** *** *** 
Ca2+ *** *** *** *** *** *** *** *** 
NO3

- *** * *** ** *** * *** *** 
SO4

2- *** *** *** *** *** *** *** *** 
ANC *** *** *** *** * *** - - 

Streamflow ** *** *** *** - *** - *** 
Trans *** - *** *** *** - *** *** 
Al/Ca *** *** * *** - - - - 

BS * * - * ** - - ** 
GrossNMin - * *** - ** *** *** *** 

GrossNImmob * *** *** ** *** *** *** *** 
NetNMin * * ** - * *** * - 
Nuptake ** - - *** *** *** - *** 

 

My research is a comprehensive study both temporally and spatially. I emphasize 

seasonal variability and account for multiple spatial scales, including season, watershed, 

and regional scales. More importantly, I quantify the uncertainties in the sensitivity of 

key biogeochemical processes to changes in temperature and precipitation, and how 

latitude and elevation as well as changes in acidic depositions impact this sensitivity. This 

uncertainty information was largely lacking in previous studies but is important for 

resource managers to understand in the context of decision making.  

The main findings from Chapter 2 and 3 include:  
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1) Strong seasonal variability exists in the response of biogeochemical cycles to 

climate change, and winter seems to be the season that will be impacted the least. 

(Chapters 2 & 3) 

2) The change-points at the lower elevation and latitude watershed (WS18) were 

mainly driven by temperature, while they were mainly driven by temperature and 

precipitation at the other higher-elevation and/or higher latitude watersheds (WS27, PR, 

WOR, and SR). The main driver of the change points, however, is predicted to be 

precipitation across all five watersheds approaching the end of the 21st century. (Chapters 

2 & 3)  

3) The thresholds of temperature or precipitation depend on the biogeochemical 

processes studied. In general, a small reduction (20%) in precipitation at the higher 

latitudes (with already lower precipitation) can trigger large changes in biogeochemical 

processes compared to the lower latitudes that already have higher precipitation (40% of 

reduction). For instance, there are no identified thresholds of precipitation at WS27 on 

biogeochemical processes except for ANC. On the other hand, a smaller increase in 

temperature at the lower elevation (WS18) can trigger greater changes in biogeochemical 

processes compared to temperature increase at the other four higher-elevation sites. For 

instance, as low as a 1°C increase in temperature can reduce NPP rapidly at WS18. 

(Chapters 2 & 3)    

4) The five forested ecosystems from the southern to central Appalachians will 

potentially experience more frequent streamflow extremes, and longer durations when 

soil and streams are in extreme acidic conditions (below critical chemical limits) under 

future climate change. (Chapters 2 & 3) 
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5) The regional analysis shows that the response of the key biogeochemical 

variables to precipitation is less significant than to temperature across all five sites. 

Winter shows the least sensitivity to potential changes in temperature and precipitation 

among the four seasons, corresponding to the least impact of climate change in winter 

(see Finding 1). (Chapter 3) 

6) Latitude and elevation affect the sensitivity of biogeochemical processes to 

temperature and precipitation, but the effect is marginal. Therefore, the latitudinal and 

elevation patterns of climate change impact are not conclusive based on the five sites I 

studied. (Chapter 3) 

7) Change of atmospheric deposition is predicted to shift the sensitivity of 

biogeochemical processes to temperature and precipitation to different extents based on 

season, biogeochemical processes, scenarios of climate change and atmospheric 

deposition. The shift is distinct in ANC’s sensitivity to temperature and precipitation at 

higher latitudes under both RCP4.5 and 8.5, NPP’s sensitivity to precipitation under 

RCP4.5, and transpiration’s sensitivity to temperature and precipitation under RCP4.5. 

(Chapter 3)  

To summarize and answer the general hypotheses listed in Chapter 1, based on 

my work here, I have concluded: 

1. Future climate will affect the forested watersheds in all four major studied 

processes with the largest impacts focused not only on vegetation (GPP/NPP), but also 

extending to impacts to hydrology (transpiration and discharge), soil (base saturation), 

and stream chemistry (base cations). 
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2. The climate impacts show strong seasonality. Summer generally is 

impacted the most while winter is the least affected season, with spring and fall 

intermediate, even though the exact magnitude will also depend on the processes and 

variables studied. 

3. Across all five studied Appalachian watersheds, higher elevations and/or 

latitudes will likely experience more impact of climate change. 

4. Atmospheric deposition changes shift watersheds’ response to climate 

change, and the magnitude are varied with different processes, variables, and seasons 

focused. Generally, ANC will be lowered and NPP and transpiration at most watersheds 

and under moderate climate change condition (i.e., RCP4.5) is predicted to increase as 

deposition simultaneously increased (SO4
2-, NO3

-, and NH4
+). 

There are a few areas where I envision that improvements in future studies 

relevant to my dissertation research can be made. First, the PnET-BGC model could be 

improved by including a submodule of vegetation community change. Recent studies 

show the critical transitions of vegetation community in mountain forests can change the 

fundamental relationships between foliar N concentration and maximum photosynthesis 

rate that the PnET-BGC is built on (Albrich et al. 2020). This will require close analysis 

of longer-term vegetation community structure where data is available. The modeling 

also needs improved accounting of uncertainties from different sources. Large 

uncertainties exist in predicting forest response to changes in climate and atmospheric 

deposition. I applied Bayesian analysis on the simulation results from the PnET-BGC 

model in the current study. The next step is to run the PnET-BGC model in the Bayesian 

framework so that uncertainties from data, model, parameters, scenarios of climate and 
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atmospheric depositions can be assimilated coherently. This could require higher 

computational power. In addition, soil processes need to be analyzed in more detail, such 

as the decomposition rate of buried organic carbon. Carbon sequestered in the soil can be 

stored for a longer term than in the woody vegetation, therefore, is important to mitigate 

future climate change impacts (Ontl and Schulte 2012). Furthermore, the impact of 

changes in ammonia deposition and climate on forested ecosystems needs further study. 

Ammonia deposition has increased due to agricultural activities (Butler et al. 2016) and is 

predicted to increase further in response to rising food demand. In the current study, I 

changed the deposition of ammonia, nitrate, and sulfate simultaneously, whereas the 

change of ammonia deposition itself is worth investigating in more detail. 

The modeling approach used herein has advantages and disadvantages. To better 

use the model to solve ecological problems, it largely depends on the questions asked. 

PnET-BGC is a monthly lumped dynamic model that lowers the frequency requirement 

of observation data as input which inevitably sacrifices predictability for specific 

processes. Even though I successfully calibrated this model and applied it to predict the 

forest ecosystems’ response to changes in climate and atmospheric deposition, 

uncertainties in the results could be substantial. A number of ecosystem processes are not 

included and accounted for, such as, change of forest composition over time, adaption of 

vegetation community structure to ambient environmental conditions, reproduction of 

vegetation (i.e., seeding and saplings), and soil microbial activities, etc. Therefore, 

precautions need to be taken to interpret the model simulations, and a balance needs to be 

considered between current knowledge, data available, the question to be investigated, 

and complexity of models applied. 
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In summary, interactions of atmospheric deposition and climate changes will 

impact high-elevation forests with primarily negative impacts, but with some positive 

effects. Though the impacts depend on watershed, season, different scenarios of climate 

and atmospheric deposition, and biogeochemical processes, some modeled predictions do 

have higher confidence than others. Streamflow will likely become more acidic, affecting 

the biota living in it. Transpiration will likely increase, potentially decreasing local air 

and surface temperature and, therefore, mitigating local temperature increase. NPP likely 

increases mostly in the spring, followed by fall and winter, but this increase could be 

offset by a decrease in NPP during the summer. Flooding and drought events will likely 

become more frequent and longer. As low as 1 °C of increase in temperature can lead to a 

rapid reduction of NPP in some watersheds. More importantly, we are facing an even 

more uncertain future than previously thought, based on 1) the prediction for 

precipitation is more uncertain than for temperature (IPCC, 2014), 2) precipitation is 

going to be the main driver for future change-points (my finding), and 3) the sensitivity 

of key biogeochemical processes to precipitation involves larger uncertainties than to 

temperature (my finding). Considering the change that may occur in high-elevation 

forests directly influences ecosystems downslope and downstream and the very uncertain 

future projections, immediate measures should be taken to protect, conserve and restore 

these high-elevation forests. The improved understanding of forests’ nonlinear responses 

to a changing environment gained from my research can potentially enhance policy 

making in forest management even with large uncertainties. For example, detection of 

early warning signs of regime shift, detection of hotspots for conservation, and selection 

of species planted in restoration, etc.
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Fig. S2-1a WS18 comparison of Discharge between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S2-1b WS27 comparison of Discharge between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S2-2a WS18 comparison of GPP between current (1986-2015) and future climate 

scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S2-2b WS27 comparison of GPP between current (1986-2015) and future climate 

scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S2-3a WS18 comparison of stream Ca2+ between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S2-3b WS27 comparison of stream Ca2+ between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S2-4a WS18 comparison of stream K+ between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S2-4b WS27 comparison of stream K+ between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S2-5a WS18 comparison of stream SO4
2- between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models 
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Fig. S2-5b WS27 comparison of stream SO4
2- between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models  
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Fig. S2-6a WS18 comparison of base saturation between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models 
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Fig. S2-6b WS27 comparison of base saturation between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models 
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Fig. S2-7a WS18 comparison of gross nitrogen mineralization between current (1986-

2015) and future climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate 

models 
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Fig. S2-7b WS27 comparison of gross nitrogen mineralization between current (1986-

2015) and future climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate 

models   
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Fig. S2-8a WS18 and WS27 climate (Temperature) changing points (top right – WS18 

RCP4.5, bottom right – WS18 RCP8.5, top left – WS27 RCP4.5, and bottom left – WS27 

RCP8.5) 
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Fig. S2-8b WS18 and WS27 climate (Precipitation) changing points (top right – WS18 

RCP4.5, bottom right – WS18 RCP8.5, top left – WS27 RCP4.5, and bottom left – WS27 

RCP8.5) 
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(A) 

 

(B) 

 

Fig. S2-9 PC1 scores in January to April from 1950 to 2015 vs. Oceanic Niño Index (ONI) at (A) 

WS18 and (B) WS27  
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Fig. S2-10 PC1 score vs. ONI at El Niño years at both WS18 and WS27 
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Table S2-1. CWT WS18 and WS27 Climate and calibration data (monthly) 
   Observation data Source 

WS18 

Climate 

Tmax 
1985.01 - 2015.12 (1935.04 - 1984.12 using WS01 and WS18 regression between 

1985.01 and 2015.12) 
USDA FS 

Tmin 
1985.01 - 2015.12 (1935.04 - 1984.12 using WS01 and WS18 regression between 

1985.01 and 2015.12) 
USDA FS 

Rain 
1936.08 - 2015.12 (1934.08 - 1936.07 using WS01 and WS18 regression between 

1936.08 and 2015.12) 
USDA FS 

Solar 2010.05 - 2011.12 (1980.01 - 2010.04 using DayMET) USDA FS 

Deposition 

wet 1978.01 - 2015.12 (1930.01 - 1977.12 using SO2 emission for SO4
2-) NADP 

dry 
1987.11 - 2015.12 (1978.01-1987.10 using monthly dry/wet deposition ratio 

derived with 1987.11-2015.12 data) 
CASTNET 

WS27 

Climate 

Tmax 1992.05 - 2015.12 (1935.04 - 1992.04using WS01 regression) USDA FS 

Tmin 1992.05 - 2015.12 (1935.04 - 1992.04 using WS01 regression) USDA FS 

Rain 
1958.04 - 2011.12 (1934.08 - 1958.03 and 2012.01-2015.12 using WS01 

regression) 
USDA FS 

Solar 2010.05 - 2011.12 (1980 - 2010 using DayMET) USDA FS 

Deposition 

wet 1978.01 - 2015.12 (1930.01 - 1977.12 using SO2 emission for SO4
2-) NADP 

dry 
1987.11 – 2015.12 (1978.01-1987.10 using monthly dry/wet deposition ratio 

derived with 1987.11-2015.12 data) 
CASTNET 

Vegetation SHWDS - southern hardwoods  

Soil chemistry varied soil chemistry from publications   

Soil properties STATSGO  

Discharge 1936.07 - 2015.12 for WS18 and 1946.11 - 2015.12 for WS27 USDA FS 

Water chemistry 1971.09-2014.12 for WS18 and 1971.09-2014.12 for WS27 USDA FS 
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Table S2-2. WS18 and WS27 past, current, and future (RCP4.5 and RCP8.5) seasonal climate 

 Spr Sum Aut Win Mean Differ.② Var.③ 

 Climate① Temperature (oC) 

WS18 

Past 12.9 21.6 13.6 4.8 13.2   

Current 13.9 22.5 14.6 5.2 14.1 0.8*  

RCP4.5 16.7 25.2 17.1 7.0 16.5 2.45^ 0.5 

RCP8.5 18.6 27.5 19.2 9.2 18.6 4.58^ 0.4 

WS27 

Past 9.0 17.9 9.8 0.8 9.4   

Current 10.2 18.9 10.4 1.4 10.2 0.9  

RCP4.5 13.1 21.7 13.0 3.1 12.7 2.50 0.5 

RCP8.5 15.0 24.4 15.2 5.4 15.0 4.78 0.6 

  Precipitation (cm/mo) 

WS18 

Past 16.9 15.6 12.7 19.6 16.2   

Current 14.7 13.8 15.3 17.2 15.3 -1.0  

RCP4.5 19.8 15.7 15.8 20.2 17.9 2.63 1.9 

RCP8.5 20.2 17.1 16.8 22.8 19.2 3.98 2.0 

WS27 

Past 20.0 18.4 15.3 23.0 19.2   

Current 18.4 17.7 19.4 20.8 19.1 -0.1  

RCP4.5 23.3 18.8 19.7 23.4 21.3 2.23 2.0 

RCP8.5 22.5 19.0 20.8 24.9 21.8 2.73 1.6 

In this table, seasonal average climate in: ① – past climate between 1936 and 1965, – current climate between 1986 and 2015, and – 

future climate between 2071 and 2100 from four GCMs under either RCP4.5 or RCP8.5 scenario; ②– current climate minus past 

climate (*) or future climate minus current climate (^); ③: seasonal variability – future climate minus current climate.  For seasons: 

Spr – March to May, Sum – June to August, Aut – September to November, and Win – December to February. 

  



 

 

 

1
6
7

 

 

 

 

Table S2-3. Other variables PnET-BGC simulation vs published data 

  
Simulations-

WS18 

Simulations- 

WS27 

Measured Sources 

NPP (kg/ha/yr) 

Aboveground (wood 

and foliage) 

8,882 

(1971-1980 

average) 

7,230 

(1971-1980 

average) 

7,965  Day and Monk, 1977 at WS18 

Base saturation (BS, 

%) 

24.9 

(2001- 2010 

average) 

4.0 

(2001- 2010 

average) 

9.2 – 19.7 (top soil: <10 cm, soil: 

10-30 cm, and bottom soil: 30-

90 cm) 

USDA FS 2008 soil survey provided by 

USDA FS Southern Research Station at 

Coweeta, NC 

Net nitrogen  

mineralization 

(mg N/kg soil/mo) 

2.5 3.1 <1.2 mg N /kg soil/ 28 days at 

lower elevation oak-pine;  

3.8 mg N/kg soil/28 days @ 

cove hardwood; 

13 mg N/kg soil/28 days @ 

higher elevation northern 

hardwoods 

Knoepp and Swank, 1998 at WS18 and 

WS27 

In above table, all the simulations results listed were ten years range covering the published work date, such as NPP (Day and Monk’s 

work published in 1977 and then the NPP simulation results used was from 1971 to 1980). 
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Fig. S3-1a SNP PR climate changing point between 1931 and 2100 (temperature and 

precipitation)  
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Fig. S3-1b SNP SR climate changing point between 1931 and 2100 (temperature and 

precipitation) 
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Fig. S3-1c SNP WOR climate changing point between 1931 and 2100 (temperature and 

precipitation) 
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Fig. S3-2a SNP PR comparison of Discharge between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 

  



 

172 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S3-2b SNP SR comparison of Discharge between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-2c SNP WOR comparison of Discharge between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-3a SNP PR comparison of GPP between current (1986-2015) and future climate 

scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-3b SNP SR comparison of GPP between current (1986-2015) and future climate 

scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-3c SNP WOR comparison of GPP between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-4a SNP PR comparison of stream Ca2+ between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-4b SNP SR comparison of stream Ca2+ between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-4c SNP WOR comparison of stream Ca2+ between current (1986-2015) and 

future climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-5a SNP PR comparison of stream K+ between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-5b SNP SR comparison of stream K+ between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-5c SNP WOR comparison of stream K+ between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-6a SNP PR comparison of stream SO4
2- between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-6b SNP SR comparison of stream SO4
2- between current (1986-2015) and future 

climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 

 

 

  



 

185 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S3-6c SNP WOR comparison of stream SO4
2- between current (1986-2015) and 

future climate scenarios (2071-2100, RCP4.5 and 8.5 – average of four climate models) 
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Fig. S3-7 Discharge vs. Deposition changes in NO3

-, NH4
+, and SO4

2- (data between 2071 

and 2100) 

 

 



 

187 

 

NO
3

-
 + NH

4

+
 + SO

4

2- 
(-100% to +100%)

-1 -0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
is

c
h
a

rg
e
 (

c
m

/m
o
)

5.20

5.25

5.30

5.35

5.40

5.45

5.50

RCP4.5+Dep

RCP8.5+Dep

SR

 

-1 -0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
is

c
h

a
rg

e
 (

c
m

/m
o

)

4.59

4.60

4.61

4.62

4.63

4.64

4.65

4.66

4.67

RCP4.5+Dep

RCP8.5+Dep

PR

 
NO

3

-
 + NH

4

+
 + SO

4

2- 
(-100% to +100%)

 
Fig. S3-7 Continued Discharge vs. Deposition changes in NO3

-, NH4
+, and SO4

2- (data 

between 2071 and 2100) 
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Fig. S3-7 Continued Discharge vs. Deposition changes in NO3

-, NH4
+, and SO4

2- (data 

between 2071 and 2100) 

 

 

 

Table S3-1. Coweeta basin, NC and Shenandoah National Park, VA watersheds climate 

(1935 to 2012) 

  Latitude 

(o) 

Elev. (m) Area 

(ha) 

Prcp. 

(cm/yr) 

Annual 

Temp. (oC) 

Discharge 

(cm/yr) 

WS18 35.0495N 726-993 

(887) 

13 192 14.0 

(8.9-19.6) 

96 

WS27 35.0340N 1,061-

1,454 

(1,398) 

39 229 10.2 

(5.9-14.5) 

163 

Paine 

River 

38.1986N 434-1,040 

(657) 

1,390 128 10.4 

(4.9-15.9) 

40 

Staunton 

River 

38.4446N 309-1,181 

(768) 

1,010 132 9.9 

(4.7-15.2) 

69 

White Oak 

Run 

38.2508N 674-1,594 

(685) 

1,480 124 10.2 

(4.7-15.6) 

37 
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Table S3-2 SNP climate, deposition, discharge, and stream chemistry data 

 

Climate Tmax 1935.08-2015.12 NCDC 

 Tmin 1935.08-2015.12 NCDC 

 Rain 1935.08-20115.12 NCDC 

 Solar 1935.08-2015.12 NCDC 

Deposition wet 1981.05-2015.12 NADP 

 dry 1978.01-2015.12 CASTNET 

Vegetation 
 

SHWDS - southern hardwoods  

Soil Chemistry 

 
varied soil chemistry publications @ SWAS-VTSSS 

https://swas.evsc.virginia.edu/POST/scripts/overview.php  

and last visited on 08012020  
Soil Properties 

 
STATSGO - State Soil Geographic  

Discharge 
 

1992.10-2011.01 SWAS-VTSSS 

water chemistry 
 

1992.01-2012.12 SWAS-VTSSS 

 

 

https://swas.evsc.virginia.edu/POST/scripts/overview.php
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Table S3-3 Land based weather station used to develop past and current climate data for 

SNPPR, SNPSR, and SHWOR (data used 1951-2000) 

NCDC station name Elevation (m) 

Big Meadows 1,079 

Buena Vista 256 

Charlottesville 264 

Free Union 180 

Glasgow 225 

Lexington 334 

Luray 427 

Mount Weather 506 

Pedlar 312 

Staunton 51 

Somerest 155 

Wardensville 293 

Warrenton 152 

Winchester 207 

Woodstock 206 
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Table S3-4 Derivation of precipitation, Tmax, and Tmin regression based on 16 land-based NCDC climate data (1951-2000) 

X- Elevation Y-Prcp Y-Tmax Y-Tmin  
Slope Intercept R^2 Slope Intercept R^2 Slope Intercept R^2 

Jan 0.020 50.214 0.352 -0.005 7.551 0.487 -0.003 -4.223 0.315 

Feb 0.016 49.232 0.203 -0.006 9.571 0.454 -0.003 -3.370 0.290 

Mar 0.014 73.059 0.298 -0.006 14.052 0.478 -0.004 0.648 0.446 

Apr 0.022 65.946 0.515 -0.006 20.729 0.480 -0.003 5.825 0.347 

May 0.023 75.913 0.485 -0.006 25.347 0.578 -0.003 10.687 0.317 

Jun 0.029 84.302 0.685 -0.006 29.498 0.671 -0.003 15.432 0.342 

Jul 0.016 88.564 0.128 -0.007 31.616 0.741 -0.003 17.887 0.392 

Aug 0.021 74.877 0.346 -0.007 31.016 0.764 -0.003 16.917 0.307 

Sep 0.050 76.045 0.729 -0.006 27.488 0.719 -0.003 13.254 0.226 

Oct 0.038 60.878 0.582 -0.006 21.622 0.666 -0.001 6.522 0.067 

Nov 0.038 48.737 0.801 -0.006 15.066 0.637 -0.002 1.657 0.167 

Dec 0.016 54.780 0.255 -0.005 9.385 0.520 -0.002 -2.331 0.267 
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