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SUMMARY

The impact of natural and anthropogenic disturbances on catchment hydrological
and biogeochemical dynamics are difficult or impossible to capture through
experimentation or observation alone. Process-based simulation models can address this
need by providing a framework for synthesizing and analyzing data describing catchment
responses to climate, harvest, fire, and other disturbances. When properly constrained,
models allow a self-consistent representation and analysis of process-level interactions
within catchments, as well as the ability to isolate and make inferences about the
contribution of specific processes to observed responses. Models can also extend a data
set by allowing behavior of unmeasured system components to be inferred. However,
existing models are either too simple to capture important process-level hydrological and
biogeochemical controls on ecosystem responses to disturbance, or are too
computationally expensive to simulate the local dynamics over large watershed areas, or

require a high level of expertise to implement.

To this end, a spatially distributed, physically based, eco-hydrological model
(VELMA: Visualizing Ecosystems for Land Management Assessments) that is both
computationally efficient and relatively easy to implement was collaboratively
developed. The model simulates changes in soil water infiltration and redistribution,
evapotranspiration, surface and subsurface runoff, carbon and nitrogen cycling in plants
and soils, and the transport of dissolved forms of carbon and nitrogen from the terrestrial
landscape to streams. VELMA is designed to simulate the integrated responses of
vegetation, soil, and water resources to multiple forcing variables, e.g., changes in
climate, land-use and land cover. It is intended to be broadly applicable to a variety of
ecosystems (forest, grassland, agricultural, tundra, etc.) and to provide a computationally
efficient means for scaling up ecohydrological responses across multiple spatial and

temporal scales — hillslopes to basins, and days to centuries.

The first part of the study focuses on exploring catchment hydrological responses
to forest harvest amount and spatial pattern. VELMA was applied to a small Pacific

Northwest Long Term Ecological Research catchment to elucidate how hillslope and

xvi



catchment scale processes control stream discharge. The study site is watershed 10 of the
H.J Andrews Experimental Forest, a 10-hectare forested catchment in which the former
450 year-old stand of Douglas-fir and Western hemlock was clearcut in 1975. The
climate is relatively mild with wet winters and dry summers. Mean annual precipitation
and air temperature is 2300mm and 8.5°C, respectively. Simulated and observed daily
streamflow are in good agreement for both the pre-harvest (1969-1974) and post-harvest
(1975-2008) periods (Nash-Sutcliffe Efficiency = 0.807 and 0.819, respectively). One
hundred scenarios, where harvest amounts ranged from 2% to 100%, irrespective of
location were conducted. Results show that (1) for the extreme case of a 100% clearcut,
stream discharge increased by 28% or 340mm but returned to pre-clearcut levels within
50 years, (2) fall increases in streamflow were large in absolute terms, whereas summer
increases were large in relative terms, and (3) annual streamflow increased linearly at a
rate of 3.5 mm/year for each percent of catchment harvested. Thereafter, to assess the
impact of harvest location on stream discharge, twenty harvest scenarios were simulated,
where harvest amount (20%) was fixed and harvest location varied. Results show that
the streamflow response is strongly sensitive to harvest distance from the stream channel.
Specifically, a 20% clearcut area in the uplands near the catchment divide resulted in an
average annual streamflow increase of 53mm, whereas a 20% clearcut near the stream

channel resulted in an average annual streamflow increase of 92mm.

The second part of the study focuses on exploring the impact of fire and harvest on
carbon and nitrogen dynamics. VELMA was applied to a small Pacific Northwest Long
Term Ecological Research catchment (WS10), where two significant disturbance events
have shaped the life history of vegetation growth: The first was a stand-replacing fire in
circa 1525 A.D. The second was a clearcut harvest in 1975. VELMA was used to
reconstruct, analyze and draw insights into the response of Pacific Northwest catchments
and specifically Douglas-fir dominated catchments to natural and anthropogenic
disturbances. Observed ecological and hydro-biogeochemical data from WSI10 in
combination with published chronosequence data from Pacific Northwest forest
ecosystems were used to calibrate and test the modeled response to fire and harvest.
Model parameters were first calibrated to simulate the post-fire build-up of ecosystem

carbon and nitrogen stocks from the 1525 fire to 1969, and then used to simulate the
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biogeochemical response of an old-growth (1969-1974) and recently clearcut (1975-
2008) forest. Simulated and observed daily nitrate, ammonium, DON and DOC losses
are in good agreement for the post-harvest period of 1975 to 2007 (Correlation
Coefficient = 0.46, 0.7, 0.83, and 0.92 respectively). Results show that (1) losses of
dissolved nutrients in an old-growth forest are generally low and occur primarily as DON
and DOC, 2) NOs losses to the stream are poorly correlated to streamflow, whereas NHa,
DON and DOC losses are strongly correlated to streamflow, (3) carbon and nitrogen
losses from the terrestrial system to the stream and atmosphere increased immediately
after clearcut as a result of reduced N uptake from plants, high soil organic carbon
decomposition, and increase in water availability. These results also suggest that
VELMA can be used as a tool to provide process-level insights into the impact of
disturbances on catchment C and N dynamics—details that would be difficult or

impossible to capture through experimentation or observation alone.

The third part of the study focuses on exploring catchment biogeochemical
responses to forest harvest amount and spatial pattern. VELMA was applied to the same
small Pacific Northwest Long Term Ecological Research (LTER) catchment (WS10), to
elucidate how hillslope and catchment-scale processes control soil carbon and nitrogen
dynamics in response to clearcut. VELMA was previously calibrated and validated at
capturing post-fire and post-harvest hydrological and biogeochemical dynamics in WS10.
One hundred scenarios, where harvest amounts ranged from 2% to 100%, irrespective of
location were conducted. Main conclusions are that (1) annual ammonium (NH,4) and
nitrate (NOs) losses increased with increasing harvest amount, (2) average annual NHy
and NOs losses to the stream increased exponentially for a buffer zone of less than 60%
of the catchment area, and reached 0.08 gNm™yr" and 0.9 gNm™ yr ", respectively for a
100% clearcut, and (3) average annual dissolved organic nitrogen (DON) and carbon
(DOC) losses, N, and N,O emissions, and soil heterotrophic respiration increased linearly
(correlation coefficient R*=0.95, 0.98, 0.88, and 0.96, respectively) at a rate of 0.2
mgNm?yr', 4.9 mgCm?yr’, 7.9 mgNm?yr', and 1.3 gCm™yr”, respectively for each
1% of catchment area harvested. Finally, to assess the impact of harvest location on
biogeochemical fluxes, twenty harvest scenarios were simulated, where harvest amount

(20%) was fixed and harvest location varied. These simulations show that nutrient losses
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are strongly sensitive to harvest distance from the stream channel. Specifically, NH4 and
NO; losses to the stream increased exponentially with decreasing distance from the
stream channel, DON and DOC losses, N, and N,O emissions increased linearly at rate of
0.03 mgNm?yr', 0.32 mgCm™yr"', and 0.1 mgNm™yr’, respectively, with decreasing
distance from the stream channel, and soil heterotrophic respiration decreased linearly at
a rate of 0.13 mgCm™yr' with decreasing distance to the stream channel. Moreover,
these results suggest that VELMA can help inform land managers and policymakers
interested in exploring the impact of alternative land-use scenarios on nitrogen and
carbon losses to surface waters and to the atmosphere. An important aspect of such
assessments is VELMA'’s capability for simulating the effectiveness of riparian buffers in

reducing stream nutrient loads.

In the final part of the study, VELMA was used to simulate the impact of future
climate change on catchment hydrology and carbon and nitrogen dynamics. VELMA
was applied to an intensely studied watershed in the Pacific Northwest: the H.J. Andrews
64 km* Experimental Forest. The goal was to provide process level insight into the
impact of climate change on ecosystem processes at high spatial resolution relevant to
formulating management decision. Daily projected temperature and precipitation from
an upper bound (IPSLCM4 A2), lower bound (GISS ER B1) and middle of the road
(ECHAMS A2) climate change scenarios were used to force the model. The projected
daily temperature and precipitation were spatially interpolated across the H.J. Andrews
watershed using a climate analysis model PRISM that includes for the effects of
elevation, forest canopy, cloudiness, topographic shading, orographic lifting, and
temperature inversion on temperature and precipitation. Simulation results suggest that
the combined effects of warmer and wetter winters as well as drier and hotter summers
will result in lower winter snow accumulation, earlier spring snowmelt, higher winter
streamflow, and lower summer streamflow and soil moisture. Moreover, simulation
results suggest that climate will impact ecosystem carbon and nitrogen dynamics.
Specifically, warmer winter and spring enhance soil microbial activity and biomass
growth, which results in higher gaseous carbon and nitrogen fluxes and higher dissolved
organic carbon and nitrogen losses to the stream, but lower dissolved inorganic carbon

and nitrogen losses to the stream and lower amount of carbon sequestration. This
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analysis provide decision makers and resource managers with critical information on the
potential extend of impact climate change will have on forest carbon and nitrogen

dynamics, site productivity and water quality and quantity.
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CHAPTER 1

INTRODUCTION

1.1. Research Motivation

Forests in the United States cover about 33 percent of the land area [Smith et al.,
2004; Trends, 2001] and are responsible for 80% of the fresh water supply [Sedell et al.,
2000]. More than 40 percent of all municipalities and about 180 million people depend
on fresh water from forests [ Thompson, 2006]. Forested ecosystems experienced a surge
in environmental stressors such as timber production, land conversion for agriculture,
fire, and climate warming [Agee, 1994; Agee, 1996; Mote et al., 1999, Mote, 2003; Mote
et al., 2003; Stednick, 2008]. As a result, concerns over the effects of these stressors on
streamwater quantity and quality, future site productivity, sediment transport, aquatic
habitat, and aquatic organism populations emerged [Bormann et al., 1968; Brown and
Krygier, 1970; Hibbert, 1966; Likens et al., 1970; Rishel et al., 1982; Rothacher, 1970;
Swank and Crossley, 1988; Swank et al., 2001; Swanston and Swanson, 1976]. Land
managers and policy makers are currently faced with the difficult task of establishing
rules and regulations that would help meet streamwater quantity and quality demands.
Until recently, water managers have relied on scientific results from experimental studies
to assess the impact of forest disturbances on ecosystem services [Barten et al., 2008].
However, experimental studies are usually expensive, require a long time commitment,
are often site-specific, and cannot be used alone to quantify the contribution of specific
processes to observed hydrological and biogeochemical responses [Alila and Beckers,
2001; Stednick, 2008; Ward, 1971]. As a result, land managers have started to request
process-based simulation models that can address their need by providing a whole-system
synthesis of disparate data sets (soils, vegetation, climate, etc.) and by analyzing
underlying process-level controls on catchment hydrological and biogeochemical
responses to disturbance. These models have to be properly constrained, physically
based, computationally efficient and relatively easy to implement with adequate physical

processes to simulate the interacting impact of climate, hydrology and ecology.



1.2. Scope of the Study

The objective of this study is to develop an ecohydrological model (VELMA:
Visualizing Ecosystems for Land Management Assessments) that simulates changes in
soil water infiltration and redistribution, evapotranspiration, surface and subsurface
runoff, carbon and nitrogen cycling in plants and soils, and the transport of dissolved
forms of carbon and nitrogen from the terrestrial landscape to streams. This model is
aimed to provide policy makers and land managers with an accessible, computationally
efficient, and relatively easy to implement tool for analyzing the effects of changes in
climate, land-use, and land cover on watershed processes at scales relevant to formulating
management decisions. VELMA is applied to a Pacific Northwest Long Term Ecological
Research catchment to explore the impact of fire, clearcut, harvest amount and spatial
pattern, as well as climate change, on water quality and quantity. The following research

questions are addressed in this study:

* How does forest harvest location within a watershed affect streamflow,
evapotranspiration, soil moisture, nutrient fluxes, and biogeochemical processes?

* How does forest harvest amount affect hydrological and biogeochemical
processes?

* s there threshold behavior in the catchment hydrological and biogeochemical
response to increasing harvest amount?

* How feedbacks among the cycles of C, N and water regulate ecosystem responses
to natural and man-made disturbances?

*  What is the impact of climate change on forest hydrological and biogeochemical

processes?
1.3. Thesis Organization

The first part of the study focuses on the hydrological response of a catchment to
clearcut. Specifically, the hydrological component of VELMA is applied to a small
highly studied catchment in the Pacific Northwest, in order to explore the impact of
harvest amount and spatial pattern on catchment soil moisture, evapotranspiration and

stream discharge. First, VELMA is calibrated and validated at capturing steady-state pre-
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clearcut hydrological conditions as well as post-clearcut hydrological conditions in
WS10. Then one hundred scenarios, where harvest amounts ranged from 2% to 100%,
irrespective of location, were conducted to explore the impact of increasing harvest
amount on streamflow, evapotranspiration and soil moisture, and to test for hydrological
threshold. Thereafter, to assess the impact of harvest location on stream discharge,
twenty harvest scenarios were simulated, where harvest amount (20%) was fixed and

harvest location varied.

The second part of the study focuses on the biogeochemical response of Pacific
Northwest forests to natural and man-made disturbances. Specifically, VELMA is
applied to a small intensively studied catchment (WS10), where two significant
disturbance events have shaped the life history of vegetation growth. The first was a
stand-replacing fire in circa 1525. The second was a clearcut harvest in 1975. Observed
ecological and hydro-biogeochemical data from this site in combination with published
chronosequence data from Pacific Northwest forest ecosystems were used to calibrate
and test the modeled response to fire and harvest. Model parameters were first calibrated
to simulate the post-fire build-up of ecosystem carbon and nitrogen stocks from the 1525
fire to 1969, and then used to simulate the biogeochemical response of an old-growth

(1969-1974) and recently clearcut (1975-2008) forest.

The third part of the study focuses on catchment biogeochemical responses to
forest harvest amount and spatial pattern. VELMA was applied to a small Pacific
Northwest Long Term Ecological Research (LTER) catchment (WS10), to elucidate how
hillslope and catchment-scale processes control soil carbon (C) and (N) dynamics in
response to clearcut. VELMA was previously calibrated and validated at capturing post-
fire and post-harvest hydrological and biogeochemical dynamics in WS10 (Part 2).
Thereafter, a number of harvest amount (one hundred scenarios ranging from 0% to
100%) and harvest location scenarios are conducted to explore (1) the impact of
increasing harvest amount on biogeochemical fluxes, (2) the existence of biogeochemical

thresholds, and (3) the impact of harvest location on biogeochemical fluxes.

The final part of the study focuses on the impact of future climate change on

catchment hydrology and C and N dynamics. VELMA is applied to a Long-term



Ecological Research site, the H.J. Andrews 64 km” Experimental Forest (HJA), in the
Pacific Northwest. The goal is to provide process level insight into the impact of climate
change on ecosystem processes at high spatial resolution relevant to formulating
management decision. Daily projected temperature and precipitation from an upper
bound (IPSLCM4 A2), lower bound (GISS ER BIl) and middle of the road
(ECHAMS A2) climate change scenarios are used to force the model. The projected
daily temperature and precipitation are spatially interpolated across the H.J. Andrews
watershed using a climate analysis model PRISM that includes for the effects of
elevation, forest canopy, cloudiness, topographic shading, orographic lifting, and
temperature inversion on temperature and precipitation. Climate change impacts on
seasonal and annual streamflow, soil moisture, evapotranspiration, snowdepth, plant
biomass, dissolved C and N losses from the terrestrial system to the stream and to the

atmosphere, as well as site productivity are explored.

The thesis is organized such as the introduction is provided in chapter 1. The
background and literature review is provided in chapter 2. The first part of the study is
presented in chapter 3. A thorough description of the hydrological component of
VELMA is provided in Appendix A of chapter 3. The second part of the study is
presented in chapter 4. A thorough description of the biogeochemical and soil
temperature component of VELMA is provided in Appendix A of chapter 4. The third
and the final part of the study are provided in chapter 5 and 6, respectively. Finally,
Chapter 7 concludes the thesis by summarizing the overall results, highlighting
significant aspects of the study and listing the further improvement possibilities as

informed by this research study.
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CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1. Introduction

Forest management practices such as timber production were a dominant feature of
forests across the Pacific Northwest as a result of increasing demands for natural
resources [Stednick, 2008]. Typical practices in early 20™ century included dispersed
patch clearcutting, broadcast burning, and artificial regeneration [ Grant et al., 2008]. All
of which had adverse effects on ecosystem health, wildlife preservation, salmonid
resources and water quality and quantity [Binkley and Brown, 1993; Winkler et al., 2009,
Lehmkuhl and Ruggiero, 1991; Stednick, 2008]. However, changes in social values and
in technology as well as an increasing scientific understanding of ecosystem responses
have fueled the debate over timber production and preservation of natural ecosystems
[Swanson and Franklin, 1992]. As a result, research has been increasingly focused on
minimizing the potential impact of forest management practices on biodiversity and
sustainability of forested systems [Duan, 1996]. Early research relied on field studies of
paired basin watershed to test the impact of experimental clearcut on watershed
processes. These experimental studies provided land managers and policymakers with
the general principles that govern watershed ecohydrological response to disturbances.
However, due to changing environments, site-specific characteristics, land ownership and
forest regulations, forest ecohydrological research has to move from principle to
prediction [Barten et al., 2008]. Prediction is needed to test the impact of unmeasured
processes such as climate change, land-use scenarios, future forest harvest, fire, and
insect outbreak, amongst others, on watershed hydrological and ecological processes.
Prediction is becoming possible due to the technological advancement in computing
power. As a result, more researchers are relying on computer models ranging from
simple lumped hydrological models to physically based spatially distributed
ecohydrological models, to test the impact of forest natural and anthropogenic

disturbances on ecosystem productivity, wildlife, stream health and water quality and
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quantity [e.g. Tague and Band 2000; Tague and Band 2004; Wigmosta et al., 1994,
Waichler et al., 2005; Krysanova et al., 1998; Arheimer et al., 2005; Aber et al., 2002].

2.2. Forest Harvest Impact on Catchment Hydrology and Biogeochemistry

Forest harvest impact on watershed hydrological and biogeochemical processes has
been extensively addressed through field experiments across the U.S. in places such as
the H.J. Andrews, the Hubbard Brook, and the Coweeta experimental forests [Berris and
Harr, 1987; Bormann and Likens, 1979a; b; Bormann et al., 1968; Bormann et al., 1974;
Harr, 1976; Harr and McCorison, 1979; Harr et al., 1979; Likens et al., 1978; Likens et
al., 1970; Sollins et al., 1981; Webster et al., 1992]. Paired-basin experiments have been
conducted to identify vegetation removal effects on streamflow [Hicks et al., 1991; Jones
and Post, 2004; Matheussen et al., 2000; Stednick, 1996], peakflow [Beschta et al., 2000;
Golding, 1987; Grant et al., 2008; Harr and McCorison, 1979; Jones, 2000; Jones and
Grant, 1996], summer lowflow [Hicks et al., 1991; Keppeler and Ziemer, 1990;
Rothacher, 1965], carbon (C) and nitrogen (N) dynamics, and nutrient export to the
stream [Aust and Blinn, 2004; Sollins and McCorison, 1981a; Sollins et al., 1981;
Vitousek and Reiners, 1975; Vitousek et al., 1979]. A number of generalizations
concerning the effects of harvest on streamflow and C and N dynamics have emerged
from analyses of paired-catchment studies: (a) Removal of forest cover has been found
to: (1) increase water yield [Bosch and Hewlett, 1982; Rothacher, 1970; Sahin and Hall,
1996], peak streamflow [Harr and McCorison, 1979; Jones, 2000; Jones and Grant,
1996], and soil water saturation [Londo et al., 1999], (2) reduce canopy interception and
evapotranspiration [Moore et al., 2004; Moore and Wondzell, 2005], (3) expose the snow
surface to greater winds and solar radiation, which results in earlier snowmelt and higher
snowmelt rates [Berris and Harr, 1987; Winkler et al., 2005], (4) increase nitrogen export
to the stream through a decrease in plant N uptake and an increase in microbial
nitrification [Bormann et al., 1968; Fredriksen, 1975; Likens et al., 1970; Vitousek et al.,
1979], (5) increase greenhouse gas emissions [Harmon et al., 1990] and soil microbial
activity [Bormann et al., 1968; Grant et al., 2007; Potter et al., 2001], and (6) reduce
carbon and nitrogen pools as well as forest productivity [Grigal, 2000; Johnson and

Henderson, 1995; Ryan et al., 1997, Sollins and McCorison, 1981; Sollins et al., 1981];



(b) Forest regrowth has been found to: (1) reduce the initial increase in water yield and
nutrient export to the stream [Cairns and Lajtha, 2005; Vitousek and Reiners, 1975], (2)
increase evapotranspiration and nutrient uptake [Jones, 2000; Sollins and McCorison,
1981; Vitousek and Reiners, 1975], and (3) result in summer flow deficits during the
growing season of young vigorous forest [Jones and Post, 2004; Moore et al., 2004,
Perry, 2008]; and (c) The initial response to harvest and the subsequent recovery of
streamflow, forest productivity, nutrient pools, and nutrient losses are highly variable and
difficult to predict [Binkley and Brown, 1993; Bosch and Hewlett, 1982; Stednick, 1996,
Vitousek et al., 1979].

2.3.  Variability in the Ecosystem Response to Forest Harvest

The factors that control the variability in hydrological and biogeochemical response
to harvest include harvest amount, harvest location, vegetation type, and
climatic/hydrologic regimes, amongst others. For example, Stednick’s [1996] meta-
analysis of 95 paired-catchment studies highlighted major differences in the response of
annual streamflow to harvest across 8 climate regions within the United States. At the
two extremes, catchments in the Rockies and the Pacific Coast yielded 9 and 50 mm
more streamflow annually for every 10% increase in harvest area, respectively.
Stednick’s [1996] analysis also showed a large unexplained variability in the relationship
between harvest amount and annual water yield within each of the 8 climate regions.
However, it was unclear in this analysis how harvest location within a watershed, as
opposed to harvest amount, impacted stream response. Stednick [1996] argues that part
of the streamflow response variability to forest harvest might be caused by the physical

location of harvest within the watershed.

Vitousek et al., [1979] analyzed 19 experimental studies to explore the quantitative
and temporal dynamics of nutrient losses after forest harvest. Vitousek et al., [1979]
found that the extent of nitrogen losses following forest harvest varies tremendously from
site to site and can be in part explained in terms of site characteristics. Binkley and
Brown [1993] analyzed the effects of harvesting on streamwater concentrations of nitrate
from 31 experimental studies in the US and Canada, and found that post-harvest

streamwater nitrate concentrations were usually higher in the east of continental U.S.
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compared to the center and west of the country. The variability in the forest
biogeochemical response was also apparent within a region. For example, after a 100%
clearcut, streamwater nitrate concentration increased by 0.075 mgL'yr" (3-fold), 0.159
mgL'yr! (53-fold), and 0.46 mgL'yr' (11-fold) in Coyote Creek (OR), High Ridge
(OR) and UBC Research Forest (BC), respectively and decreased by 0.05 mgL'yr"
(29%) in Bitterroot (MT). Binkley and Brown [1993] reported that a 33% clearcut in
Fraser Colorado resulted in an average annual increase of 0.054 mgL'yr' (9-fold),
whereas an 88% clearcut in Alsea Oregon resulted in no increases in annual streamwater
nitrate concentration. Thus, it was unclear how harvest location might have influenced

nutrient fluxes due to partial clearcut.
2.4. Climate Change Impact on Catchment Hydrology and Biogeochemistry

Over the course of the 20™ century, the Pacific Northwest experienced an increase
in annual temperature and precipitation of 0.8°C and 13%, respectively [Mote, 2003].
Specifically, the largest warming rates occurred in the winter and spring whereas the
largest increase in precipitation occurred in the winter [Cayan et al., 2001; Folland et al.,
2001; Mote, 2003; Regonda et al., 2005]. As a result, the ecohydrological regime of the
region changed [Mote et al., 1999]. These changes included earlier spring snowmelt
[Regonda et al., 2005], reduced summer streamflow [Stewart et al., 2005], reduced snow
accumulation depth [Knowles et al., 2006; Mote et al., 2005; Mote et al., 2003], reduced
low elevation snowfall [Groisman et al., 2004; Knowles et al., 2006], increased forest
productivity [Boisvenue and Running, 2006], and increasing nutrient losses to the stream
[Mote et al., 2003]. Such changes in water quantity and quality in the Pacific Northwest
will be further impacted and altered with continuing climate warming in the 21" century.
Based on the 2007 Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4), the Pacific Northwest could face a projected average increase
in temperature of 3°C (1.6 to 9.4°C), and a projected average increase in annual
precipitation of approximately 2% (-10 to +20%) by 2100 [Mote and Salathe, 2010]. In
addition to changes in annual values of temperature and precipitation, the seasonality of
climate is also expected to change. Most climate models project an enhanced seasonal

cycle with warmer and drier (20-40% reduction in precipitation) summers, and wetter
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falls and winters. Climate change will also impact the temporal distribution of
precipitation with a considerable increase in extreme precipitation events [Mote and

Salathe, 2009; Salathe et al., 2009].

To date, there has been a number of impact modeling studies that explored the
projected future regional changes in water quantity due to climate warming in the Pacific
Northwest [e.g. Christensen and Lettenmaier, 2007; Christensen et al., 2004; Mote and
Salathe, 2010; Payne et al., 2004; Van Rheenen et al., 2004]. These climate change
impact studies indicate: (1) an increase in annual streamflow as a result of higher winter
and fall season precipitation [Elsner et al., 2010; Maurer and Duffy, 2005; Miles et al.,
2000], (2) an increase in winter runoff as more precipitation is projected to fall as rain
rather than snow [Chang and Jung, 2010; Elsner et al., 2010; Graves and Chang, 2007,
Loukas et al., 2002], (3) a decrease in spring and summer streamflow as a result of higher
evapotranspiration, lower winter snowpack, earlier snowmelt and lower warm season
precipitation [Lettenmaier et al., 1999; Leung and Wigmosta, 1999; Mastin et al., 2008],
(4) an increase in annual evapotranspiration due to higher temperatures in the winter,
spring and fall [Spittlehouse, 2007; Spittlehouse and Stewart, 2003] 4) a decrease in
summer soil moisture [Elsner et al., 2010; Hamlet and Lettenmaier, 1999], 6) a reduction
in snowpack accumulation as a result of the shift in winter precipitation from snow to
rain [Casola et al., 2009; Graves and Chang, 2007; Minder, 2010; Tague et al., 2008],
and 7) an earlier generation of snowmelt runoff [Elsner et al., 2010; Pike et al., 2008,
Stewart et al., 2005]. Instead, fewer studies have modeled the impact of climate change
on water quality and ecosystem processes in the Pacific Northwest. Nevertheless, a
number of generalizations have emerged from existing climate change impact analysis
performed in Europe, Alaska, California and eastern U.S. amongst others. Specifically,
these studies found that, irrespective of location, a projected increase in cool and warm
seasons air temperatures result in: (1) a longer growing season as a result of higher spring
and fall temperatures [Feng and Hu, 2004; Sebestyen et al., 2009], (2) higher microbial
decomposition in the winter due to higher temperature and soil moisture content
[Boisvenue and Running, 2006; Clair and Ehrman, 1996; McClain et al., 1998], (3)
higher nutrient concentration in the stream as a result of higher microbial decomposition

[Arheimer et al., 2005; Baron et al., 2009; Chang et al., 2001], (4) a reduction of the total
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carbon storage in the soil [Franklin, 1992; McClain et al., 1998], (5) an increase in
ecosystem growth rates [Boisvenue and Running, 2006; Spittlehouse and Stewart., 2003],
and (6) an increase in ecosystem net primary production due to the effects of higher
temperature on soil nitrogen mineralization [Boisvenue and Running, 2006; Melillo.,

1993; Sun et al., 2000; Tague et al., 2009].
2.5. Limitations of Experimental Studies

Experimental paired watershed studies began in the early 20" century as a result of
increasing concern of the impact of land-use and specifically forest harvest on water
quality and quantity, salmonid resources and ecosystem health. Paired basin studies were
generally intended to explore the impact of forest harvest, roads, and fire on streamflow,
peak flow, summer low flow, nutrient dynamics, nutrient losses to the stream, and stream
health, amongst others. Paired basin studies are mainly completed over small areas and
consist of comparing the hydrological/biogeochemical metrics of a treated and untreated
watersheds [Grant et al., 2008]. The treated and untreated watersheds are usually in
close proximity and are selected based on their similar properties such as soil type, soil
texture, vegetation cover, topography, climate and hydrological dynamics [Brooks et al.,
1991; Brooks et al., 1991]. First, a pre-disturbance period is usually needed to develop a
statistical relationship between the hydrographs/stream chemistries of these two
watersheds. Then, the difference in the hydrological/biogeochemical response between

the treated and the untreated watershed is interpreted as the disturbance effect.

Paired basin experiments have been and will still be extensively used by
researchers and land-managers to test the impact of disturbances on catchment
hydrological, biogeochemical, and ecological processes.  However, paired basin
experiments have some major limitations. For example, (1) the statistical relationship
between the treated and the untreated watersheds might change with time due to different
successional rate of change in vegetation or the occurrence of natural disaster such as fire
and insect outbreak [Bosch and Hewlett, 1982], (2) experimental studies of forest harvest
alone is problematic as a result of the associated road building, slash burning, and soil
compaction, amongst others [Whitehead and Robinson, 1993], (3) experimental paired

basin studies do not distinguish between harvest location and amount and are usually
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limited to one treatment experiment per watershed [Stednick, 1996], (4) the local climate
variability in temperature and precipitation between the treated and untreated watershed
might lead to differences in the hydrograph [Monteith et al., 2006], (5) experimental
studies are usually expensive and require a long time commitment to get a statistical
significant pre- and post-treatment period of data [Ackermann, 1966], (6) the inherent
accuracy errors associated with measuring instruments [Grant et al., 2008], and (7) the
impossibility to explore the impact of climate change on catchment processes. Therefore,
while carefully designed paired-catchment experiments and statistical analyses can
provide strong circumstantial evidence for process-level controls, they cannot be used
alone to quantify the contribution of specific treatments and future conditions on

ecosystem hydro-biogeochemical processes.

2.6. Eco-hydrological Models

Process-based ecohydrological models can address this need by providing a whole-
system synthesis of disparate data sets (soils, vegetation, climate, etc.) and by analyzing
underlying process-level controls on catchment hydrological and biogeochemical
responses to disturbances.  Properly constrained models allow a self-consistent
representation and analysis of process-level interactions within catchments, as well as the
ability to isolate and make inferences about the contribution of specific processes to
observed responses. Models can also extend a data set by providing a framework for
exploring conditions that would be too difficult or costly to implement in practice, and by
allowing behavior of unmeasured system components to be inferred. Similarly, models
can be used to isolate the effect of a ‘target’ treatment factor from the effects of other
factors that may be unavoidably altered within a single treatment [McKane et al., 1997].
These properties are apparent in various modeling studies of the effects of disturbances
on catchment hydrological and biogeochemical processes. For example: (1) Tague and
Band [2000] used the RHESSys ecohydrological model to isolate the effects of harvest
and roads on streamflow; (2) Waichler et al., [2005] applied the DHSVM (Dynamic
Hydrology Soil Vegetation Model [Wigmosta et al., 1994]) hydrological model to 3
watersheds in the H.J. Andrews Experimental Forest to quantify the effects of forest

harvest, without roads, on streamflow, peakflow, and water balance; (3) Whitaker et al.,
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[2002] used the DHSVM hydrological model to evaluate peak flow sensitivity to clearcut
in different elevation bands in a snow-dominated catchment in British Columbia, (4)
Sayama and McDonnell [2009] used the OHDIS-KWMSS [Tachikawa et al., 2004]
hydrological model to infer the age and upland source areas of water contributing to
streamflow, (5) Aber et al., [2002] applied the PnET-CN model [4ber et al., 1997] on
watershed 6 of the Hubbard Brook Experimental Forest, to test the individual and
combined effects of climate variability, changes in atmospheric chemistry, and physical
and biotic disturbances on DIN loss rate, (6) Arheimer et al., [2005] used the HBV-N
model [Arheimer and Brandt, 1998] to explore the impact of climate change on nitrogen
leaching, water discharge, and nitrogen retention in a catchment in southern Sweden, (7)
Marshall and Randhir [2008] used the SWAT model (Soil and Water Assessment Tool
[Arnold et al., 1998]) to assess the impact of climate change on water quantity and
quality at a regional scale in the Connecticut River Watershed of New England, (8)
Krysanova and Haberlandt [2002] used the SWIM ecohydrological model (Soil and
Water Integrated Model [Krysanova et al., 1998]) to study the impact of various
fertilization schemes on nitrogen leaching from arable land in large river basins, and (9)
Stieglitz et al., [2006] used a simple plant soil model PSM to analyze climate change
impact on terrestrial carbon and nitrogen dynamics in arctic Alaska. Thus, models such
as these can provide a detailed process-based understanding of experimental responses
that would be impossible with the data alone. Moreover, simulation models offer an
effective tool to complement field research and to examine the integrated responses of

vegetation, soil, and water resources to interacting stressors.

2.7. Limitations of Existing Eco-hydrological Models

Existing process-based models have some disadvantages. Many models either do
not simulate the interaction between hydrological and ecological processes or are too
simple to simulate process-level controls of interest. For example: (1) PSM [Stieglitz et
al., 2006], and MEL (Multiple Element Limitation Model [Rastetter et al., 1997]) are
biogeochemical models that simulate C and N dynamics in soil and plant, but do not
simulate the interactions of C and N with hydrological processes, (2) DHSVM [ Wigmosta
et al., 1994] and VIC (Variable Infiltration Capacity [Wood et al., 1992]) do not simulate
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biogeochemical processes and are pure hydrological models, and (3) PnET-CN [Aber et
al., 1997] is a simple lumped parameter model of monthly carbon, nitrogen and water
balance. Others are semi-distributed ecohydrological models that lack the details to
simulate plot level disturbances such as upland clearcut and hillslope riparian processes
(e.g. SWIM [Krysanova et al., 1998], SWAT [Arnold et al., 1998]). Last, some models
simulate the interaction of hydrology and ecology, but are so complex that they require
calibration and forcing data that are often unavailable (e.g. leaf area index, solar
radiation, wind speed, relative humidity amongst others), are too computationally
expensive to simulate large watersheds and landscapes, or require a high level of
expertise to implement. Moreover, for a variety of reasons, most current modeling
frameworks have been limited to the research community [Beckers et al., 2009].
Therefore, there is a need for a balanced approach; specifically an accessible (i.e. open
source) spatially distributed ecohydrological model that is both computationally efficient
and relatively easy to implement for analyzing the effects of changes in climate, land-use,
and land cover on watershed processes at scales relevant to both researchers and policy

makers.
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3.1. Abstract

Forest harvest effects on streamflow generation have been well described
experimentally, but a clear understanding of process-level hydrological controls can be
difficult to ascertain from data alone. We apply a new model, Visualizing Ecosystems
for Land Management Assessments (VELMA), to elucidate how hillslope and catchment-
scale processes control stream discharge in a small Pacific Northwest catchment.
VELMA is a spatially distributed ecohydrology model that links hydrological and
biogeochemical processes within watersheds. The study site is WS10 of the H.J Andrews
LTER, a 10-ha forested catchment clearcut in 1975. Simulated and observed daily
streamflow are in good agreement for both the pre- (1969-1974) and post-harvest (1975-
2008) periods (Nash-Sutcliffe Efficiency = 0.807 and 0.819, respectively). One hundred
scenarios, where harvest amounts ranged from 2% to 100% were conducted. Results
show that (1) for the case of a 100% clearcut, stream discharge initially increased by
~29% or 345mm but returned to pre-clearcut levels within 50 years, and (2) annual
streamflow increased at a near linear rate of 3.5mm/year for each percent of catchment
harvested, irrespective of location. Thereafter, to assess the impact of harvest location on
stream discharge, twenty harvest scenarios were simulated, where harvest amount was
fixed at 20% but harvest location varied. Results show that the streamflow response is
strongly sensitive to harvest distance from the stream channel. Specifically, a 20%
clearcut area near the catchment divide resulted in an average annual streamflow increase
of 53mm, whereas a 20% clearcut near the stream resulted in an average annual

streamflow increase of 92mm.
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3.2. Introduction

Forest harvest effects on streamflow dynamics have been well described
experimentally [Beschta et al., 2000; Bowling et al., 2000] . For example, results from
paired-catchment studies have shown that: (1) removal of forest cover increases water
yield [Hibbert, 1966; Keppeler and Ziemer, 1990; Rothacher, 1970] and peak streamflow
[Golding, 1987; Harr and McCorison, 1979; Jones, 2000; Jones and Grant, 1996] by
decreasing evapotranspiration [Bosch and Hewlett, 1982]; (2) regrowth after harvest
decreases water yield [Jones, 2000; Jones and Post, 2004; Sahin and Hall, 1996]; and (3)
the initial response to harvest and the subsequent recovery of annual, peak, and low flows
are highly variable and difficult to predict [e.g. Bosch and Hewlett, 1982; Hibbert, 1966,
Jones and Post, 2004, Stednick, 1996].

The factors that control the variability in streamflow response to harvest include
harvest amount, vegetation type, and climatic/hydrologic regimes. Stednick’s [1996]
meta-analysis of 95 paired-catchment studies highlighted major differences in the
response of annual streamflow to harvest across 8 climate regions within the United
States. At the two extremes, catchments in the Rockies and the Pacific Coast yielded 9
and 50mm more streamflow annually for every 10% increase in harvest area, respectively
(below 15 and 25 percent clearcut, respectively, there was no discernable increase in
streamflow for either region). Moreover, Stednick’s [1996] analysis showed a large
variability in the relationship between harvest amount and annual water yield within each
of the 8 climate regions. For example, the increase in annual water yield following a
100% clearcut in Rocky mountain watersheds ranged from Omm to over 350mm. It was
also unclear how harvest location within a watershed, as opposed to harvest amount,

impacted stream response [Stednick, 1996].

Analyses that have focused on ecohydrological controls have provided important
insights into the variability of streamflow responses to harvest. Jones [2000] and Jones
and Post [2004] analyzed paired coniferous forest catchments in the Pacific Northwest
and northeastern United States and found that the magnitude, seasonality, and duration of
streamflow responses to forest harvest and regrowth were consistent with fundamental

water balance concepts in hydrology. Specifically, Jones [2000] found that peak
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discharge in 10 experimental watersheds in the western Cascade range of Oregon
increased by as much as 50% for a 100% clearcut, by as much as 30% for a 50% clearcut,
and by as much as 20% for a 25% clearcut. Jones and Post [2004] examined the
seasonality of streamflow to forest clearcut and found that the relative increase in
streamflow is highest during warm and dry seasons when evapotranspiration is high, and
the absolute increase in streamflow is largest in moist seasons when evapotranspiration is
low. Nonetheless, although carefully designed paired-catchment experiments and
statistical analyses can provide strong circumstantial evidence for process-level controls,
they cannot be used alone to quantify the contribution of specific processes to observed

streamflow responses.

Process-based simulation models can address this need by providing a framework
for synthesizing data describing catchment responses to climate, harvest and other
disturbances. When properly constrained, models allow a self-consistent representation
and analysis of process-level interactions within catchments, as well as the ability to
isolate the contribution of specific processes to observed responses. Models can also
extend a data set by allowing behavior of unmeasured system components to be
examined. Similarly, models can be used to isolate the effect of a ‘target’ treatment
factor from the effects of other factors that may be unavoidably altered within a single
treatment [McKane et al., 1997]. These properties are apparent in various modeling
analyses of experimental data for paired-catchment studies in the Pacific Northwest. For
example, Tague and Band [2000] used the RHESSys ecohydrological model to isolate
the effects of harvest and roads on streamflow. Waichler et al., [2005] applied the
DHSVM hydrological model (Dynamic Hydrology Soil Vegetation Model [Wigmosta et
al., 1994]) to 3 watersheds in the H.J. Andrews Experimental Forest in order to quantify
the effects of forest harvest, without roads, on streamflow, peakflow, and water balance.
Whitaker et al., [2002] used the DHSVM hydrological model to evaluate peak flow
sensitivity to clearcut at various elevation bands in a snow-dominated catchment in
British Columbia.  Sayama and McDonnell [2009] used the OHDIS-KWMSS
[Tachikawa et al., 2004] hydrological model to infer the age and upland source areas of
water contributing to streamflow. Thus, models such as these can provide a more

detailed and process-based understanding of experimental responses that would be
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impossible with the data alone.

However, existing process-based models have some disadvantages. Many models
are too simple to simulate process-level controls of interest — e.g., interactions among
hydrological and ecological processes. At the other extreme, some models are so
complex that they require calibration and forcing data that are often unavailable. Finally,
some models are too computationally expensive to simulate large watersheds and
landscapes, and require a high level of expertise to implement. Moreover, for a variety of
reasons, most current modeling frameworks have been limited to the research community
[Beckers et al., 2009]. Therefore, we contend that there is a need for a balanced
approach; specifically, an accessible, spatially distributed, ecohydrological model that is
both computationally efficient and relatively easy to implement for analyzing the effects
of changes in climate, land use, and land cover, on watershed processes at scales relevant

to formulating management decisions.

We present a relatively simple ecohydrological model that aims to address both
scientific and decision making needs. We apply this model to a small experimental
catchment in the Pacific Northwest to investigate the ecohydrological controls on: (1) the
effects of clearcut on stream discharge, soil moisture, and evapotranspiration, (2) the
relation between harvest amount and catchment hydrological response, (3) the sensitivity
of streamflow to harvest location, and (4) threshold behavior in the catchment

hydrological response.

A description of the study area and history is provided in section 3.3. An
overview of the ecohydrological model VELMA (Visualizing Ecosystems for Land
Management Assessment) is provided in section 3.4. Simulation method and model
calibration are described in section 3.5. Simulations results are described in section 3.6.

Discussion and conclusion are presented in section 3.7 and 3.8, respectively.

3.3. Site Description

Watershed 10 (WS10) of the H.J. Andrews Experimental Forest (HJA) is a small
10.2 hectares catchment located in the western-central Cascade Mountains of Oregon, at

latitude 44°15'N, longitude 122°20'W (Figure 3.1). WSI10 has been the site of intensive
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research and manipulation by the U.S. forest Service since the 1960’s, mainly designed to

study the effects of logging on hydrology, sediment transport, and nutrient loss [Dyrness,
1973; Fredriksen, 1975; Harmon et al., 1990; Harr and McCorison, 1979; Jones and
Grant, 1996; Rothacher, 1965; Sollins and McCorison, 1981; Sollins et al., 1981].

Washington

0 125 250

0 125 250 500 Kilometers
S R e S
Legend
WS10 Elevation
Value
- High : 686m
Low : 466m

500 Meters

Legend

e  Stream Gages
A Meteorological Stations W_
—— Stream Network
HJA DEM
Value

P High : 1615

L Low: 411

0 1,250 2,500 5,000 Meters
Pttt +—

Figure 3.1: The study site is the watershed 10 (WS10) of the H.J. Andrews Experimental
Forest located in the western Cascade Range of Oregon.
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Basin elevation ranges from 430m at the stream gauging station to 700m at the
southeastern ridgeline. Near stream and side slope gradients are approximately 24° and
25° to 50°, respectively [Grier and Logan, 1977; Sollins et al., 1981]. The climate is
relatively mild with wet winters and dry summers [Grier and Logan, 1977]. Mean
annual temperature is 8.5°C. Daily temperature extremes vary from 39°C in the summer
to -20°C in the winter [Sollins and McCorison, 1981]. Mean annual precipitation is
2300mm and falls primarily as rain between October and April [Jones and Grant, 1996].
Total rainfall during June-September averages 200mm. Snow rarely persists longer than
a couple of weeks and usually melts within 1 to 2 days [Harr and McCorison, 1979; Harr
et al., 1982; Jones, 2000]. Average annual streamflow is 1600mm, which is

approximately 70% of annual precipitation.

Soils are of the Frissel series, classified as Typic Dystrochrepts with fine loamy to
loamy-skeletal texture [Sollins et al., 1981; Vanderbilt et al., 2003] that are generally
deep and well drained [Grier and Logan, 1977]. These soils quickly transmit subsurface
water to the stream. Subsurface flow is a dominant component of the downslope water
movement and is characterized by a strong preferential flow along the soil-bedrock
interface [Van Verseveld et al., 2008]. Overland flow rarely occurs [Harr and

McCorison, 1979].

Prior to the 1975 100% clearcut, WS10 was a 400 to 500 year-old forest dominated
by Douglas-fir (Pseudotsuga menziesii), western hemlock (7Tsuga heterophylla), and
western red cedar (Thuja plicata) [Grier and Logan, 1977] reaching up to ~ 60m in
height. Rooting depths rarely exceed 100 cm [Santantonio et al., 1977]. Species such as
the vine maple (Acer circinatum), Pacitic rhododendron (Rhododendron maximum), and
chinkapin (Castanopsis chrysophylla) regenerated during the spring after logging. Forest
regrowth in WS10 was rapid, initially by small trees and shrubs that survived logging,
and soon after by planted seedlings of Douglas-fir [Gholz et al., 1985]. The dominant
vegetation of WS10 today is a ~ 35 year-old mixed Douglas-fir and western hemlock

stand.
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3.4. The Eco-Hydrological Model

A spatially distributed ecohydrological model, Visualizing Ecosystems for Land
Management Assessment (VELMA) has been developed to simulate changes in soil
water infiltration and redistribution, evapotranspiration, surface and subsurface runoff,
carbon (C) and nitrogen (N) cycling in plants and soils, and the transport of dissolved
forms of carbon and nitrogen from the terrestrial landscape to streams. VELMA is
designed to simulate the integrated responses of vegetation, soil, and water resources to
multiple forcing variables, e.g., changes in climate, land use and land cover. It is
intended to be broadly applicable to a variety of ecosystems (forest, grassland,
agricultural, tundra, etc.) and to provide a computationally efficient means for scaling up
ecohydrological responses across multiple spatial and temporal scales — hillslopes to

basins, and days to centuries.

VELMA uses a distributed soil column framework to simulate the movement of
water, heat, and nutrients (NH4, NO3;, DON, DOC) within the soil, between the soil and
the vegetation, and between the soil surface and vegetation to the atmosphere. The soil
column model consists of three coupled sub-models: (1) a hydrological model that
simulates vertical and lateral movement of water within soil, losses of water from soil
and vegetation to the atmosphere, and the growth and ablation of the seasonal snowpack,
(2) a soil temperature model that simulates daily soil layer temperatures from surface air
temperature and snow depth and, (3) a plant-soil model that simulates C and N dynamics.
[Note: for the purposes of this paper, we describe only the hydrologic aspects of the
model]. Each soil column consists of # soil layers. Soil water balance is solved for each
layer (Equations 3.1-3.6, Appendix A). We employ a simple logistic function (Equation
3.9, Appendix A) that is based on the degree of saturation to capture the breakthrough
characteristics of soil water drainage (Equation 3.7, Appendix A). Evapotranspiration
increases exponentially with increasing soil water storage and asymptotically approaches
the potential evapotranspiration rate (PET) as water storage reaches saturation [Davies
and Allen, 1973; Federer, 1979; 1982; Spittlehouse and Black, 1981] (Equation 3.12,
Appendix A). PET is estimated using a simple temperature-based method [Hamon,

1963] (Equation 3.13, Appendix A). An evapotranspiration recovery function is used to
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account for the effects of changes in stand-level transpiration rates during succession,
e.g., after fire or harvest (Equation 3.21, Appendix B). Snowmelt is estimated using the
degree-day approach [Rango and Martinec, 1995] and accounts for the effects of rain on

snow [Harr, 1981] (Equation 3.10, Appendix A).

The soil column model is placed within a catchment framework to create a spatially
distributed model applicable to watersheds and landscapes. Adjacent soil columns
interact with each other through the downslope lateral transport of water (Figures 3.A.1
and 3.A.2, Appendix A). Surface and subsurface lateral flow are routed using a multiple
flow direction method [Freeman, 1991; Quinn et al., 1991]. As with vertical drainage of
soil water, lateral subsurface downslope flow is modeled using a simple logistic function
multiplied by a factor that accounts for the local slope angle (Equations 3.16, Appendix

A). A detailed description of the processes and equations is provided in Appendix A.
3.5. Simulations Methods
3.5.1 Data

The model is forced with daily temperature and precipitation. Daily observed
streamflow data is used to calibrate and validate simulated discharge. For simulations
presented here, daily meteorological data for the period January 1, 1969 - December 31,
2008 are obtained from the H.J. Andrews LTER PRIMET, CS2MET, and HISMET
meteorological stations located around WS10 [Daly and McKee, 2011] (see Figure 3.1).
Daily observed streamflow measurements at WS10 are available from 1969 to 2008
[Johnson and Rothacher, 2009]. A 30-m resolution Digital Elevation Model (DEM) of
the H.J. Andrews’s watershed 10 [Valentine and Lienkaemper, 2005] is used to compute
flow direction, delineate watershed boundaries, and generate a channel network. The soil
column is divided into 4 layers: a surface layer, intermediate layers, and a deep layer.
The average soil column depth to bedrock is taken to be 2m [Ranken, 1974]. The
dominant soil texture is specified as loam [Ranken, 1974]. Porosity, field capacity and

wilting point values are obtained accordingly [Dingman, 1994].
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3.5.2 Calibration Simulations

Model calibration is needed to accurately capture the pre- and post-harvest
hydrological dynamics at WS10. This model calibration consists of two simulations: a
pre-harvest old-growth simulation for the period 1969-1974 and a post-harvest simulation

for the period 1975-2008.

The pre-clearcut old-growth simulation is conducted for the period 1969 to 1974 in
order to calibrate model hydrological parameters such as the surface soil hydraulic
conductivity (Ks), soil layer thicknesses, ET shape factor, and snowmelt parameters
(Table 3.B.1). These model parameters are calibrated to (1) reproduce the observed daily
streamflow for the period 1969-1974, (2) capture the observed subsurface dynamics in
WSI10 (i.e. preferential lateral transport of water at the soil-bedrock interface [Ranken,
1974; Van Verseveld et al., 2008], and (3) mimic the rapid runoff response to rainfall
[Kirchner, 2003; Ranken, 1974]). Once this pre-clearcut calibration is complete, model
hydrological parameters are considered fixed for the post-harvest calibration simulation
described below. A detailed description of the catchment hydrological dynamics

associated with the pre-harvest calibration simulation is provided in section 3.6.1.

The post-harvest simulation is conducted for the period 1975 to 2008. This post-
harvest simulation is used to calibrate those ET recovery function parameters that control
post-harvest forest regrowth and recovery in transpiration. The ET recovery function
parameters are calibrated to reproduce the observed daily streamflow for the period 1975-
2008 (see Appendix B for details on the calibration process). Once this final model
calibration is complete, all model parameters are considered fixed for all scenarios
simulations that explore the impact of harvest amount and location on catchment
hydrological processes (see section 3.6.3). A detailed description of the catchment
hydrological dynamic associated with the post-harvest calibration simulation is presented

in section 3.6.2. The values of model parameters are provided in Table 3.B.1.
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3.6. Simulations Results

3.6.1 Pre-Harvest Hydrological Dynamics (1969-1974)

Averaged over the period 1969-1974, pre-harvest evapotranspiration amounts to ~
5% (~ 50mm) of winter (December—February) precipitation, ~ 95% (~ 91mm) of summer
precipitation (June—August), and 35% of annual precipitation. Daily simulated
streamflow peaks in November-March due to high precipitation and low
evapotranspiration. The largest storm for the 1969-1974 period produces a peak flow of
64mm/day. Streamflow rapidly declines in spring-summer as temperatures rise and
precipitation diminishes. Summer months are characterized by low flow (~ 0.5mm/day),
high temperatures (reaching 40°C), and low precipitation (less than 8% of annual
precipitation). Surface runoff resulting from infiltration excess is rare (<1%). Subsurface
flow generated from the surface soil layer, the intermediate soil layers, and the deep soil
layer account for ~ 37%, 32%, and 31% of the annual streamflow, respectively. Soil
water content is highest in the winter and lowest in the summer. At the onset of the
summer dry period, the surface soil water degree of saturation (SD) declines rapidly
from a winter average of 50% to a summer average of 18.5% (Figure 3.2). Surface SD is
the lowest (6%) in August and highest (52%) in December. The SD in the intermediate
soil layers is less responsive to changes in precipitation and temperature and exhibits an
average time lag of 32 days compared to the surface SD. The SD for these intermediate
soil layers is lowest (53%) in September and highest (82%) in February. The SD for the
deep soil layer is near saturation (94 + 4%) at all times of the year. For this 1969-1974
calibration simulation, the model captures the overall seasonal dynamics of streamflow
(Figure 3.3) with a Nash-Sutcliffe coefficient of 0.807 [Nash and Sutcliffe, 1970], a
correlation coefficient of 0.907, and an index of agreement of 0.839 [Willmott, 1981]

(Table 3.1a). The model tends to overpredict low flows and underpredict peak flows.
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Figure 3.2: Simulated mean soil water degree of saturation in layer 1, 2, 3 and 4 of the
soil column for the pre-clearcut period of January 1, 1969 to December 31, 1974.
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Figure 3.3: Observed and simulated daily streamflow for the pre-clearcut period of
January 1, 1969 to December 31, 1974.

3.6.2 Post-Harvest Hydrological Dynamics (1975-2008)

To examine post-harvest hydrological dynamics, two simulations are conducted; a
control simulation, for the period 1975 to 2008, in which no vegetation is removed, and a
post-harvest simulation, also for the period 1975 to 2008, in which vegetation is removed
in the spring and summer of 1975. Vegetation removal is simulated by manipulating the

ET recovery function to reflect the post-clearcut bulk successional dynamics. The
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function controlling changes in transpiration during forest regrowth is described in
Appendix B. Briefly, the transpiration rate is set to zero at the onset of the clearcut and
increases asymptotically until reaching pre-disturbance values at 50 years. Simulation
results are presented at daily, monthly and yearly time scales, in terms of the difference
between the post-harvest simulation values and the control simulation values. For the
post-harvest period (1975-2008), the model captures the daily dynamics of streamflow in
WS10 (Figure 3.4) with a Nash-Sutcliffe coefficient of 0.819, a correlation coefficient of
0.913, and an index of agreement of 0.821. Model performance at the daily, monthly,

and yearly time scales in simulating post-harvest streamflow is presented in Table 3.1b.
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Figure 3.4: Observed and simulated daily streamflow for the post-clearcut period of
January 1, 1975 to December 31, 1979.

Table 3.1: Daily, monthly and annual streamflow modeling performance for: a) the pre-
harvest period (1969-1974), and b) the post-harvest period (1975-2008).

Streamflow Modeling SKkills for Daily, Monthly and Yearly Time Period
. Baseline Root Mean
Period Correlation ) Nash-Sutcliffe First degree adjusted Index Square
Coefficient R Efficiency E, Efficiency E', of agreement d" Error
! RMSE
a- Pre-harvest Period (1969-1974)
Daily Flow 0.907 0.807 0.694 0.839 3.854
Monthly Flow 0.979 0.955 0.83 0.912 35.04
Annual Flow 0.959 0.771 0.444 0.761 120.854
b- Post-harvest Period (1975-2008)
Daily Flow 0913 0.819 0.668 0.821 3.341
Monthly Flow 0.983 0.963 0.831 0.912 27.163
Annual Flow 0.977 0.951 0.786 0.895 87.034
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On daily time scales, the 1975-1979 fall and winter daily streamflow are on
average 1 to 3 mm higher than control values, whereas spring and summer daily
streamflow are on average 0.5 to 1.5mm higher than control values. The maximum daily
streamflow surplus of 20mm (relative to control values) occurs in the fall of 1979. The
maximum daily summer streamflow surplus is 2mm. These initial (1975-1979) summer
daily streamflow surpluses switch to deficits after the year 2000, 25 years after clearcut,
due to high transpiration rates (higher than old-growth values) associated with young

vigorous forest.

On a seasonal basis, absolute changes in streamflow are consistently largest during
the fall and winter wet season. For the period 1975-1979, fall and winter streamflow
increase by an average of 142 and 90mm, respectively, whereas summer and spring
streamflow increase by an average of 40 and 73mm, respectively (Figure 3.5). By
contrast, relative changes in streamflow are largest in the summer averaging 140% for the
first five years after harvest and smallest in the winter at approximately 15% (Figure 3.6).
Relative increases in fall and spring streamflow are intermediate at 36% and 40%,
respectively, for the first five years after harvest (Figure 3.6). By the year 2000, 25 years
after harvest, simulated changes in summer and fall streamflow are negative (i.e. lower
than control values) as a result of increasing rates of transpiration during forest regrowth
(Figure 3.5). As the forest matures, simulated transpiration rates approach pre-harvest

levels, such that changes in summer streamflow are similar to control values.

37



BN all Season (mm) Spring Season (mm)

== Summer Season (mm) " Winter Season (mm)
~*~Annual (mm/year)

N
(7%
=]

Absolute Changes in Streamflow

-20 - 1975-1979 1980-1984 1985-1989 1990-1994 1995-1999 2000-2004 2005-2008
Time Period

Figure 3.5: Simulated seasonal and annual absolute changes in streamflow for the post-
clearcut period of 1975 to 2008.
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Figure 3.6: Simulated seasonal and annual relative changes in streamflow for the post-
clearcut period of 1975 to 2008.
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For the first five years after disturbance, average seasonal changes in soil water
degree of saturation (SD) are largest in the summer and fall, with average increases of
18% and 14%, respectively. Winter and spring SD increase by an average of only 5%.
Twenty-five years after clearcut, summer and fall SD changes are negative (i.e. less than
control values). Negative relative changes in SD develop in June and are most intense (~
-1.5%) in July, August, September and October. By the end of October, negative relative

changes in SD are less than 0.6% but last until the end of November.

On an annual scale, simulated annual average evapotranspiration decreases by ~
43% or 370mm/year for the period 1975-1979. Consequently, average annual
streamflow increases by ~ 29% or 345mm/year during the same period. In the first year
after disturbance, annual streamflow increases by 326mm. Average increases in annual
streamflow peaks two years after clearcut and reaches ~ 500mm as a result of high
precipitation and low evapotranspiration demands. Thereafter, changes in annual
streamflow decline. Thirty years after disturbance, simulated post-harvest streamflow is
approximately equal to simulated control streamflow (Figures 3.5 and 3.6). Simulated
deep subsurface flow (i.e. flow at the soil-bedrock interface) is the major contributor to
the post-harvest increase in streamflow. Simulated deep subsurface flow increases by an
average of 50% after clearcut. By contrast, changes in subsurface flow for surface and
intermediate layers are less than 20%. Thirty years after harvest, changes in subsurface
flow are within 1% of control values. Simulated annual catchment SD increases by an
average of 12% for the period 1975-1980. The largest increase in soil water degree of
saturation is in the intermediate layers, with an annual average increase of 15%. By
contrast, simulated SD in the soil surface and deep layers increases by 7% and 5%,

respectively.
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3.6.3 Harvest Scenarios Simulations

Harvest location and amount simulations, described below, are forced with WS10 data

for the period 1975-2008.

3.6.3.1 Harvest Location

To assess the impact of harvest location on stream discharge, twenty simulations
scenarios are conducted. Each scenario has the harvest amount fixed at 20% of the
catchment area. However, harvest location within the watershed varies. The location of
each 20% clearcut varies from an all ridge location (Figure 3.7; scenario A) to an all
valley location (Figure 3.7; scenario T). Catchment pixels within a 20% clearcut are

based on flow accumulation.
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Figure 3.7: Spatial pattern of forest harvest. Twenty scenarios of 20% clearcut area each
were simulated. The location of the 20% clearcut area varied from an all ridge location
(scenario A) to an all valley location (Scenario T).

40



Simulation results show that forest harvest location is important. A 20% clearcut in
the uplands (an average distance of 152m to the nearest stream channel, based on flow
direction) results in an average annual streamflow increase of ~ 54mm or 4% over the
first five years after clearcut (1975-1979). By contrast, a 20% clearcut in the lowlands
(an average distance of 53m from the nearest stream channel, based on flow direction)
results in an average annual streamflow increase of ~ 92mm or 8% over the same period.
Taken together, these 20 simulations suggest a linear increase in streamflow as the
clearcut location shifts from the uplands to the lowlands (Figure 3.8; correlation

coefficient R?=0.97).
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Figure 3.8: Absolute and relative increase in annual streamflow for a 20% clearcut as a
function of the average flow path distance in meters between the harvest area and the
nearest stream channel. The solid black line is the fitted linear trendline.

3.6.3.2 Harvest Amount

To assess the impact of harvest amount on stream discharge, evapotranspiration
and soil water degree of saturation, one hundred virtual harvest amount scenarios are
simulated.  Fifty harvest amount scenarios ranging from 2% to 100%, with an
approximate increment of 2% in harvest area, are simulated from ridge to valley (Figure

3.9). Thereafter, fifty harvest amount scenarios ranging from 2% to 100%, with an
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approximate increment of 2% in harvest area, are simulated from valley to ridge (Figure

3.9). Catchment pixels for a given clearcut amount are based on flow accumulation.

From Ridge to Valley: 50 Clearcut Scenarios (0% to 100%)
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From Valley to Ridge: 50 Clearcut Scenarios (0% to 100%)
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Figure 3.9: Harvest amount scenarios. Selected examples of fifty clearcut scenarios
ranging from 0% to 100% with a ~2% increment in harvest area were simulated (1) from
ridge to valley, and (2) from valley to ridge, to assess the impact of increasing harvest
area on catchment hydrological response.

For ridge-to-valley simulations, the relationship between the change in annual
streamflow and harvest area is near linear (correlation coefficient R>=0.97), with a slight
convex curvature (Figure 3.10). Specifically, average annual streamflow increases by ~
2mm for each 1% of catchment area harvested near the ridge, but by ~ 4mm for each 1%
of catchment area harvested near the valley. The negative relationship between annual
evapotranspiration and harvest area is also near linear (correlation coefficient R?=0.98),
with a slight concave curvature (Figure 3.11). In particular, average annual
evapotranspiration decreases by ~ 3mm for each 1% of catchment area harvested near the

ridge, but by ~ 4mm for each 1% of catchment area harvested near the valley.
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Figure 3.10: Simulated absolute change in annual streamflow as a function of harvest
area. Forest clearcut was simulated from ridge to valley with an increment of 2% in
harvest area.
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Figure 3.11: Simulated absolute changes in catchment annual evapotranspiration as a
function of harvest area. Forest clearcut was simulated from ridge to valley with an
increment of 2% in harvest area.
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For valley-to-ridge simulations, the relationship between the change in annual
streamflow and harvest area is near linear (correlation coefficient R>=0.98), with a slight
concave curvature (Figure 3.12). Specifically, average annual streamflow increases by ~
4mm for each 1% of catchment area harvested near the valley, but by ~ 3mm for each 1%
of catchment area harvested near the ridge. The negative relationship between annual
evapotranspiration and harvest area is also near linear (correlation coefficient R?=0.98),
with a slight convex curvature (Figure 3.13). In particular, average annual
evapotranspiration decreases by ~ Smm for each 1% of catchment area harvested near the

valley, but by ~ 3mm for each 1% of catchment area harvested near the ridge.
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Figure 3.12: Simulated absolute change in annual streamflow as a function of harvest
area. Forest clearcut was simulated from valley to ridge with an increment of 2% in
harvest area.
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Figure 3.13: Simulated absolute changes in catchment annual evapotranspiration as a
function of harvest area. Forest clearcut was simulated from valley to ridge with an
increment of 2% in harvest area.

While there are some differences between the ridge-to-valley and the valley-to-
ridge simulations (Figure 3.14), together they suggest that, irrespective of location (1)
annual streamflow increases linearly at a rate of ~ 3.5mm/year for each percentage of
catchment harvested, (2) annual evapotranspiration decreases linearly at a rate of ~
3.6mm/year for each 1% of catchment area harvested, and (3) whole catchment soil water
degree of saturation increases linearly at a rate of 1.2% for each 1% of catchment area
harvested (not shown). Moreover, there are no apparent hydrologic thresholds that lead

to a non-linear streamflow response to increasing harvest amount.
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Figure 3.14: Simulated absolute and relative increase in average annual streamflow (Q),
and average annual evapotranspiration (ET) as a function of harvest area, over the first

five years after clearcut. The red triangles represent the ridge-to-valley simulations
results. The blue dots represent the valley-to-ridge simulations results. The solid black

line is the fitted linear trendline.

Considering all harvest amount scenarios, the absolute changes in streamflow are
largest during the fall-winter wet season, whereas the largest relative changes in
streamflow are in summer months just after clearcut (Figure 3.11). In the first five years
after clearcut, maximum daily increases in streamflow range from 1mm to 20mm for a
2% and 100% harvest scenario, respectively. Changes in soil water degree of saturation

are most pronounced in the intermediate layers of the soil column and during the summer
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and fall seasons. Thirty years after disturbance, simulated post-harvest streamflow,
evapotranspiration, and soil water degree of saturation are approximately equal to

simulated control values.
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Figure 3.15: Simulated absolute and relative increase in monthly streamflow as a
function of harvest area, in the 1-5 years after clearcut (1975-1979).
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3.7. Discussion

A spatially distributed ecohydrologic model, VELMA, was used to analyze the
effects of harvest amount and location on catchment hydrological processes at an
intensively studied 10-hectare catchment in the western Oregon Cascades that was
clearcut in 1975. Comparison of 40 years of modeled and observed streamflow data
show that VELMA captures daily, seasonal, and annual streamflow dynamics for both the
pre- (1969-1974) and post-harvest (1975-2008) periods. Multiple simulation scenarios
are conducted to explore the effects of harvest amount and location on catchment
hydrological response. Results show that (1) for the case of a 100% clearcut, stream
discharge initially increases by ~ 29% or 345mm but returns to pre-clearcut levels within
50 years (Figures 3.5 and 3.6), 2) fall increases in streamflow are large in absolute terms,
whereas summer increases are large in relative terms (Figure 3.15), (3) annual streamflow
increases linearly at a rate of 3.5mm/year for each percent of catchment harvested,
irrespective of location (Figure 3.14), (4) the increase in annual streamflow is small (less
than 40mm/year) for harvest amounts of less than 10% (Figure 3.14), and (5) streamflow

response is strongly sensitive to harvest distance from the stream channel (Figure 3.8).

For our WS10 simulations, results suggest that streamflow increases linearly with
harvest amount, irrespective of location, and is insignificant for a harvest area of less than
10% (Figure 3.14). Stednick [1996], who reviewed 95 paired-catchment studies across
the United States, also found that annual streamflow increased linearly with increasing
harvest area, and that changes in annual streamflow in the Pacific Northwest catchments
were undetectable for harvest areas of less than 20% (Figure 3.16). Bosh and Hewlett
[1982] reviewed 94 paired-catchment studies in Asia, Australia, Africa and North
America, and found that annual water yield increased by ~ 40mm for every 10%
reduction in coniferous forest cover. Likewise, Sahin and Hall [1996] analyzed the
results of 145 experimental studies in Asia, Australia, Africa, Europe and North America,
and found that annual streamflow increased linearly at a rate of 20 to 25mm/year for each
10% reduction in coniferous forest cover. Grant et al. [2008] analyzed the results of
several experimental and modeling studies across the Pacific Northwest and found that

the change in peak flow increased linearly with increasing harvest area and was
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undetectable (i.e. relative change in peakflow is less than 10%) for harvested areas of less
than 29% in rain dominated catchments and 15% for catchments in the transient snow

zone.
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Figure 3.16: Comparison of the simulated increase in annual streamflow in WS10 (red
dots) with observed increase in annual streamflow for 95 catchments in the US [Stednick,
1996] (Green line), and for the Pacific Northwest (Stednick data) (Orange line) as a
function of the percent of catchment harvested.

For our WS10 simulations, the largest absolute increase in streamflow is in fall and
winter, while the largest relative increase in streamflow is associated with summer
months. Similar results have been found by Harr et al., [1979], who examined the
seasonal changes in streamflow following a 100% clearcut of two Coyote Creek
experimental watersheds in Southwest Oregon. Harr et al., [1979] found that the largest
absolute increase in streamflow (~ 120mm) was in winter, whereas the largest relative
increase (~ 44%) was in the low flow summer months. Likewise, Jones and Post [2004]
examined the seasonality of streamflow to forest clearcut in 14 experimental paired

watersheds located in the northwest conifer and eastern deciduous forests. They found
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that the absolute increase in streamflow was largest in moist seasons, whereas the relative

increase in streamflow was highest in the warm seasons.

Our simulation results suggest that post-clearcut annual streamflow increases with
decreasing harvest distance to the channel (Figure 3.8). This streamflow sensitivity to
harvest location stems from the fact that subsurface flow generated from an upland
clearcut area, as opposed to a lowland clearcut area, has a relatively longer flowpath.
This longer flowpath subjects subsurface flow to downslope plant water uptake, which
reduces the amount of water that reaches the stream channel. These results are consistent
with previous findings on the importance of riparian forest buffers and lowland
vegetation in reducing subsurface flow to streams [Jordan et al., 1993; Lowrance et al.,

1997].

Forest harvest effects on streamflow in WS10 were simulated in a simplified way,
with the ultimate goal of developing a framework that can be efficiently scaled up for
larger watersheds of interest to land managers and policy makers. For example, one of
our objectives is to provide a foundation for extrapolation to managed landscapes that are
not as data rich as LTER sites (e.g., ungauged basins with little soil and vegetation data).
However, our simplifying assumptions need to be examined. Below we discuss a number
of harvest effects and watershed characteristics relevant to hydrological processes not

explicitly addressed in this study.

(1) Roads: The impact of forest roads on hydrological processes have been well
documented for the H.J. Andrews Experimental Forest [Jones and Grant, 1996; Luce and
Wemple, 2001; Swanson and Dyrness, 1975; Wemple and Jones, 2003; Wemple et al.,
2001]. Roads have been shown to (1) intercept and route surface and shallow subsurface
water to stream channels [Luce and Wemple, 2001], (2) increase the magnitude and
frequency of peak flows [Jones and Grant, 1996], and (3) increase sediment transport to

the stream [Beschta, 1978; Swanston and Swanson, 1976].

(2) Harvest methods: Forest harvest in many Pacific Northwest sites is conducted
with skidders, tractors, or cable yarding [Moore and Wondzell, 2005]. WS10 was logged
using a skyline cable system [Hood et al., 2006], and trees were felled and dragged uphill
to a single landing [Sollins and McCorison, 1981]. As a result, soils on about 50% of the
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watershed were subjected to moderate or severe disturbance or compaction [Harr and
McCorison, 1979]. Such soil compaction reduces soil infiltration capacity [Startsev and
McNabb, 2000], saturated hydraulic conductivity [Purser and Cundy, 1992], pore size
distribution, and pore space [Huang et al., 1996], which in turn, impact watershed

hydrological processes.

(3) Forest succession: Biomass recovery is complex, involving changes in species
composition, growth rates and canopy structure. During post-clearcut succession, species
composition often changes from colonizing shrubs to hardwood trees before returning to
conifer dominance [Yang et al., 2005]. To accurately model these successional dynamics
would require the inclusion of multiple species, species interaction, overstory and
understory dynamics, the seasonality of leaf area, and canopy interception, among others
[Bond-Lamberty et al., 2005]. However, including these dynamics would increase model
complexity, decrease computational efficiency, and limit model application to sites rich
in data. Instead our simulations use a Chapman-Richards growth function [Hunt, 1982,
Ratkowsky, 1990; Richards, 1959] that relates canopy transpiration to forest age, as a
simple proxy for plant/biomass recovery (Equation 3.21; Appendix B).

(4) Soil spatial heterogeneity: Soil texture and depth vary spatially within WS10
[McGuire et al., 2007; Ranken, 1974; Sayama and McDonnell, 2009]. However, deriving
high-resolution and catchment wide soil texture and depth maps from, typically, a small
number of point measurements, is at best, uncertain. Instead, we assume uniform loam
soil texture and uniform depth to bedrock of 2m to reflect, more or less, average
conditions in the catchment [Ranken, 1974]. While a sensitivity analysis on the impact of
the spatial distribution of soil texture and soil depth on streamflow dynamics would

certainly provide insights into catchment dynamics, it is beyond the scope of this paper.

Finally, it is important to ask whether or not an explicit treatment of the preceding
issues would improve model performance and the understanding of process-level controls
on streamflow and other ecohydrological processes. However, an explicit treatment of
these issues comes at the cost of computational efficiency, model complexity, and
applicability to larger spatial and temporal scales. This is an important tradeoff to

consider, given that data needed to apply complex models is not generally available at
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scales relevant to formulating management decisions. The current version of VELMA is

an initial attempt at a parsimonious solution to this dilemma.
3.8. Conclusion

Despite the limitations discussed above, the model presented here provides a
relatively simple, spatially distributed framework for assessing the effects of changes in
climate, land use and land cover on ecohydrological processes within watersheds. The
WS10 simulations suggest that the model can predict, with reasonable accuracy, the
effects of forest harvest on daily, seasonal, and annual changes in streamflow. The
simulations describing the effects of harvest amount and spatial pattern provide process-
level insights into important hydrological responses to harvest — details that would be
difficult or impossible to capture through experimentation or observation alone.
Moreover, the model provides an integrated ecohydrological framework for evaluating
how alternative climate and forest management scenarios may interact to affect the
functioning and health of forest and stream ecosystems. Finally, the simplicity of the
model makes it potentially useful for applications across a range of spatial and temporal

scales relevant to land managers and policy makers.

3.9. Appendix:

Appendix A describes the hydrology model, which includes the equations typically
applied across watersheds and ecosystems. Appendix B describes the evapotranspiration

recovery function used to mimic post-harvest transpiration dynamics.

3.9.1 Appendix A: Hydrological Model Description

VELMA is a spatially distributed ecohydrology model that accounts for hydrologic
and biogeochemical processes within watersheds. The model simulates daily to century-
scale changes in soil water storage, surface and subsurface runoff, vertical drainage,
carbon (C) and nitrogen (N) cycling in plants and soils, as well as transport of nutrients
from the terrestrial landscape to the streams. VELMA consists of multi-layered soil
column models that communicate with each other through the downslope lateral transport

of water (Figure 3.A.1). Each soil column model consists of three coupled sub-models: a
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hydrological model, a soil temperature model, and a plant-soil model. What we describe
below is the hydrology component of the model. First, we describe the soil column

model and then place this soil column within a catchment framework.

C - N - H 20 |
Interactions C-N-H,O
. Interactions

Figure 3.A.1: Conceptual catchment modeling framework using multi-layered soil
columns.

3.9.1.1 Soil Column Framework

We employ a multi-layer soil column as the fundamental hydrologic unit. The soil
column consists of # soil layers, a standing water layer, and a snow layer (Figure 3.A.2).
Soil water balance is solved for each model layer (Equation 3.1-3.6). Soil water storage
in layer i (s;), surface standing water (ssrw), and snow water equivalent (ssyg), are tracked

and updated at each time step.
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Figure 3.A.2: The soil column framework consists of 4-layer soil column, a standing
water layer, and a snow layer. DTB is the soil column depth to bedrock. z; Ks;, ¢;, and
s;, are the thickness, the saturated hydraulic conductivity, the soil porosity, and the soil

water storage of layer i, respectively.

For a 4-layer soil model, such as the one used in this work:

-, - P I +m- Qs out Qs_in

ds
— =1-D-ET-0 ,,+0,

ds,
dt

ds
7; =D,-D,-ET,-0; ,,+0; ,,
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where P, (mm/day) and Py (mm/day) are rain and snow, respectively, ET;(mm/day)is the
water extracted from soil layer i due to evapotranspiration, s; (mm) is the soil water
storage in layer i; ssye (mm) is the snow water equivalent due to the accumulation of
snow, sspw (mm) is the standing water amount, m (mm/day) is the snowmelt that enters
the standing water layer, [ (mm/day) is the soil infiltration rate, D; (mm/day) is the
vertical drainage from layer i to layer i+/ within a given soil column, Q; ;, (mm/day) and
Oi our (mm/day) are the lateral subsurface flow into and out of layer i; QO ;, (mm/day) is
the surface water flow from the ssr pool of an upslope soil column and Q; .. (mm/day)

is the surface water flow to the ssyw pool of a downslope soil column or into the stream.

39.1.1.1 Vertical Water Drainage:

The vertical water drainage (D;) is modeled using a logistic function that is
intended to capture the breakthrough characteristics of soil water movement.

Specifically, we employ a logistic function f (Si / s;"“) that permits for fast “switching”

from low to high flow as layer moisture approaches field capacity:

D, = K5 x f(s, /sm) i=12,..n (3.7)

i

where K" is the vertical saturated hydraulic conductivity in layer i, (Si / sl.m‘”‘) is the

max
i

soil degree of saturation in layer 7, s (mm) is the maximum soil water storage in layer

i, and f (s,. / s;“a") is the logistic function for layer i. The vertical saturated hydraulic

conductivity follows TOPMODEL formulations [Beven and Kirkby, 1979] and decreases
exponentially with depth such that:

Ksl.”em“’l = Ksxe /4 i=12,.n (3.8)

where Ks is the soil surface saturated hydraulic conductivity [Clapp and Hornberger,
1978; Dingman, 1994], f, is the vertical decay rate of Ks with depth, and d; is the soil
depth to the center of layer i.
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The logistic function is modeled as:

s fs)etresplelafar) 2 P12

l+a, exp(— az,i(si/simax )) (1 + al,i)
a, = exp(6 +270.562 (Ks ! )“”“) (3.9)

with o
4y, = 6-+144.749x (K5 |

39.1.1.2 Precipitation, rain, snow and snowmelt:

Below a threshold temperature (77,), precipitation (P) falls as snow (Py), otherwise
as rain (P,). Snow accumulates until air temperature (7,) warms and reaches melting
temperature (7,). Snowmelt rate (m) follows a degree day approach [Rango and
Martinec, 1995]), and includes for the heat provided by rain on snow [Harr, 1981].
Snowmelt (m) enters the ssrw pool and from there infiltrates into the top soil layer (or

continues as lateral surface flow and enters a downslope ssrw pool, section 2.2).

E, T,>T,
P={R T,<T,

al, =T )+ ox P xT, T >T, (3-10)
m={0 I <T,

where o (mm °C™' day™) is the degree-day factor for melt and ¢ is the rain on snow factor.

3.9.1.1.3 Surface Soil Infiltration:

Based on the large uncertainties associated in ascribing soil texture, soil structure,
and soil properties, we simply assume that water stored in the ssr pool is allowed to

infiltrate (/) the top soil layer such that:

I= (Pr +m+Q, - stom) for (R +m+0; 1, =0, o )< Kt

o (D
I =Ko for (Pam+0, -0, )= Ko
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3.9.1.1.4 Evapotranspiration.:

Evapotranspiration increases exponentially with increasing soil water storage and
asymptotically approaches the potential evapotranspiration (PET) rate as water storage
reaches saturation [Davies and Allen, 1973; Federer, 1979; 1982; Spittlehouse and Black,
1981].

ET, =W, xPETx(l—eXp(— Crr x(sl./smax ))) i=12,..n (3.12)

1
where WE’i is the soil water extraction fraction in layer i, and cgr is an ET shape factor to
ensure that ET approaches PET near field capacity.

PET is estimated using a simple temperature-based method [Hamon, 1963]:

PET =K,,, x0.0138xLx p, (T,)

with . Pa (3.13)

ew(Ta)= 6.11xexp 73T,
‘ T,+2733

Prsar (Ta )= 0.622x P, % (M)

where puau(T,) 1s the saturation absolute humidity (g/m’) at the mean daily air
temperature 7, (°C), p, i1s the air density (1300 g/m®), esu(T,) is the saturation vapor

pressure (kPa) at 7,, ps; is the mean pressure at sea level (101.3 kPa), Kpgr is a

calibration constant, and L is the local day length expressed in hours [Dingman, 1994].

The distribution of plant water extraction through the soil profile has a significant
impact on the ability of vegetation to access water during the growing season [Bond et
al., 2008]. Roots, soil macropores and soil saturated hydraulic conductivity all tend to
fall off exponentially with depth [Beven and Kirkby, 1979; Gale and Grigal, 1987,
Jackson et al., 1996; Sidle et al., 2001; Wigmosta and Perkins, 2001], which suggests that
the ability to extract water from the soil column decreases with soil depth. A number of

studies have found that the majority of water uptake is in the shallow soils where water
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and nutrients are abundant [Jackson et al., 1996; Warren et al., 2005]. However, these
studies also suggest that water uptake shifts from shallow to deep layers as near surface
soils dry out [Brooks et al., 2006; Hacke et al., 2000; Warren et al., 2005]. To mimic

these dynamics, soil water uptake is modeled as follows:

s o Wei=73 i=12,..(d, ~1)
Jor | = | S EEE R (3.14)
Siz(d,-1) Drea -1y =
WE i 0 i= dr gesaes n
( (I_WE deep)xsl .
WE,[ = 7 i=12,...(d, -1
S .
for Yo | Ora, - A (3.15)
Sintd, 1) P, - Wei =Wk deep i=d,
Wg; =0 i= (a’r + 1), ..... n

where 6", and ¢, are the soil wilting point and the soil porosity in layer i, respectively,
Layer d, is the deepest layer in which water extraction is possible, (Sl.=( d-1) / sgﬁz"_l)) is

the degree of saturation of layer (d,- 1), and Wk 4., 1s the fraction of water uptake from
layer d, during droughts (a calibrated value). The depth of layer d, is determined either
experimentally (typically taken from rooting depth information) or through calibration.
Based on Equation 14, water uptake is limited to shallow layers as long as water storage
in these layers is above wilting point. When the water storage in the shallow layers is

below wilting point, Equation 15 permits for deep soil water extraction.

3.9.1.2 Watershed Framework:

To place the above described soil column framework within a catchment
framework, the catchment topography is gridded into a number of pixels (dependent upon
the available DEM, e.g., 30 m), with each pixel consisting of one soil column model

(Figure A.1). Soil columns communicate with each other through the downslope lateral
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transport of water. For simplicity, lateral subsurface flow Q; (Equation 16) from one soil
column pixel to its downslope neighbor is from layer i of the upslope pixel to layer i of
the downslope pixel. Lateral surface flow Q; (Equation 18) is from the ssyw pool of an
upslope pixel to the ss7w pool of a downslope pixel, where it can then either infiltrate into
the top soil layer of the downslope pixel, or continue its downslope movement as lateral
surface flow. A multiple flow direction method is used where flow from one pixel to its
eight neighbors is fractionally allocated according to terrain slope [Freeman, 1991; Quinn

etal., 1991].

3.9.1.2.1 Lateral Subsurface Runoff:

Lateral downslope flow (Q)) is triggered near field capacity using the logistic

vertical

function presented in Equation 9 but (1) corrected for the local slope and (2) K, in

a;;and a,,;is replaced by Ks'“““ such that:

0, = Ko x SLx f(s, /s™~) i=12,.n (3.16)
and
K = Ksx e /" i=12,.n (3.17)

lateral ;

where K is the lateral saturated hydraulic conductivity in layer i, SL is the local

i

terrain slope, and f; is the lateral decay rate of Ks with depth.

3.9.1.2.2 Surface Runoff:

Surface runoff (Q;) from a pixel is calculated as a function of the standing water
after infiltration (/) is accounted for, local terrain slope and a Chezy “like” coefficient

(Che) (1/time) [Dingman, 1994]:

QS =Ch€XSLXSSTW (3.18)
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3.9.1.2.3 Total Runoff:

Total catchment discharge (Qr) is computed as the sum of the lateral flows into the
channel, the rain falling directly on the channel, and the snowmelt from channel pixels.
The stream channel is defined as all pixels with a flow accumulation area above a pre-
defined threshold. We assume that all flows entering the channel are directly routed to

the outlet such that:

cn n cr

QT=ZIZ(QSJ+ i,,-)+;(Pr +m) (3.19)

where cn is the number of pixels that are both adjacent to the channel and that have a
flow direction into the channel, # is the number of layers in a soil column, and cr is the

number of pixels within the channel.
3.9.2 Appendix B: Evapotranspiration Recovery Function Description
3.9.2.2 Background

Successional changes in forest transpiration are generally consistent with changes
in forest Leaf Area Index (LAI), sapwood basal area, and net primary production (NPP)
[Watson et al., 1999; Zimmermann et al., 2000]. Ryan et al., [1997] found that forest
LAI increases initially after disturbance, reaches a maximum in young stands, and
thereafter decreases. Moore et al., [2004] found that young Douglas-fir forests in the
Pacific Northwest have a higher sapwood basal area and use nearly three times as much
water during the growing season as old-growth forests. Acker et al., [2002] found that
the NPP of young stands in the Pacific Northwest is larger than the NPP of mature and
old stands (Figure 3.B.1). Furthermore, several experimental studies found that the
streamflow in managed forest is reduced to below pre-harvest values due to rapidly
transpiring young vegetation [Bond et al., 2008; Hicks et al., 1991]. Finally, Yang et al.
[2005] examined conifer development in 153 stands in the Pacific Northwest using
interpretation of historic aerial photographs from 1959 to 1997 and found that coniferous
forests regenerate quickly and reach closed canopy (defined as >70% tree cover)

approximately 50 years after disturbance.
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Figure 3.B.1: Changes in net primary production (NPP) of temperate forests (red dots
are individual forest stands sampled throughout the world; dashed black line is a 10-year
moving average) [Luyssaert et al., 2008], and NPP of boles for Pacific Northwest
coniferous forests (black circles and solid black line) as a function of stand age (i.e. time
after stand-replacing disturbance) [Acker et al., 2002].

3.9.2.3 Evapotranspiration Recovery Function

Based on these findings, the ET function given in Equation 12 is modified to
account for the 1) reduction in ET due to clearcut, 2) ET recovery during regrowth, 3)
high transpiration demands of young forest, and 4) return to pre-clearcut ET values

within 50 years. Thus

ET, = £, (t,)x W, x PETx (1= expl- ¢, x5, /s™ ) i=12,..n (3.20)
where

S t0)= fir 0 (U= rp Jx (U= expl-1, /1 )+ 72 ) (3.21)
and

Q

for(25yrsstds45yrs&tdEJun—Sept) fYF(td)=((1_r )x(l—exp(—t T ))+r ) (3.22)

else  f,(t,)=1
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where f,, (t d) is the ET recovery function, #; is time in days after disturbance, rzr is the

residual ET immediately after clearcut, rr is an ET recovery shape factor, and Q is the
percentage increase in transpiration of young stands over old-growth during the growing

season (assumed here between June and September). The function f, . (t d) accounts for

the increase in ET of young stands over old-growth.

The ET recovery function, f, (td), is a modified Chapman-Richards growth
function [Hunt, 1982; Ratkowsky, 1990; Richards, 1959] that accounts for the higher

transpiration rate of young vigorous stands over old-growth [Bond et al., 2008; Jones and

Post, 2004]. Specifically, fTP(t d) increases exponentially (from a clearcut value of
S (t q= 0)= r.r ) and asymptotes to pre-clearcut values within 50 years (i.e.
S (t d= 50yrs)= 1). This ET recovery function Equation 3.21 is an initial attempt to

capture the complex successional dynamics associated with canopy recovery. This
function has been widely used in studies of trees and stand growth (e.g. at the H.J.
Andrews, the Coweeta, and the Hubbard Brook Experimental Forests) [Bosch and Von
Gadow, 1990; Christina et al., 2011; Duan, 1996; Janisch and Harmon, 2002; Khamis et
al., 2005; Waichler et al., 2005; Zeide, 1993, amongst others]. Waichler et al., [2005]
used the Chapman-Richards growth function to capture canopy recovery in 3 watersheds
within H.J. Andrews. Yang et al., [2005] used the Chapman-Richards growth function to
simulate the recovery of shrubs, hardwood trees, conifer trees and mixed trees

successional post-disturbance dynamics.

Calibration of the ET recovery function parameters is conducted as follows: Q is
calibrated to capture the observed 1975 — 2008 annual, seasonal and monthly streamflow.
rer is calibrated based on the annual P and Q7 record at WS10 immediately after clearcut
and yields a value of 30%, which is well within the range of observed values in forests
across the United States and the Pacific Northwest [Spittlehouse, 2006; Stednick, 1996;
Stoy et al., 2006; Winkler et al., 2010]. For example, a number of studies in the Pacific
Northwest, including H.J. Andrews, have found that the initial ET after clearcut ranged
from 280 mm to 550mm (30 to 55% of pre-clearcut ET) [Bosch and Hewlett, 1982;
Hibbert, 1966; Stednick, 1996].
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Table 3.B.1: Model parameters values used to simulate the hydrologic processes of
WSI10 in the H.J. Andrews Experimental Forest.

Parameters Definition Value References
Soil Texture | Dominant Soil Texture Loam* Ranken, 1974
Q,f" Field Capacity in layer i 0.27 Clapp and Hornberger, 1978
¢. Porosity in layer i 0.463 Clapp and Hornberger, 1978
oY Wilting Point in layer i 0.117 Clapp and Hornberger, 1978
Pre-Harvest Calibrated Model Parameters
Az, Soil Surface Layer (Layer 1) Thickness 300 Calibrated
(mm)
Az, First Intermediate Soil Layer (layer 2) 750 Calibrated
Thickness (mm)
Azs Second Intermediate Soil Layer (layer 3) 750 Calibrated
Thickness (mm)
Az Deep Soil Layer (Layer 4) Thickness 200 Calibrated
(mm)
Ks Surface Saturated Hydraulic 950 Calibrated
Conductivity (mm/day)
1 Vertical Decay Rate of Ks (1/m) 1.3 Calibrated
fi Lateral Decay Rate of Ks (1/m) 1.55 Calibrated
d, Deepest layer in which water extraction 3 Santantonio et al. 1977
is possible
WE deep Fraction of water uptake from the deep 0.2 Calibrated
layers during droughts
CET ET Shape Factor 5 Calibrated
Kppr Potential Evapotranspiration Calibration 2 Calibrated
Parameter
a Degree-day Factor for Melt (mm °C™! 5 Calibrated
day™)
T Threshold Temperature (°C) -1 Calibrated
T Melting Temperature (°C) 2 Calibrated
o Rain on Snow Parameter 0.5 Calibrated
Che Chezy “like” Coefficient (1/day) 540,000 Calibrated
Post-Harvest Calibrated Model Parameters
rET Residual Evapotranspiration fraction 0.3 Calibrated
after Clearcut
rr Transpiration recovery shape factor 3000 Calibrated
0 Percentage Increase in daily 10 Calibrated
transpiration due to young vigorous
forest (%)

*Soil texture in WS10 range from gravelly, silty clay loam to very gravelly clay loam
[Ranken, 1974].
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4.1. Abstract

Two significant disturbance events have shaped the life history of vegetation growth of a
small intensively studied watershed in the Pacific Northwest. The first was a stand-
replacing fire in circa 1525. The second was a clearcut harvest in 1975. To reconstruct
and analyze the effects of these two historical disturbances events on vegetation and soil
carbon and nitrogen dynamics, we use a new ecohydrological model, Visualizing
Ecosystems for Land Management Assessments (VELMA). Observed ecological and
hydro-biogeochemical data from this site in combination with published chronosequence
data from Pacific Northwest forest ecosystems were used to calibrate and test the
modeled response to fire and harvest. Model parameters were first calibrated to simulate
the post-fire build-up trajectory of ecosystem carbon and nitrogen stocks for the period
1525 to 1968. Thereafter, model parameters are held fixed and the model is used to
simulate the 1969 to 1974 biogeochemical dynamics of this old-growth forest. Finally,
for the period 1975 to 2008, the model is used to simulate the impact of the 1975 100%
clearcut. Results show that (1) losses of dissolved nutrients in an old-growth forest are
generally low and consist primarily of DON and DOC, (2) following fire and harvest, C
and N losses from the terrestrial system to the stream and atmosphere increase as a result
of reduced N uptake from plants, high soil organic carbon decomposition, and high soil
water content, and (3) plant biomass regrowth following clearcut was lower than the rate
of regrowth after fire due to the greater amount of nitrogen released from decomposing

detritus following fire than after clearcut.
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4.2. Introduction:

Fire and harvest are two disturbances that have impacted the life history of the
vegetation growth in forests of the Pacific Northwest [Agee, 1994; Agee 1990; Franklin
and Forman, 1987; Stednick, 1996; Wright and Agee, 2004; Wright and Heinselman,
1973]. Forest fire and harvest in the Pacific Northwest have been found to increase water
yield [Bosch and Hewlett, 1982; Hibbert, 1966; Helvey, 1980, Amaranthus et al., 1989],
summer low flow [Keppeler and Ziemer, 1990; Neary et al., 2005], peak streamflow
[Beschta et al., 2000; Harr and McCorison, 1979; Ice et al., 2004], stream nutrient
concentrations [Beschta, 1990; Sollins and McCorison, 1981; Sollins et al., 1981;
Tiedemann et al., 1988; Raison et al., 1990], greenhouse gas emissions [Harmon et al.,
1990; Turner et al., 2003], and soil microbial activity [Bormann et al., 1968; R Grant et
al., 2007]. Forest fire and harvest have also been shown to reduce evapotranspiration
[Jones and Post, 2004; Jones, 2000; Ice et al., 2004], plant N uptake, and forest
productivity [Sollins and McCorison, 1981]. These changes to the ecosystem
hydrological fluxes and biogeochemical dynamics affect key ecosystem services relevant
to land managers and policy makers such as timber production, water quality and
quantity, and wildlife habitat. For informed management decisions to be made, it is
therefore important to understand how historical natural and man-made disturbances
affected long-term watershed hydrology, carbon (C) and nitrogen (N) dynamics, and
vegetation recovery, so as to draw insights into the impact of future managements on key
ecosystem processes. Attempts at investigating the impact of forest disturbances have
been addressed through paired-watershed experiments [Harr and McCorison, 1979,
Langford, 1976; Moore and Wondzell, 2005; Raison et al., 1990; Weber and Flannigan,
1997] and model simulations [Janisch and Harmon, 2002; Storck et al., 1998; C Tague
and Band, 2000; Wright et al., 2002].

A number of experimental paired watershed studies have explored the impact of
fire and harvest on ecosystem dynamics in the Pacific Northwest forests. These
experimental studies have been conducted in places such as the H.J. Andrews
Experimental forest in the western-central Cascade Mountains of Oregon, the Alsea

watershed study in coastal Oregon, and the Yakima River basin in Washington State,
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amongst others. For example, (1) Giesen et al., [2008] used field measurements (i.e. tree
scars, dendrochronological records, soil C and N content measurements) at 24 forest
stands in the western Cascade Range of Oregon to evaluate the long-term impacts of
stand-replacing wildfire on carbon and nitrogen pools and dynamics, (2) Stednick [2008]
used long-term measurement of nutrients losses to the stream to explore the impact of
forest harvest on water quality in three watersheds in coastal Oregon, and (3) Sollins and
McCorison [1981] measured nitrogen concentration in a small experimental watershed in
western Oregon, to explore the impact of clearcut on nitrogen pool and losses.
Nonetheless, the complexity of experimental ecosystem studies often prevents direct
interpretation of relationships between responses and specific perturbations [Grant et al.,
2008; Thompson et al., 2006]. Moreover, difficulties in separating the effects of plant
biomass removal from the effects of roads have been identified and known to impact
experimental results [Yanai et al., 2003]. Furthermore, experimental studies are usually
expensive, require a significant time commitment, and cannot be used alone to quantify
the contribution of specific processes to specific observed biogeochemical responses

[Alila and Beckers, 2001; Giesen et al., 2008; Stednick, 2008].

Process-based ecohydrological models can help address this need by providing a
whole-system synthesis of disparate data sets (soils, vegetation, climate, etc.) and by
exploring underlying process-level controls on catchment hydrological and
biogeochemical responses to disturbance. Models can isolate the effect of a ‘target’
treatment factor from the effects of other factors that may be unavoidably altered within a
single treatment [McKane et al., 1997]. A number of models have been used to test
forest management treatment scenarios, reproduce historical disturbances, and simulate
post-disturbance successional changes in carbon and nitrogen, amongst others.  For
example: (1) Harmon and Marks [2002] developed a carbon model STANDCARB, to
examine the effects of forest management treatments such as slash burning, partial
harvest and clearcut, amongst others, on plant and soil carbon pools in Pacific Northwest
forests, (2) Wimberley [2002] used a spatial simulation model of wildfire and forest
succession to mimic pre-settlement landscape dynamics in the Oregon Coast Range, (3)
Keane et al., [1997] used FIRE-BGC [Keane et al., 1996], a mechanistic biogeochemical

succession model, to simulate the effects of fire on carbon emissions to the atmosphere in

74



the coniferous forest landscapes of Glacier National Park, Montana, and (4) Tague et al.,
[2009] used the RHESSys model [Tague and Band, 2004] to simulate the
ecohydrological response of a Mediterranean type ecosystem to the combined impacts of
projected climate change and altered fire frequencies. These and other simulation models
have provided an effective tool to complement field research and to examine the
integrated responses of watershed hydrology, ecology, and biogeochemistry to interacting

stressors.

However, existing process-based models have disadvantages. Many are too simple
to capture the important process-level hydrological and biogeochemical controls on
ecosystem responses to disturbance. At the other extreme, some models are so complex
that they require forcing data that are often unavailable, or are too computationally
expensive to simulate the local dynamics over large watershed areas, or require a high
level of expertise to implement. There is therefore need for a balanced approach.
Specifically an accessible, spatially-distributed, ecohydrological model that is both
computationally efficient and relatively easy to implement for analyzing the effects of
changes in climate, land-use and land cover on watershed processes at scales relevant to

formulating management decisions.

Such an ecohydrological model, VELMA (Visualizing Ecosystems for Land
Management Assessments, [Abdelnour et al., 2011]) was used to investigate the response
of Pacific Northwest forests to natural and man-made disturbances. Specifically, the
model was applied to a small intensively studied catchment (WS10), where a stand-
replacing fire occurred in 1525 and a 100% clearcut in 1975. The temporal changes in
measured and unmeasured biogeochemical fluxes such as nutrient losses, soil
heterotrophic respiration, and N»-N,O emissions, amongst others, were explored for three
periods of interest: (1) following the 1525 stand-replacing fire (1525 to 1968), (2) during
old-growth condition when the ecosystem was relatively close to steady state (1969 to
1974), and (3) following the 1975 whole catchment clearcut (1975 to 2008). Section 4.3
of this paper describes the study site. Section 4.4 provides an overview of the VELMA
modeling framework. Section 4.5 describes our simulation methods. Section 4.6

presents model results and discussion. Section 4.7 summarizes our major conclusions.
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4.3.  Site Description

Watershed 10 (WS10) of the H.J. Andrews Experimental Forest (HJA) is a small

10.2 hectares catchment located in the western-central Cascade Mountains of Oregon, at

latitude 44°15'N, longitude 122°20'W (Figure 4.1).

———————

0 125 250 500 Kilometers

Legend

WS10 Elevation
Value
High : 700m

Low : 430m
0 125 250

500 Meters

Figure 4.1: The study site is the watershed 10 (WS10) of the H. J. Andrew Experimental
Forest located in the western Cascade Range of Oregon.
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WSI10 has been the site of intensive research and manipulation by the U.S. forest
Service since the 1960’s, mainly to study the effects of forest harvest on hydrology,
sediment transport, and nutrient loss [Dyrness, 1973; Fredriksen, 1975; Harr and
McCorison, 1979; Jones and Grant, 1996; Rothacher, 1965; Sollins and McCorison,
1981; Sollins et al., 1981]. Watershed 10 elevation ranges from 430 m at the stream
gauging station to 700 m at the southeastern ridgeline. Near-stream and side-slope
gradients are approximately 24° and 25° to 50°, respectively [Grier and Logan, 1977,
Sollins et al., 1981]. The climate is relatively mild with wet winters and dry summers
[Grier and Logan, 1977]. Mean annual temperature is 8.5°C. Daily temperature
extremes vary from 39°C in the summer to -20°C in the winter [Sollins and McCorison,
1981]. Mean annual precipitation is 2300 mm and falls primarily as rain between
October and April [Jones and Grant, 1996]. Snow rarely persists longer than a couple of
weeks and usually melts within 1 to 2 days [Harr and McCorison, 1979; Harr et al.,
1982; Jones, 2000]. Soils are of the Frissel series, which are classified as Typic
Dystrochrepts with fine loamy to loamy-skeletal texture [Sollins et al., 1981; Vanderbilt
et al., 2003] and are generally deep and well drained [Grier and Logan, 1977].

Two significant events determined the life history of the vegetation growth in
WSI10; a stand-replacing fire event in 1525 A.D. [Wright et al., 2002] and a man-made
clearcut in 1975 A.D. [Sollins and McCorison, 1981]. Prior to the 100% clearcut in
1975, WS10 was a 450 year-old forest dominated by Douglas-fir (Pseudotsuga
menziessii), western hemlock (7suga heterophylla), and western red cedar (Thuja plicata)
[C Grier and Logan, 1977] reaching up to ~60m in height, with rooting depths rarely
exceeding 100 cm [Santantonio et al., 1977]. In the spring of 1975, WS10 was clearcut.
All trees and woody materials larger than 20 cm in diameter or 2.4 m in length, including
many logs on the ground, were removed from the site. Large woody slash was disposed
of without burning [Gholz et al., 1985]. Post-clearcut residual plants consisted of
understory shade tolerant vegetation and shrubbery, undamaged by harvest [Gholz et al.,
1985]. Species such as the vine maple (Acer circinatum), Pacific rhododendron
(Rhododendron maximum) and chinkapin (Castanopsis chrysophylla) regenerated during

the spring after logging. In 1976, one year after clearcut, WS10 was planted with 2-year-
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old seedlings of Douglas-fir [Gholz et al., 1985]. The dominant vegetation of WS10

today is a ~35 year-old mixed Douglas-fir and western hemlock stand.
4.4. The Eco-Hydrological Model

A spatially distributed ecohydrological model, VELMA, was developed to simulate
changes in soil water infiltration and redistribution, evapotranspiration, surface and
subsurface runoff, carbon and nitrogen cycling in plants and soils, and the transport of
dissolved forms of carbon and nitrogen from the terrestrial landscape to streams.
VELMA was designed to simulate the integrated responses of ecohydrological processes
to multiple forcing variables, e.g., changes in climate, land-use and land cover. It was
intended to be broadly applicable to a variety of ecosystems (forest, grassland,
agricultural, tundra, etc.) and to provide a computationally efficient means for scaling up
ecohydrological responses across multiple spatial and temporal scales — hillslopes to
basins, and days to centuries. A detailed description of VELMA is provided in Appendix
A.

The model uses a distributed soil column framework to simulate the movement of
water and nutrients (organically bound carbon (C) and nitrogen (N) in plants and soils;
dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON) and dissolved
organic carbon (DOC); and gaseous forms of C and N including CO,, N,O and N,)
within the soil, between the soil and the vegetation, and from the soil surface and
vegetation to the atmosphere. The soil column model consists of three coupled sub-
models: (1) a hydrological model that simulates vertical and lateral movement of water
within soil, losses of water from soil and vegetation to the atmosphere, and the growth
and ablation of the seasonal snowpack — the hydrological model is described in Appendix
A of Abdelnour et al., [2011], (2) a soil temperature model [Cheng et al., 2010] that
simulates daily soil layer temperatures from surface air temperature and snow depth by
propagating the air temperature first through the snowpack and then through the ground
using the analytical solution of the one-dimensional thermal diffusion equation
(Equations 4.1-4.6, Appendix A), and (3) a plant-soil model that simulates ecosystem
carbon storage and the cycling of C and N between a plant biomass layer and the active

soil pools. Specifically, the plant-soil model simulates the interaction between
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aboveground plant biomass, soil organic carbon (SOC), soil nitrogen including dissolved
nitrate (NO;3), ammonium (NH4), and organic nitrogen, as well as dissolved organic
carbon (Equation 4.7-4.12, Appendix A). Daily atmospheric inputs of wet and dry
nitrogen deposition are accounted for in the ammonium pool of the shallow soil layer
(Equation 4.13, Appendix A). Uptake of ammonium and nitrate by plants is modeled
using a Type II Michaelis-Menton function (Equation 4.14, Appendix A). Loss of plant
biomass is simulated through a density dependent mortality. The mortality rate and the
nitrogen uptake rate mimic the exponential increase in biomass mortality and the
accelerated growth rate, respectively, as plants go through succession and reach
equilibrium (Equation 4.14-4.18, Appendix A). Vertical transport of nutrients from one
layer to another in a soil column is function of water drainage (Equations 4.19-4.22,
Appendix A). Decomposition of soil organic carbon follow first order kinetics controlled
by soil temperature and moisture content as described in the TEM model (Terrestrial
Ecosystem Model) of Raich et al, [1991] (Equation 4.23-4.26, Appendix A).
Nitrification (Equation 4.27-4.30, Appendix A) and denitrification (Equation 4.31-4.34,
Appendix A) were simulated using the equations from the generalized model of N, and

N,O production of Parton et al., [1996; 2001] and Del Grosso et al., [2000].

The soil column model is placed within a catchment framework to create a spatially
distributed model applicable to watersheds and landscapes. Adjacent soil columns
interact with each other through the downslope lateral transport of water and nutrients.
Surface and subsurface lateral flow are routed using a multiple flow direction method
[Freeman, 1991; Quinn et al., 1991]. As with vertical drainage of soil water, lateral
subsurface downslope flow is modeled using a simple logistic function and corrected for
the local topographic slope angle. Lateral transport of nutrients from one soil column to
the subsequent soil column or towards the stream is simulated as a function of subsurface
flow and nutrient-specific loss rates (Equations 4.35-4.38, Appendix A). Nutrients
transported downslope from one soil column to another can be processed through the
different C and N cycling sub-models in that downslope soil column, or continue to flow
downslope, interacting with other soil columns, or ultimately discharging water and

nutrients to the stream.
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4.5. Simulations Methods
4.5.1. Data

The model is forced with observed data of daily temperature, precipitation, and
atmospheric nitrogen deposition. Daily temperature and precipitation data for the period
January 1, 1969 - December 31, 2008 were obtained from the H.J. Andrews LTER
PRIMET, CS2MET, and HISMET meteorological stations located around WS10 [Daly
and McKee, 2011] (Figure 4.1). At the H.J. Andrews Experimental forest, observed wet
atmospheric nitrogen deposition is available approximately every 3 weeks, for the period
1968 to 2010, whereas observed dry atmospheric nitrogen deposition is available 2 to 4
times a year, for the period 1988 to 2010 [Johnson and Fredriksen, 2010]. However, for
the purpose of our simulations, daily atmospheric inputs of wet and dry nitrogen
deposition were calculated as a function of the average wet and dry annual nitrogen
deposition found by Sollins et al., [1980] (Equation 4.13 in Appendix A). Sollins et al.,
[1980] measured the average wet and dry nitrogen deposition in WSI10 for the period
1973 to 1975 and found that annual N input in precipitation and dust averaged 0.2gNm’

zyr'1 .

Observed data used for model calibration and validation include daily streamflow
measured at the WS10 weir between 1969 to 2008 [Johnson and Rothacher, 2009], and
NO3, NH4, DON and DOC losses to the stream measured for flow-weighted, composite
samples collected approximately once every three weeks for the period 1978 to 2007,
except DOC for which the period of record is 1992 to 2007 [Johnson and Fredriksen,
2011]. A 30-m resolution Digital Elevation Model of the H.J. Andrews’s watershed 10
[Valentine and Lienkaemper, 2005] was used to compute flow direction, delineate
watershed boundaries, and generate a channel network. Each 30x30-meter soil column
was divided into 4 layers and was assumed to have an average soil column depth to
bedrock of 2m [Ranken, 1974]. The dominant soil texture was specified as loam [Ranken,
1974]. Porosity, field capacity and wilting point values were obtained following

Dingman, [1994].
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4.5.2. Simulation Methods

Three WSI10 simulations were conducted to simulate and analyze catchment
biogeochemical responses to fire and harvest: First, a post-fire “build-up” simulation
from 1525 to 1968, then an old-growth simulation from 1969 to 1974, and finally, a post-
harvest simulation from 1975 to 2008 (Figure 4.2). For all simulations, model
hydrological parameters have been previously calibrated to reproduce the observed daily
streamflow for the period 1969 to 2008 [Abdelnour et al., 2011]. Hydrological parameter

names, values and references can be found in Table 3.A.1 and Table 3.A.2 of Chapter 3.
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Figure 4.2: Schematics of the historical events that shaped the landscape in WSI0: a
natural stand-replacing fire that occurred in 1525 A.D. [Wright et al., 2002] and a 100%
man-made clearcut in 1975. The three periods of interest are: a) the post-fire recovery
period from 1525 to 1968, b) the old-growth period (1969-1974) chosen at the end of the
post fire recovery period where temperature and precipitation data are available to drive
the model, and c) the post-harvest period from 1975 to 2008

1) A post-fire “build-up” simulation was conducted for the period 1525-1968
(Figure 4.2). This simulations was conducted in order to identify, through calibration, a
single set of parameters that captures the accumulation of ecosystem C and N stocks

following a stand-replacing fire in 1525 A.D. [Grier and Logan, 1977; Wright et al.,

2002] to 1968. Daily temperature and precipitation drivers were constructed from a
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continuous loop of the available 1969 to 2008 observed climate station data. Typically
following stand-replacing fires a large fraction of plant biomass is converted from live to
dead matter [Janisch and Harmon, 2002], and a much smaller fraction is combusted as
CO, [Mitchell et al., 2009]. Consequently, there is a correspondingly large increase in
coarse detrital matter that decomposes slowly during the decades following fire [Janisch
and Harmon, 2002]. Therefore, the post-fire simulation was initialized by (1) reducing
the initial live plant biomass value to 1% of its pre-fire old-growth value [Wright et al.,
2002], (2) converting the dead plant biomass into detrital (soil) organic carbon [Wright et
al., 2002], and (3) reducing the transpiration rate to zero initially, followed by an
asymptotic increase to pre-disturbance values within 50 years [Abdelnour et al., 2011].
The 1525 initial conditions of plant biomass and soil organic carbon are 450gCm™ and
70000gCm™>, respectively. Model parameters such as plant uptake rate, plant mortality
rate, and soil organic carbon decomposition rate were calibrated to achieve a biomass
buildup trajectory (1525-1968) that passed through observed chronosequence data taken
at WS10 and other PNW forest ecosystems [Grier and Logan, 1977, M Harmon et al.,
2004; Janisch and Harmon, 2002; Smithwick et al., 2002; Sollins and McCorison, 1981;
Sollins et al., 1980] (Table 4.1). Calibration parameters determined from this post-fire
“build-up” simulation were then considered fixed for all subsequent WS10 simulations. A
detailed description of the catchment biogeochemical dynamics associated with this
calibration simulation is provided in section 4.6.1. Biogeochemical parameter names,

values and references are provided in Tables 4.B.1.

2) An old-growth simulation was conducted for the period 1969-1974 (Figure 4.2)
to explore daily, seasonal, and annual changes in C and N dynamics when the ecosystem
was close to steady state conditions [Sollins et al., 1980]. Initial values of plant biomass,
SOC, NHy4, NO3;, DON and DOC pool were determined from the 1525-1968 post-fire
simulation. A detailed description of the simulated nutrient flux dynamics for the old-

growth period is provided in section 4.6.2.

3) A post-harvest simulation was conducted for the period 1975-2008 (Figure 4.2)
in order to explore the impact of clearcut on measured and unmeasured nutrient losses,
soil heterotrophic respiration, and N,-N,O land-atmosphere emissions, amongst others.

WS10 was a 100% clearcut in the spring of 1975. All trees and woody material larger

82



than 20cm in diameter or 2.4m in length were removed from the site [Sollins and
McCorison, 1981; Halpern and Spies, 1995]. The residual plants after the 1975 clearcut
consisted of understory shade tolerant plants and shrubbery, undamaged by harvest
[Grier and Logan, 1977; Gholz et al., 1985]. To mimic the 1975 spring clearcut, the
initial live plant biomass value was reduced to 10% (~ 4,500 gCm™) of its pre-harvest
value [Gholz et al., 1985; Lee et al., 2002] and the soil organic carbon pool was increased
by 10% to account for new inputs of dead roots and stumps (all other plant biomass was
assumed to have been removed from the site as logs) [Grier and Logan, 1977; Gholz et
al., 1985]. Plant transpiration rates were set to zero in 1975 and then increased
asymptotically to pre-disturbance values within 50 years [Abdelnour et al., 2011]. A
detailed description of the simulated nutrient fluxes dynamics for the post-harvest period

is provided in section 4.6.3.

Table 4.1: Comparison of the post-fire simulation results, for the period 1960-1968,
when the ecosystem is considered in steady state (i.e. old-growth condition) against
observed old-growth values at other Pacific Northwest Forest.

Output Simulated | Simulated | Observe Observed
Paranll)e ter Mean Range of | d Mean Range of Reference
Value Values Value Values
DIN Loss 0.03 0.012-0.05 0.040 0.019-0.06 Sollins et al., [1980]
(gNm~“yr’)
DON Loss 0.12 0.09-0.17 0.09 0.075-0.11 | Sollins and McCorison [1981]
(gNm~“yr’)
DOC Loss 18 1324 3.18 2.0-4.3 Sollins and McCorison [1981]
(gCm?yr™") : o 3.000 1.0-10.0 Grier and Logan [1977]
. 39,807 34,800-44,800 Harmon et al., [2004]
PlantCP;lOlznass 42,500 122,36%%- 45,500 14,700-60,600 Smithwick et al.,[2002]
(gC/m’) ’ 43,500 -—- Grier and Logan [1977]
22,092 20,600-23,600 Harmon et al., [2004]
Soil Organic 25600 25,500- 19,000 --- Grier and Logan [1977]
Carbon (gC/m?) ’ 25,800 39,600 Means et al., [1992]
27,500 7,500-50,000 Smithwick et al.,[2002]
Total Carbon 68.100 67,800- 61,899 56,600-67,700 Harmon et al., [2004]
Storage (gC/mz) ’ 68,400 62,400 --- Grier and Logan [1977]
Heterotrophic
Soil Respiration 488 457-549 577 479 to 675 Harmon et al., [2004]
(gCm”yr)
Denitrification 0.04 0.03-0.09 Schmidt et al., [1988]
Rate (gNm?yr™) 0-05 0.04-0.06 0.013 0.008-0.021 Binkley et al., [1992]
21 597 453 to 741 Harmon et al., [2004]
NPP (gCm”yr™) 498 463-563 544 --- Grier and Logan [1977]
(-116) to
NEP (gCm?yr™) 9 5.10 20 (+156) Harmon et al., [2004]
44 --- Grier and Logan [1977]
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4.6. Simulation Results and Discussion

Results and discussion are generally presented in the following sequence: (1)
changes in plant biomass and SOC, (2) changes in dissolved organic and inorganic C and
N losses to the stream, (3) changes in gaseous losses of C and N to the atmosphere, and

(4) changes in net primary production (NPP) and net ecosystem production (NEP).

4.6.1. Post-fire “build-up” of Ecosystem C and N Stocks (1525-1968)

4.6.1.1. Post-Fire Plant Biomass and SOC (1525-1968)

Post-fire simulated plant biomass increased from the 1525 value of 450gCm™ at an
average rate of 580gCm™yr"' for the first 30 years and at a rate of 300 gCm™yr"' for the
next 70 years (Figure 4.3). Thereafter, simulated plant biomass gradually leveled off,
reaching an old-growth value of ~ 42,500gCm™ after approximately 400 years. Post-fire
SOC decreased exponentially from the 1525 value of 70,000 gCm™ as a result of high
decomposition and low detritus input to the soil, and reached its lowest level after about
100 years (Figure 4.3). At that point, re-growing plant biomass provided increasing
amounts of detritus input to the soil, thereby replenishing the soil carbon pool. Soil
carbon subsequently rose and stabilized at ~25,600gCm™, 300 years into the simulation
(Figure 4.3). Simulated post-fire recovery of plant biomass and SOC were generally
consistent with observed successional changes in live and dead wood carbon stores in
other forests of the PNW [Janisch and Harmon, 2002; Spies et al., 1988; Turner et al.,
2004]. However, early (less than 100 years old) simulated successional rates of increase
in plant biomass exceeded the reported observed values by Janisch and Harmon, [2002]
(see Figure 4.3). In figure 4.3, observed data for all stands less than 100 years old were
after clearcut, whereas all stands older than 100 years were after a stand replacing fire.
As a result, the difference between observed and simulated early successional plant
biomass may owe in part to the greater amount of nitrogen released from decomposing

detritus following fire than after clearcut.

84



70
—Plant Biomass
60 =—Soil Organic Carbon ::
50 t ® Janish and Harmon [2002] ¢
~ d ®
£ 40 ¢
~ °
Q
o) ®
X 30 r 19
° )
20 t o °
T °
10 oo
of®
®
0 . . L . . A . L
0 50 100 150 200 250 300 350 400 450 500

Years after the 1525 Stand-Replacing Fire

Figure 4.3: Simulated biomass (red-line) and soil organic carbon (blue-line) recovery
after the 1525 A.D. stand-replacing fire. The black-dots are the observed [Janisch and
Harmon, 2002] accumulation of bole biomass (multiplied by 1.3 to get total plant
biomass) for a 500-year chronosequence of 36 Pseudotsuga-Tsuga dominated forest
stands in southwestern Washington State. The x-axis is years since disturbance or age of
the stand.

4.6.1.2. Post-Fire Dissolved C and N losses (1525-1968)

Post-fire losses of dissolved C and N to the stream increased as a result of high
SOC decomposition, low levels of plant N uptake prior to significant re-establishment of
plant biomass, and high subsurface flow. Specifically, simulated DIN losses peaked (~
15gNm™?yr") three years after the fire and averaged 10gNm™yr" (~300-fold increase)
over the first five years after disturbance. Thereafter, DIN losses decreased exponentially
and were within 20% of the equilibrium value (~ 0.036gNm™yr™") after 250 years. DON
losses increased slightly immediately after fire and then approached equilibrium (~
0.13gNm™yr") within 100 years. DOC losses peaked (~ 10gCm™yr’") immediately after
fire and then decreased exponentially and approached equilibrium within 100 years.
Post-fire changes in dissolved C and N losses to the stream are generally consistent with
measured impacts of fire on nutrient losses [Carignan et al., 2000; Chanasyk et al., 2003;
Williams and Melack, 1997]. However, our simulated DIN losses were generally higher

than the observed post—fire DIN losses to the stream [Carignan and al., 2000; Williams
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and Melack, 1997]. This may be due to our simplifying assumption that the stand-
replacing fire does not impact and reduce soil nitrogen pool as a result of combustion and
convection losses. However, Grier [1975] found that N losses from the forest soils due
to convection and combustion reached 907kgN/ha or 39% of total N during a stand-

replacing fire in a mixed-conifer forest in north central Washington.

4.6.1.3. Post-Fire Gaseous C and N losses (1525-1968)

Post-fire simulated gaseous losses of C and N increased as a result of high SOC
decomposition, high soil water content, and low levels of plant N uptake. Specifically,
simulated soil heterotrophic respiration (Ry) followed a similar trajectory as SOC,
peaking (1500gCm™yr™") in the year 1525, and then falling exponentially until reaching
its lowest value 120 years after disturbance (Figure 4.4). Thereafter, Ry, increased with
increasing SOC and reached an equilibrium value of ~ 488gCm™yr”'. Post-fire simulated
soil denitrification rates (N, and N,O emissions to the atmosphere) increased rapidly and
peaked 8 years after disturbance. Thereafter, soil denitrification decreased exponentially
due to a reduction in soil nitrate availability and reached a steady state value of ~
0.06gNm™yr" approximately 300 years into the simulation. Similar results were found
by Turner et al., [2003] who used the carbon cycle model, Biome-BGC, to explore the
temporal dynamics of carbon fluxes in two western Oregon watersheds. Turner et al.,
[2003] found that R;, peaked (~ 1300gCm™yr") at the onset of the disturbance, then
decreased exponentially and reached equilibrium value (~ 600gCm™yr") within 200

years.

4.6.1.4. Post-Fire NPP and NEP (1525-1968)

As a result of vegetation removal and the large soil decomposition-driven losses of
C as CO; to the atmosphere and as DOC to the stream, the initial 1525 post-fire simulated
value of NPP and NEP was 90gCm™yr" and -1500gCm™yr", respectively (Figure 4.4).
Thereafter, simulated NPP increased with increasing N availability in the soil, reached a
peak value of ~ 1300gCm™yr" 14 years after fire, then decreased exponentially due to the
decrease in N availability, and finally reached a stable value of ~ 500gCm™yr" within

200 years. Similarly, post-fire simulated NEP increased with the rapid regrowth of plant

86



biomass and became positive, peaking at ~150gCm™ yr" after only 15 years. Thereafter,
NEP decreased exponentially, reaching a steady state average equilibrium value of
~9gCm™ after 200 years. Post-fire changes in NPP and NEP are generally consistent
with a variety of chronosequence observations and modeling studies (Figure 4.5) [e.g.
Luyssaert et al., 2008; Turner et al., 2003; Hicke et al.,2003; Law et al., 2001, and
Janisch and Harmon, 2002, amongst others]. For example, Turner et al., [2003] used the
Biome-BGC model to analyze forest carbon dynamics in the H.J. Andrews forest and
found that 1) NPP was near zero early in succession, increased and reached 1200gCmyr
! 15 years after disturbance, then decreased exponentially and reached an equilibrium
value of ~ 620gCm™yr' within 200 years, and 2) NEP was strongly negative (~ -
1300gCm™yr") at the onset of the disturbance, peaked at ~ 700gCm™yr" 15 years after
disturbance, then decreased exponentially and reached an equilibrium value of ~ 20gCm’

*yr’! within 200 years.
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Figure 4.4: Simulated net primary production (red-line), net ecosystem production (blue-
line) and soil heterotrophic respiration (green dashed line) recovery after the 1525 A.D.
stand-replacing fire. The x-axis is years since disturbance or age of the stand.
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Figure 4.5: Comparison between the simulated post-fire 10-year moving average of
ecosystem net primary production NPP (blue-line) and the observed (1) NPP of
temperate forests (red dots are individual forest stands sampled throughout the world;
dashed red line is a 10-year moving average) [Luyssaert et al., 2008], and (2) NPP of
boles for Pacific Northwest coniferous forests (black dots and solid black line) as a
function of stand age (i.e. time after stand-replacing disturbance) [Acker et al., 2002].

4.6.2. Old-Growth Biogeochemical Dynamics (1969-1974)

At daily time scales, simulated nutrient losses were generally high in the wet
season and low in the summer dry season. Specifically, simulated daily NHy4 losses
averaged 0.06mgNm™day’ and were strongly correlated to precipitation (R*=0.8) and
stream discharge (R’=0.6). NH, losses peaked in fall and winter with the peaks in
streamflow and reached 1.2mgNm7™day’. Summer NHy losses were low, averaging
0.03mgNm™day’. Simulated daily NO; losses averaged 0.02mgNm™day” and were
strongly correlated to streamflow (R?=0.7), but weakly correlated to precipitation
(R>=0.4). Simulated NO; losses were largest (1) in the summer as a result of high
nitrification rates, and (2) in the fall, at the onset of the rainy season when hydrological
connectivity within hillslopes is re-established and nutrients accumulated in soils during

drier summer months are more readily flushed downslope [Creed et al., 1996; Stieglitz et
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al., 2003]. Simulated daily DOC and DON losses averaged 7.6mgCm?day’, and
0.5mgNm™day™', respectively, and were strongly correlated to stream discharge (R*=0.8
and 0.9, respectively). DOC and DON losses peaked with peakflow, reaching
115.5mgCm™day™ and 6.7mgNm™day’', respectively, and were largest in fall and winter.
In the summer season, DOC and DON losses were minimal and averaged 0.8mgCm™day”
"and 0.05mgNm™day’, respectively. Similar results have been found by Vanderbilt et
al., [2003], who analyzed long-term organic and inorganic nitrogen outputs in stream
water in six watersheds at the H.J. Andrews Experimental Forest in Oregon. They found
that NH4, NOs; and DON losses to the stream were correlated to stream discharge with a
R? of 0.5, 0.5, and 0.8, respectively. Note: observed daily nutrient losses data for the
period 1969 to 1975 were unavailable at WS10 for a comparison with our simulated daily

values.

On an annual basis, simulated losses of dissolved inorganic nitrogen (NHs and
NO3) averaged 0.03gNm™ yr"' with NH, losses being three times NOs losses to the stream
(NOs/NH4 ~33%).  Specifically, simulated annual NO; and NHj losses averaged
0.008gNm™ yr' and 0.023gNm™yr’, respectively. Simulated annual DON losses
averaged 0.14gNm™yr" and accounted for 81% of the nitrogen that reached the stream
(DON/DIN = 4.4). Simulated annual DOC losses averaged 2.9¢Cm™yr" and ranged
between 1.7 and 4.5 gCm?yr'. These simulated old-growth nutrient fluxes were
consistent with other studies of the biogeochemical dynamics of old-growth forests in the
PNW (Table 4.2). For example, Sollins and McCorison [1981] measured nitrogen and
carbon solution chemistry in WS10 before the 1975 clearcut, and found that, in an
undisturbed watershed, NH4 accounted for 18 to 33% of total dissolved nitrogen, DON
accounted for the rest, and NO; concentration was very low. Similarly, Fredriksen
[1975] found that nitrogen losses in undisturbed forests are small and occur primarily as

DON.
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Table 4.2: Comparison of simulation results from the old-growth simulation against
observed values at WS10 and other old-growth Pacific Northwest Forests.

Simulated Mean Observed Mean

Output Parameter Value Value Reference
NH, Loss (eNm?yr™") | 0.023 (0.018-0.03) 0.01 Vanderbilt et al., [2003]
0.01 (0.009-0.011) Martin and Harr [1989]
NOj; Loss (gN/m’ 0.008 (0.003-0.01
3 Loss (gN/m’yr) ( ) 0.003 Vanderbilt et al., [2003]
DIN Loss (gN/m’yr) | 0.032(0.02-0.04) | 0.04 (0.01937-0.06) Sollins et al., [1980]
DON Loss (2N/m?yr) | 0.14 (0.12-0.18) | 0.089 (0.0745-0.1043) |  Sellins “[”lcéé‘f‘]”c‘mso”

Sollins and McCorison

3.178 (2.015-4.34) [1981]

DOC Loss (gC/m’yr) | 2.94 (1.7-4.54)

3 (1-10) Grier and Logan [1977]
NH, Loss 3 2 Vanderbilt et al., [2003
NO, Loss anderbilt et al., | ]
NH, L j ]
4 Loss 14% 18-33% Sollins and McCorison
Total N Loss [1981]
DON L
Y 0SS 81% 80% Vanderbilt et al., [2003]
Total N Loss
DOCL
2% 058 21 (14-36) 21-52 Cairns and Lajtha [2005]
DON Loss
Q vs DON R’=0.8 R’=(0.4-0.79) Vanderbilt et al., [2003]
Q vs NH, R’=0.6 R’=0.51 Vanderbilt et al., [2003]

4.6.3. Post-Harvest Biogeochemical Dynamics (1975-2008)

To explore the impact of the 1975 WS10 clearcut on C and N dynamics, we
conducted two simulations: a post-harvest simulation for the period 1975 to 2008
(described in section 4.6.2), and a control simulation, over the same period, in which no
vegetation is removed (i.e. soil and plant C and N dynamics are at steady state and similar
to old-growth dynamics, Table 4.1 and 4.2). Post-clearcut simulated relative changes in C
and N fluxes are presented in terms of the difference between the post-harvest simulation

values and the control simulation values.

4.6.3.1. Post-Clearcut Plant biomass and SOC (1975-2008)

Simulated post-clearcut plant biomass increased rapidly at a rate of ~ 400gCmyr™!
as a result of large early successional N uptake rates and N availability, and reached a
value of ~ 16000gCm™, thirty years after disturbance (Figure 4.6). Simulated post-

clearcut SOC decreased as a result of high SOC decomposition and low detritus input
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into the soil. Simulated SOC reached 55% of its initial value (~ 15000gCm™) thirty years
after clearcut (Figure 4.6). Simulated recoveries of plant biomass and SOC were
consistent with observed early successional changes in live and dead wood carbon stores
in PNW forests [Janisch and Harmon, 2002; Spies et al., 1988]. However, post-clearcut
simulated successional rates of change in plant biomass and SOC exceeded the reported
observed values by Janisch and Harmon, [2002]. Janisch and Harmon, [2002] found
that live tree bole carbon stores increased after disturbance and reached ~ 7500gCm™ (i.e.
~9500gCm™ for total plant biomass), thirty years after disturbance. Moreover, Janisch
and Harmon, [2002] found that coarse woody detritus carbon stores decreased after
clearcut and reached 50% of its initial mass (~ 2800gCm™), thirty years after disturbance.
Nevertheless, Janisch and Harmon, [2002] simulated old-growth values of live and dead
carbon stores (31900gCm™ and 7200gCm™, respectively) were generally at the lower end
of the range reported for Oregon forests (29500-58500gCm™ [Grier and Logan, 1977;
Harmon et al., 2004] and 12700-32600ng'2 [Grier and Logan, 1977; Harmon et al.,
2004; Means et al., 1992]).
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Figure 4.6: Simulated recovery of plant biomass (kgCm™; red-line), soil organic carbon
(kgCm™; blue-line), net primary production (¢Cm>yr’'; black-dashed line), net ecosystem
production (gCm™yr’!; black-line), and soil heterotrophic respiration (gCm™yr’; green-
line) after a 100% clearcut in 1975. The x-axis represents the 1975-2008 period of
available precipitation and temperature data.
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4.6.3.2. Post-Clearcut Dissolved C and N losses (1975-2008)

Post-clearcut losses of dissolved inorganic N to the stream peaked a few years after
disturbance as a result of high SOC decomposition, low levels of plant N uptake prior to
significant re-establishment of plant biomass, and the increase in streamflow.
Specifically, simulated annual NH4 and NOs losses peaked 2 years after clearcut, and
averaged 0.08gNm™yr" (4-fold higher than control values) and 0.9gNm?yr" (150-fold
higher than control values), respectively, over the first five years. Thereafter, simulated
annual NHy and NOs losses decreased as a result of a decreasing SOC pool and an
increase in N uptake by plants, and reached 0.015gNm™yr" (25% lower than control
values) and 0.008gNm™yr" (10% lower than control values), respectively, thirty years
after clearcut. The simulated changes in NHs and NOs losses to the stream were
consistent with observed data at WS10 (see Figure 4.7 and Table 4.3) as well as
previously published studies of biogeochemical dynamics in recently clearcut old-growth
forests [e.g. Cairns and Latjtha 2005; Sollins and McCorison, 1981; Fredriksen 1975].
For example, Sollins and McCorison [1981] found that NO; concentration increased as
much as 100-fold, 7 to 18 months after the 1975 clearcut of WS10. Fredriksen [1975]
found that following forest clearcut at two experimental watersheds in western Oregon,
sharp increases in stream N concentrations were attributed to decreased plant N uptake
and increased detritus N subject to mineralization into ammonium. Vitousek and Reiners
[1975] found that vegetation removal by fire or forest harvest results in an immediate but
transient flush of N to streams, which is quickly followed by tight retention of N in young

vigorously growing stands.

Post-clearcut simulated dissolved organic C and N losses to the stream were driven
by high SOC decomposition and high subsurface flow. Specifically, simulated annual
DON and DOC losses peaked two years after clearcut, and averaged 0.15gNm?yr’
(~20% higher than control values) and 3.2gCm™yr" (~18% higher than control values)
over the first five years, respectively. Thereafter, simulated annual DON and DOC losses
decreased with decreasing SOC and averaged 0.07gNm™yr" (~30% lower than control
values) and 1.1gCm™yr" (~35% lower than control values) thirty years after clearcut,

respectively. Changes in DON and DOC losses to the stream were consistent with
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observed post-clearcut nutrients dynamics in WS10 (see Figure 4.7 and Table 4.3) and
other PNW forests. Cairns and Latjtha [2005] found that DON and DOC losses in young
watersheds were approximately 30% and 25% higher than in old watersheds. Sollins and
McCorison [1981] found that DOC concentrations were higher in the clearcut watershed

compared to the control watershed.
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Figure 4.7: Simulated (red-dots) versus observed (black-dots) nitrate NO3; (mgNm™),
ammonium NHy (mgNm™), DON (mgNm™), and DOC losses (mgCm™) to the stream after
the 1975 clearcut of watershed 10 in the H.J. Andrews. The simulated values are
averages over the same time interval as the observed values. The x-axis represents the
selected set of data between 2000 and 2007 for nitrate, ammonium and DON losses and
between 2002 and 2007.
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Table 4.3: Streamflow and nutrient losses modeling skills for the post-harvest period
(1975-2008) (Observed daily streamflow from 1975 to 2008; Observed tri-weekly NHy4
(mgNm™?yr"), NO; (mgNm?yr"), and DON (mgNm?yr') losses from 1979 to 2007;
Observed tri-weekly DOC (mgCm™yr™") losses from 2001 to 2007).

Streamflow and Nutrient Losses Modeling Skills
Parameter Correlation Base.l mne a.dJ usted Root Mean Square
. 2 modified index of
Coefficient R , Error RMSE
agreement d'y

Streamflow 0.913 0.821 3.341

NH, Loss 0.7 0.52 0.02

NO; Loss 0.47 0.176 0.64

DON Loss 0.82 0.5 0.06

DOC Loss 0.94 0.84 0.19

4.6.3.3. Post-Clearcut Gaseous C and N losses (1975-2008)

Post-clearcut simulated gaseous losses of C and N increased as a result of high
SOC decomposition, high soil water content, and low levels of plant N uptake prior to
significant plant regrowth. Specifically, simulated annual denitrification rates and soil
heterotrophic respiration (Ry) peaked two years after clearcut, and averaged 0.9gNm2yr™!
(~ 13-fold higher than control values) and ~ 710gCm™yr" (30% higher than control
values) from 1975 to 1980, respectively (Figure 4.6). Thereafter, simulated annual
denitrification rates and Ry, decreased with increasing plant biomass, increasing N uptake,
and decreasing SOC and soil water content. By 2005, thirty years after clearcut
simulated annual denitrification rates and Ry averaged 0.07gNm™yr" (30% lower than
control values) and 280gCm™yr" (40% lower than control values), respectively. The
simulated changes in gaseous losses of C and N were consistent with previously
published studies of biogeochemical dynamics in recently clearcut old-growth forests.
For example, Grant et al., [2007] used an ecosystem model ecosys [Grant et al., 2001] to
simulate the impact of clearcutting on Ry, in an old-growth forest of the PNW, and found
that R, peaked (~ 1200gCm™yr") two years after clearcut and then decreased and reached
~ 350gCm™yr’, 50 years after clearcut. Griffiths and Swanson [2001] measured the
microbiological characteristics of forest soils in recently harvested and old-growth

Douglas-fir in the HJA Forest, and found that the denitrification rate increased six-fold
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five years after clearcut, then decreased and was 20% lower than old-growth values, for a

40-year-old stand.

4.6.3.4. Post-Clearcut NPP and NEP (1975-2008)

Post-clearcut simulated NPP and NEP decreased from an old-growth value of 498
gCm?yr! and 9 gCm?yr’ respectively, as a result of vegetation removal, and large
decomposition-driven losses of C as CO; to the atmosphere and as DOC to the stream
(Figure 4.6). Specifically, simulated annual NPP decreased by 45%, to ~ 390gCm™yr " at
the onset of clearcut, then increased with the rapid re-growth of plant biomass, and
peaked (~ 700gCm™yr’") seven years after clearcut. Thereafter, annual NPP decreased
and reached an average value of ~ 300gCm™yr "' (~ 45% lower than control values), thirty
years after clearcut. Similarly, simulated annual NEP dropped to -250gCm™yr™ at the
onset of the clearcut, peaked at 75gCm™yr” seven years after disturbance as a result of
rapid regrowth of plant biomass, high N uptakes, and a decrease in soil C losses, and then
decreased and reached 12gCm™yr", thirty years after clearcut. The simulated early
successional trends in NPP and NEP are generally consistent with a variety of
chronosequence simulations of recently clearcut forests of the PNW [e.g. Grant et al.,
2007; Turner et al., 2004; Janisch and Harmon, 2002]. Grant et al., [2007] simulated the
change in NEP with forest age in a coastal Douglas—fir forest of the PNW, and found that
NEP decreased (-620gCm™yr™") at the onset of the disturbance, then became positive, and
peaked (~450gCm™yr") ~ 18 years after clearcut. Janisch and Harmon, [2002] found
that post-clearcut NEP was negative (-250gCm™yr™") at the onset of clearcut, increased
and became positive 12 to 14 years after disturbance, then peaked at ~ 200gCm™yr™, 50
to 70 years after disturbance. However, post-clearcut NEP values simulated by VELMA
for WS10 were less than simulated NEP values of other PNW forest, and were negative
for a shorter period of time. This difference might be due in part to 1) the simulated
removal of slash and woody debris from the clearcut watershed, which has been found to
hastened the recovery of simulated NEP [Grant et al., 2007] and 2) VELMA'’s simplified
assumption of a single stand instead of complex regenerating stands, which has been

found to introduce a bias towards lower NEP [Grant et al., 2007].
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4.7. Conclusion

The ecohydrological model presented here, VELMA, provides a relatively simple,
spatially distributed framework for assessing the effects of changes in climate, land-use
(harvest, fire, etc.) and land cover on hydrological, ecological, and biogeochemical
processes within watersheds. VELMA was used to provide process-level insights into
the impact of forest fire and harvest on catchment biogeochemical fluxes at a small
intensively studied catchment in the Pacific Northwest (WS10) — details that would be
difficult or impossible to capture through experimentation or observation alone.
Moreover, VELMA provides a framework for understanding how limited supplies of
available N tightly constrains ecosystem responses (production and accumulation of
biomass, net ecosystem production, etc.) to major disturbances in WS10, and perhaps,
more generally for Douglas-fir dominated forests in the western Oregon Cascades of the
Pacific Northwest. Although the impact of disturbances on catchment biogeochemical
fluxes have already been investigated in earlier experimental studies [e.g., Sollins and
McCorison, 1981; Sollins et al., 1980, Vitousek and Reiners, 1975; Vitousek et al., 1979;
amongst others), the interaction of hydrological and biogeochemical processes
represented in VELMA provide additional insight into how feedbacks among the cycles
of C, N and water regulate N supplies. The main insights from this exercise included the

following:

1) Following fire and harvest, nutrient losses from the terrestrial system to the
stream were tightly constrained by the hydrological cycle, particularly at the hillslope
scale. Losses of NH4, DON, and DOC to the stream were primarily driven by wet-season
rain events that were large enough to generate hydrologic connectivity and flushing of
nutrients down hillslopes. By contrast, losses of nitrate to the stream were less
predictable, owing to complex spatial and temporal patterns of nitrification and

denitrification (e.g., hillslope vs. riparian zone).

2) Gaseous losses of C and N to the atmosphere, following disturbance, were
primarily driven by high soil water content, high soil organic carbon decomposition, and
low N uptake. Specifically, post-disturbance increase in soil moisture and nitrate

availability enhanced the anaerobic process of soil denitrification and substantially
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increased N»-N,O emissions to the atmosphere, whereas post-disturbance increase in soil
organic carbon decomposition enhanced soil heterotrophic respiration and increased CO,

emission to the atmosphere.

3) Beyond the short-term loss of N after fire, the supply of available N for
vegetation regrowth was enhanced by the decades-long release of N from the large pulse
of decomposing bole wood killed by the fire. In contrast, the regrowth of plant biomass
following the 1975 A.D. clearcut was about 30% lower than the rate of regrowth after
fire, owing to the large loss of N in harvested bolewood, into the stream and to the

atmosphere, as well as a rather small increase in detritus N from decomposing roots.

Although this exercise is intended to illustrate how a process-based
ecohydrological modeling framework can provide useful insights into ecosystem
responses to disturbance, we emphasize that VELMA uses a simplified modeling
approach with comparatively few parameters and data input requirements. While one of
our objectives is to provide a framework that can be efficiently scaled up to much larger
watersheds and times scales of interest to land managers and policymakers, it is important
to examine a few of the simplifying assumptions we made to conduct this study. The
following three points are a brief summary of watershed characteristics relevant to

biogeochemical processes and nutrient export that are not addressed in this study.

1) Multiple species: Aboveground and belowground biomass as well as the
different species that usually populate a forested watershed is simplified by using an
aggregated biomass pool. However, co-existing grass, shrubs and trees compete for
nutrients, moisture and energy (i.e. interspecific competition) [Rozzell, 2003; West and
Chilcote, 1968]. As a result, species tend to be spatially distributed based on their
tolerance to local conditions (soil water content, nutrient availability, energy, amongst
others) [Van Breemen et al., 1997]. Gholz et al., [1985] found that, a few years after
clearcut, the riparian zone in WS10 had the greatest annual increase in biomass and was
dominated by Aralia californica, whereas Senecio sylvaticus dominated the midlands.
This spatial variability in biomass accumulation and species affects biogeochemical
process such as nutrient uptakes and nutrient fixation, leads to higher nutrient uptakes in

the lowlands, which in turn reduces nutrient losses to the stream. Incorporating multiple
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species and their interactions in VELMA would reduce the amount of simulated nitrogen
that reaches the stream and would allow exploration of post-harvest successional changes

in the spatial and temporal distribution of species within watersheds.

2) In stream processes: Our simulations assume that the stream nutrient
concentration reflects forest processes and do not include in-stream processes. In-stream
processes are responsible for temporary retention and recycling of nutrients by a wide
variety of physical, chemical and biological mechanisms [Bilby and Likens, 1980; Triska
et al., 1984; Wallace and Benke, 1984] such as adsorption mechanisms, algae uptake,
benthic release, denitrification, and decomposition, among others [Bernot and Dodds,
2005], and are usually important for large watersheds and short time scales [Tague and
Band, 2004]. Peterson et al., [2001] found that in-stream processes such as nitrification
rates in a third—order stream in the H.J. Andrews Experimental forest is responsible for
the removal of 40% of the ammonium losses that reach the stream.  Although the
incorporation of in-stream processes in VELMA is beyond the scope of this paper, doing
so would provide a more accurate representation of mechanisms controlling catchment-
scale N export. In its present configuration, VELMA is calibrated to provide a best fit for
observed N export at a particular stream sampling point, typically a stream gauging
station. Thus, in-stream processes affecting measured concentrations of dissolved N are
implicitly included in this model calibration. Consequently, an explicit treatment of in-
stream processes would require recalibration of the terrestrial processes controlling N

transport to the stream.

3) N fixation: VELMA does not include the effect of N fixation on plant biomass
dynamics and N cycling. N fixation can be an important source of N input into Pacific
Northwest coniferous forests [Sollins et al., 1980], and usually occurs during early
successional stages following disturbance, when N fixing plants and microorganisms tend
to be more abundant [Rastetter et al., 2001]. However, this simplification is acceptable
for WS10 given the low abundance of N fixers in the young, post-harvest forest. Gholz et
al., [1985] found that post clearcut N fixers such as red alder (4/nus rubra) and snowbush

(Ceanothus veluntinus) were sparse and limited to the riparian zone of WS10.
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For some applications, the explicit treatment of these processes may be needed.
However, it must be recognized that such added processes come at the cost of increased
model complexity, computational efficiency, and applicability to larger spatial and
temporal scales. These are important tradeoffs to consider, given that data needed to

implement complex models are not generally available.
4.8. Appendix A: Model Description

VELMA is a spatially distributed ecohydrology model that accounts for hydrologic
and biogeochemical processes within watersheds. The model simulates daily to century-
scale changes in soil water storage, surface and subsurface runoff, vertical drainage,
carbon and nitrogen cycling in plants and soils, as well as transport of nutrients from the
terrestrial landscape to the streams. VELMA consists of multi-layered soil column
models that communicate with each other through the downslope lateral transport of
water and nutrients (Figure 4.A.1). Each soil column model consists of three coupled
sub-models: a hydrological model, a soil temperature model, and a plant-soil model.
Described below are the soil temperature and plant-soil component of the model. The
hydrological component was described in a previous manuscript [Abdelnour et al., 2011].
First, we describe the soil column model and then place this soil column within a

catchment framework.

C-N-H,0 .
Interactions C-N-H,O
. Interactions

Figure 4.A.1: Conceptual catchment modeling framework using multi-layered soil
columns.
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4.8.1. Soil Column Framework

We employ a multi-layer soil column as a fundamental hydrologic and ecological
unit. The soil column consists of # soil layers (Figure 4.A.2 and 4.A.3). Soil water

balance, soil subsurface temperature and soil C and N pools are computed for each layer.

Figure 4.A.2: The soil column hydrological framework consists of 4-layer soil column, a
standing water layer, and a snow layer. DTB is the soil column depth to bedrock. Az,
Ks;, @i, ands;, are the thickness, the saturated hydraulic conductivity, the soil porosity,
and the soil water storage of layer i, respectively; P, Ps; and P,, are the precipitation,
snow, and rain, respectively; m is the snowmelt and ssyg is the snow water equivalent
depth; 1 is the infiltration and ssrw is the standing water amount, Qs is the surface runoff;

O, D; and ET, are the subsurface runoff, the drainage and the evapotranspiration of
layer i, respectively.
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Figure 4.A.3: The soil column biogeochemical framework simulates ecosystem carbon
storage and the cycling of carbon and nitrogen between a plant biomass layer and a 4-
layer soil column. B is the aboveground and belowground plant biomass. DIN; is the
dissolved inorganic nitrogen pool in layer i. The DIN pool consists of a nitrate pool and
an ammonium pool, and constitutes the available soil nitrogen for plant uptake. Nit; is
the ammonium nitrification into nitrate in layer i (Yellow Arrow). The NO; pool
decomposes through denitrification, which releases N,-N,O gases into the atmosphere.
niy is the atmospheric wet and dry nitrogen deposition and is accounted for in the first
layer nitrogen pool. DON; and DOC; are the dissolved organic nitrogen and carbon pool
in layer i, respectively. SOC; is the soil organic carbon pool in layer i. Plant mortality is
a source of carbon into the SOC pool. The SOC pool decomposes through soil microbial
activity into DON, DOC, and NH4 (Red Arrows). Soil heterotrophic respiration R;, from
SOC decomposition in each layer i is released into the atmosphere. NO3;, NH,, DON and
DOC are soluble and transported through water drainage from layer i to layer i+1, and
through subsurface runoff from layer i of the soil column to layer i of a downslope soil
column (Blue Arrows). G,;is the vertical losses of nutrients from layer i to layer i+1.
& in iand & ou iare the lateral soluble nutrients in and out of layer i.
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4.8.1.1. The Soil Temperature Model:

The soil temperature model first simulates the ground surface temperature (GST)

from the available mean surface air temperature (7,) in the presence of snow cover.

The ground surface temperature is calculated as follows:

SD(t)

GST(¢) = T, xe Asnow’ (4.1)

where SD(?) is the snow depth (mm) at time ¢ and A0, 1S the seasonal damping depth for
snow which is approximately equal to 670 mm [Hillel, 1998] for a snowpack of density
300kgm™. In this model, snow is an insulative material that only attenuates the mean
surface air temperature signal [Cheng et al., 2010]. The attenuation of the 7, signal is
assumed proportional to the depth of the snowpack [Cheng et al., 2010]. As a result,
during snow free periods, the ground surface temperature is assumed equal to the mean

surface air temperature: SD =0, GST = T,.

Subsurface heat transfer is then simulated using the analytical solution of the one-

dimensional heat conduction equation [Carslaw and Jaeger, 1959; Hillel, 1998].
The subsurface soil temperature in layer i is calculated as follows:
_ N (_ﬂ)
Tsi(d;,t) = GST + (GST(t — ¢(d;, t)) — GST)xe\ 2®/ i=12..n (4.2)

where GST is the annual mean soil temperature (°C), d; is the soil depth to the middle of

layer i (mm), ¢(d;, t) is the phase lag of Tj; relative to GST at depth d;:

d; .
(i) = (s X o) i=12,.m (4.3)

and A(?) is the damping depth of the soil (mm), defined as the characteristic depth at
which the temperature signal is attenuated to //e of the GST. A(?) is function of the

thermal properties of the soil and the frequency of the temperature fluctuation:

1

A(r) = (Y (4.4)
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where Dj(7) is the time dependent thermal diffusivity of the soil (mm?day) and is

function of the simulated soil moisture ( max) [De Vries, 1975]. For each layer i of the

soil column:

Dh(t)=(19.45x10"3)x(si—iﬂ)+2x10"3 for( mdx)<o 18

i

D, (1)=(-4.055x10")x (j—J+ 6.23x107  for (

S.

1

and w is the frequency of annual temperature fluctuation (day™):
w=2Z (4.6)

4.8.1.2. The Plant-Soil Model:

The plant-soil model simulates ecosystem carbon storage and the cycling of carbon
and nitrogen between a plant biomass layer and the active soil pools (Figure 4.A.3).
Specifically, the model simulates the interaction between plant biomass (B), soil organic
carbon including humus and detritus (SOC), plant available soil nitrogen (N) including
dissolved organic and inorganic nitrogen (DON & DIN) as well as dissolved organic
carbon (DOC). The dissolved organic nitrogen (DIN) pool is divided into an ammonium
(NH,) and nitrate (NO;3) pool. B, SOC, NH,, NO3;, DON and DOC pools are updated at

each time step. For an n-layer soil model (i=1,2...n):

o= | (o) s () o - meee )
% = r;xm(B)XB — v;(Ts, 5;)XSOC; 8
L =y — rlxylx(SNH4fo(NH4l)XWS< max) XB + (1 = @)xS0C;xvi(Ts, 5:) —

t; = Co(NHai) + §y(NHai1) + G (NHai) = Gy (NHa i) (4.9)
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‘“f% = Nit; — 1;Xp; X80, X f (NO3 ;)X WS (S;jax) XB — Den; — {,(NOs,;) +
&o(NO3i—1) + S in(NO3;) = G ot (NOs,) (4.10)
dDoc; _

—— = acyXcaxS0C; xvy(Ts,5:) = §,(DOCY) + §,(DOC;—1) + § in(DOC) =
{l_out(DOCi) (4-1 1)
dDON; _

at

qxS0C; xvy(Tsz,5;) — $(DONY) + §,(DON;_;) + §,, (DON)) — ¢, ,(DON)  (4.12)

where m(B) is the plant mortality rate (day™); 7; and x; are the biomass root fraction and
the uptake rate function (day™) in layer i, respectively; Syn, and Sy are the fraction of
nitrogen uptake from the ammonium and nitrate pool, respectively; SOC;, NH,;, NO3;,
DOC; and DON; are the soil organic carbon, ammonium, nitrate, dissolved organic carbon
and dissolved organic nitrogen pools in layer i, respectively (gNm?); kn (gNm™) is the
Michealis Menton calibration parameter; WS(s;/s/***) is the water stress function;
vi(Ts;,5;) is a first order soil organic carbon decomposition rate (day™); ny, is the
atmospheric input of wet and dry nitrogen deposition (gNm?day™); (1 — q)xSOC;x
vi(Ts;,5;) is the flux of carbon into the ammonium pool due to soil organic carbon
decomposition in layer i (gNm“ day™); gxS0OC;xv; (Ts;,s;) is the flux of carbon into the
DON pool due to soil organic carbon decomposition in layer i (gNm“day™); axcyx
S0C; xv(Tg;, s;) is the flux of carbon from the SOC pool into the DOC pool within layer i
(gCm~day™); fu(NHy;) and fi(NOs;) are the Type II Michealis Menton functions for
ammonium and nitrate uptake in layer i, respectively; Nit;and Den; are the ammonium
nitrification (gNm™day") and nitrate denitrification (gNm“day") amounts in layer i,
respectively; ((NHyi), (A(NO3:), ((DOC;), and &(DON;) are the NH, (gNm™day™), NO;
(gNm?day™), DOC (gCm™day'), and DON (gNm™day') losses through vertical
transport of water (i.e. Drainage) from layer i to layer i+/; § oudNH4), i 0udNO3)),
8 o DOC)), and & o (DON;) are the NH, (gNm~day™"), NO; (gNm™day™"), DOC (gCm’
2day™"), and DON (gNm™day™) losses out of layer i, through lateral transport of water
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(i.e. subsurface runoff) from layer i of the soil column to layer i of a downslope soil
column or towards the stream; {; i(NH4)), {1 il(NO3:)), & i(DOC))), and & in(DON;)) are
the NH4, NOs;, DOC and DON fluxes into layer i, through lateral transport of water (i.e.
subsurface runoff) from layer i of an upslope soil column; « is the C:N ratio for plants
and soils and is currently assumed constant for the entire simulations; c,is the fraction of

carbon that is not lost to the atmosphere due to the soil heterotrophic respiration.

4.8.1.2.1. Atmospheric Nitrogen Deposition:

Atmospheric inputs of wet and dry nitrogen deposition are assumed to affect only
the first soil layer and to be temporally distributed throughout the year as a function of
precipitation.

n. =n_mx(P"+m)

mn

(4.13)

ann

where rz is the long-term average annual wet and dry nitrogen deposition (gNm?yr™),

P, is rain (mm/day), m is snowmelt (mm/day), and P,,, is the long-term average annual

precipitation (mm/yr).

4.8.1.2.2. Michealis Menton functions:

The Type II Michealis Menton functions are used to limit NH4 and NO; uptake.

fu(NH )= s
MM NH, +kn ,
i=12..n (4.14)
f(NO.)=&
YA NO, + kn

4.8.1.2.3. Plant Mortality:

Plant mortality rate is simulated as a function of plant biomass. Acker et al., [2002]
found that biomass mortality increases slowly with age for young stand until it reaches
the mortality of mature and old-growth stands. In VELMA, plant mortality is assumed to

increase exponentially with biomass value and to reach a steady state value for
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mature/old-growth stands.

(m,xB)" xm
m(B) = B
m forB=B,

st

< J for B<B,
(4.15)

where m,, mp, and m. are the mortality rate parameters, my, is the equilibrium mortality
rate of old-growth stands (day™), and By, is the biomass value at equilibrium for an old-

growth stand (gNm™ or gCm™ /).
4.8.1.2.4. Plant Uptake:

Plant uptake rate is assumed to increase with increasing stand age (Sug.), reach a
maximum value for young stand and then decrease and reach equilibrium value for

mature/old-growth stand [Acker et al., 2002; Waring and Franklin, 1979].

Sugﬂ

]Wkl
max
JorS,,. =S

W S W1
Wy xSt
w14 x| x| —2 [ xe M
‘min W W Smax age
Al Al X age .
U = s i=12,..n (4.16)
S Wia-1 Sage
W W Smax .
M k2 % age X e 12%9qge for S S Sde
st W W Smax age age
A2 A2 X age

where i, is the minimum uptake rate of plant (day™), u is the steady state/equilibrium

value of plant uptake (day™), Sage” 1s the stand age for which plant uptake is the highest

(days), Wi, W1, Wi, and W, are the Weibull distribution parameters to calibrate.

4.8.1.2.5. Water Stress Function.

The water stress function varies between 0 and 1, and is proportional to the soil
layer water saturation. The water stress function limits plant growth (i.e. plant nutrient
uptake capacity) [Pugnaire et al., 1993] as soil layer wetness approaches zero or

saturation.
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0.002154xe(153511x(8;{dx]) fOr( L)<W i
5
WS( fﬁ;x)= 1 fOVWSmmS(%)sWSm“ i=12...n (4.17)
S; i
2.44141xe[_1'n6x("‘$x]) for( ffax)>WSm“
Si

where WS™" and WS™ are the minimum and maximum soil layer water saturation

values between which water stress function has no effect on plant nutrient uptake.

4.8.1.2.6. Biomass Root Fraction:

Biomass root fraction distribution with depth follows Gale and Grigal [1987]

model of vertical root distribution:
rp=1-—p% — §=Irj i=1,2,..n (4.18)
where f is a fitted “extinction coefficient” that depends on the vegetation type.

4.8.1.2.7. Vertical Transport of Nutrients:

Vertical transport of nutrients within the soil column is a function of the vertical

water drainage and the size of the nutrient pool in layer i:

&, (NH ;)= qfyu, xeNH‘“ i=12..n (4.19)
Si
D. .
&, (NOy,) = qf o, x—-x NO,, i=12..n (4.20)
s
D, .
&,(DON,) = qf pon x—-x DON, i=12..n (4.21)
Si
D, .
£,(DOC,) = qf ppe x—-xDOC,  i=12..n (4.22)
S.

l
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where D; (mm/day) is the vertical water drainage from layer i to layer i+1 (Equation 3.14

in Chapter 3); s; (mm) is the amount of water in layer i; qfy,, »qfvo, »@pon » and @fpoc

are the maximum fractions of NHs, NO3;, DON and DOC pool that can be lost through

transport of water.

4.8.1.2.8.50il Organic Carbon Decomposition

Soil organic carbon decomposition rate varies with environmental factors such as
soil temperature [Katterer et al., 1998; Lloyd and Taylor, 1994; Rustad and Fernandez,
1998] and soil moisture [Davidson et al., 2000] and is based on the process-based
Terrestrial Ecosystem Model (TEM) presented by Raich et al., [1991]. Soil moisture
impacts SOC decomposition rate via moisture availability in dry soil and via oxygen

availability in wet soil, such as:

V(T vs,) =k, x F (T, ) x F"oe (S—) i=1,2,..n (4.23)
{, Simdx
F:emp (Tw) = 0.00442 x ") i=12,.n (4.24)
Fmoisture (L) - 08 x M;’zt + 02 l = 1, 2’ n (425)
¢ Simax
ma, ma, 2
(100 ( o )) ( o )
Sl» Si
A= ot i=12,...n (4.26)

] o
S

i opt

where k. (day™) is the potential decomposition rate determined by model calibration;
F (TSJ) relates the microbial activity rate to changes in soil temperature (Equation

1.13; [Raich et al., 1991]); Iif””iS’”’e(si/ s ‘”‘) defines the impact of soil moisture on

decomposition (Equation 1.14b; [Raich et al., 1991]); M, is a parameter that determines

the value of F ‘m""s’””’(si /s" ax) when the soil is saturated (Table AS5; [Raich et al., 1991));
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ma; is a shape parameter defining the skewness of the curve (Table AS; [Raich et al.,

1991]); (s,. / sl.max) is the optimal soil wetness value for which carbon decomposition is
opt

maximal; F*" (T, )and F"""" (sl. /s" ax) vary between the values of 0 and 1.

4.8.1.2.9. Nitrification Rate:

Nitrification is the biological oxidation of ammonium into nitrite and subsequently
nitrate under aerobic conditions. Nitrification occurs naturally in the environment and is
carried out by autotrophic bacteria. Soil nitrification rates depend on a number of
environmental factors such as soil ammonium level [Smart et al., 1999], soil moisture
[Davidson et al., 1993], soil temperature [Malhi and McGill, 1982] and soil pH [DeGroot
et al., 1994]. In VELMA, nitrification is simulated using similar equations to the
generalized model of N, and N,O production of Parton et al., [1996; 2001].  Soil

nitrification rate is assumed to (1) increase exponentially with soil temperature (
Fy™ (Tm,); Figure 2b; [Parton et al., 1996]), (2) increase as soil layer water saturation

reaches optimal value for bacterial decomposition and then decrease rapidly as soil layer

reaches saturation (Fj\’,””is’”re(si/s,.‘“ax); Figure 2a; [Parton et al., 1996]), (3) decrease

moisture

exponentially as soil layer acidity (pH;) increases ( F}, (s,. /s" ax) ; Figure 2c¢, [Parton et

al., 1996]), and (4) be limited by the amounted of ammonium available for nitrification.

The nitrification rate in layer i is calculated as follows:

Nit, = Ky x Fy™ (T, ) x Fy“™ (pH, ) x Fy*"" i—) x fy(NH, ) NH,; i=12..n (4.27)
Fe(T,,) = =0.06+0.13x ™) i=12..n (4.28)

arctan (7 x0.45x (-5x pH,))

Fy™™ (pH,;)=0.56+ -

i=12..n (4.29)
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N

s (Nde +N) s Ny
( mlax)_Nb ( mlax)_NC
F( 5 )= s ) - i=12.n  (430)
S

max

where K™ (day™) is the maximum nitrification rate determined by model calibration;

Ng, Np, N, and N, are soil parameters set according to soil texture and described in Parton

et al., [1996].

4.8.1.2.10. Denitrification Rate:

Dentitrification is the biological reduction of nitrate under anaerobic conditions.
During denitrification, heterotrophic microbes contribute to the NO; reduction into NO,,
NO and N,O intermediates and ultimately into molecular nitrogen N, lost to the
atmosphere. The denitrification process is controlled by environmental factors such as
soil nitrate level, soil oxygen availability and soil labile carbon availability (e" donor)
[Weier et al., 1993]. In VELMA, denitrification is simulated using the denitrification
sub-model of N, and N,O production presented by Parton et al., [1996; 2001] and Del
Grosso et al., [2000]. The rate of denitrification is proportional to the amount of bio-
available soil organic carbon level. However, VELMA does not differentiate between
labile and non-labile soil organic matter. Therefore simulated ecosystem CO; loss (soil
heterotrophic respiration) is used as a proxy for the amount of bio-available soil organic
carbon [Del Grosso et al., 2000; Parton et al., 1996]. The rate of denitrification increases
with decreasing oxygen availability. Oxygen availability is another critical factor not
simulated by VELMA but assumed as a function of soil moisture, soil gaz diffusivity and
oxygen demand. Gas diffusivity is simulated as a function of soil moisture and soil
properties, whereas oxygen demand is a function of the simulated soil heterotrophic

respiration [Del Grosso et al., 2000; Parton et al., 1996]. As a result, soil denitrification

rate is simulated as a function of soil saturation F,**"" (si /s" "‘X) (Equation 1, [Parton et

al., 2001]), soil heterotrophic respiration F,"""(CO,,) (Figure 1d, [del Grosso et al,

2000]), and soil available nitrate ng””’”(N03i)(Figure lc, [del Grosso et al., 2000]).

110



Currently VELMA simulates the total denitrification or N,+N,O emission without the

partition between N, and N,O, such that:

Den, = min[Fga”"’" (co,,), Fym (N03i)] x Froisre (i— i=1,2..n (4.31)
si
arctan(ﬂxO.Gx(O.lx( i’ax ))—054
Fosre (%) =05+ i i=1,2..n (4.32)
s b4
F3™ (€0,,) = 0.1x(ax e, xSOC,xv,(T. ,.5,)) i=1,2..n (4.33)
F[;zitrate (NO%) =0.005 x (N03l-)0'57 i=12..n (4.34)

where F;"""(CO,,) and F;’”’“’e(NOSi) represent the maximum possible N gas flux from

layer i for a given soil heterotrophic respiration rate and nitrate level, respectively (gNm’

2day™); ), is a shape parameter that depends on soil texture; FL;"(’“’””(S,. / sj“ax)varies

between zero and 1.
4.8.2. Watershed Framework

To place the above described soil column framework within a catchment
framework, the catchment topography is gridded into a number of pixels, with each pixel
consisting of one coupled soil column. Soil columns communicate with each other
through the downslope lateral transport of water and nutrients. Surface and subsurface
runoff are responsible for this lateral transport and link each soil column to the
surrounding downslope soil columns. A multiple flow direction method is used where
flow and nutrients from one pixel to its eight neighbors is fractionally allocated according
to terrain slope [Freeman, 1991; Quinn et al., 1991]. Moreover, nutrients transported
downslope from one soil column to another can be processed through the different sub-
models in that downslope soil column, or continue to flow downslope, interacting with

other soil columns, or ultimately discharging water and nutrients to the stream.
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4.8.2.1. Lateral Transport of Nutrients

Lateral transport of nutrients from layer i of an upslope soil column to layer i of a

downslope soil column or towards the stream is based on the flow routing information

and on terrain slope. As with the vertical transport of nutrients, the lateral transport of

nutrient is a function of the lateral runoff and the size of the nutrient pool in layer i. For

simplicity, we assume that both surface runoff and layer 1 subsurface runoff impact the

nutrient pool in layer 1 of the soil column.

(0+0.,%0),

S.

2

CI(NH4i)=‘lfNH4X NH

O, + Gy % Q,)

S.

1

x NO;;

& (Noai)=QfNo3 x(

(O + Gy x O,)

S.

1

Cl (DONi)=QfDON,- X

(O + .y x0,)

S.

1

g (DOCi) = Qfpoc, X x DOC,

1 fori=1

ith q,,, =
W oy {O fori=23..n

x DON,

i=12...n

i=12..

i=12..

i=12..

(4.35)

(4.36)

(4.37)

(4.38)

where O; (mm/day) is the lateral subsurface runoff from layer i (Equation 3.16 in Chapter

3); Os (mm/day) is the surface runoff that impact the nutrients pools in layer 1 (Equation

3.18 in Chapter 3).
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Table 4.B.1: Model parameter values used to simulate the biogeochemical processes of

watershed 10 in the H.J. Andrews Experimental Forest.

Parameters Definition Value References
Asnow Seasonal damping depth for snow (mm) 670 Hillel, [1998]
GST Annual mean soil temperature (°C) 8.5 Sollins and McCorison, [1981]
kn Michealis Menton calibration parameter (gN/m’) 0.1 Calibrated
. . . Rygiewicz and Bledsoe, [1986]; Kamminga-
OnNo3 Fraction of nitrogen uptake from the nitrate pool 0.3 Van Wijk and Prins., [1993]
. . . Rygiewicz and Bledsoe, [1986]; Kamminga-
Onta Fraction of nitrogen uptake from the ammonium pool 0.7 Van Wijk and Prins., [1993]
acy C:N ratio for plants and soils 50 Sollins and McCorison, [1981]
o Frgctlon of carb_on that' is pot lost to the atmosphere due to the 0.004 Calibrated
soil heterotrophic respiration
(o™ Annual wet and dry deposition of atmospheric N (gNm2yr™) 0.2 Sollins et al., [1980]
p Fitted extinction coefficient 0.976 Jackson et al., [1996]
q Fraction of carbon decomposition that feeds into the DON pool 0.015 Calibrated
Mg Steady state average mortality rate of old-growth forest (yr™) 0.0125 Lutz and Halpern., [2006]
By Average biomass value for an old-growth forest (gN/m?) 42350 Harmon et al., [2004]; Sollins et al., [1980]
mg Mortality rate parameter 1.55 Fixed a priori
my Mortality rate parameter 4 Fixed a priori
me Mortality rate parameter 1.E-14 Fixed a priori
Homin Minimum uptake rate of vegetation after disturbance (yr') 0.20 Fixed a priori
st Steady state value of plant uptake (yr™) 0.25 Calibrated
Sage Stand age for which plant uptake is the highest (years) 35 Luyssaert et al., [2008]
Wi Weibull distribution parameter for plant uptake 1.60 Fixed a priori
W, Weibull distribution parameter for plant uptake 1.70 Fixed a priori
Wiz Weibull distribution parameter for plant uptake 0.95 Fixed a priori
W, Weibull distribution parameter for plant uptake 0.85 Fixed a priori
Wi Lower llmltoof soil water saturation, below which plant uptake 40 Fixed a priori
is reduced (%).
s ppper 11mlt00f soil water saturation, above which plant uptake 30 Fixed a priori
is reduced (%).
k. f;)rt_?)ntlal carbon decomposition rate (vegetation dependent) 045 Calibrated
Mo Parameter that determines the value Firoisture (s, /smax) 0.25 Raich et al., [1991]
Shape parameter defining the skewness of the .
ma, Fpoisture (. /smax) curve 0.14 Raich et al., [1991]
Optimal soil wetness for which decomposition is maximal 40% Alexander, [1977]
pH Average pH value for the soils in WS10 4.5 Chaer et al., [2009]
Ky*™ Maximum nitrification rate (day™) 0.15 Parton et al., [2001]
N, Soil moisture function parameter for ammonium nitrification 0.4 Parton et al., [1996]
Ny Soil moisture function parameter for ammonium nitrification 1.7 Parton et al., [1996]
N, Soil moisture function parameter for ammonium nitrification 3.22 Parton et al., [1996]
Ny Soil moisture function parameter for ammonium nitrification 0.007 Parton et al., [1996]
Y, Soil moisture function shape parameter 5.0 Del Grosso et al., [2000]
Maximum fraction of NH, pool that can be lost through .
fun, transport of water 0.12 Calibrated
Maximum fraction of NH, pool that can be lost through .
U 03 transport of water 0.04 Calibrated
Maximum fraction of NH, pool that can be lost through .
Afpon transport of water 0.02 Calibrated
Maximum fraction of NH, pool that can be lost through .
qfpoc transport of water 0.06 Calibrated
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5.1. Abstract

A new ecohydrological model, Visualizing Ecosystems for Land Management
Assessments (VELMA), was used to analyze effects of forest harvest location and
amount on ecosystem carbon (C) and nitrogen (N) dynamics in an intensively studied
headwater catchment (WS10) in western Oregon, USA. The goal is to elucidate how the
interaction of hydrological and biogeochemical processes within harvested and
unharvested areas regulates losses of dissolved C and N from the terrestrial system to the
stream and atmosphere. The model was previously calibrated to simulate observed
ecohydrological responses of WS10 to a whole-catchment clearcut in 1975. Here we
apply 100 scenarios for which harvest amount ranged from 2% to 100% of catchment
area. Model results show that (1) NHs and NOs losses increased exponentially when
unharvested riparian buffer zones fell below 60% of total catchment area, and (2) for
each 1% increase in harvest area DON and DOC losses increased linearly. We then
apply 20 scenarios for which harvest amount was fixed at 20% but harvest location varied
with respect to hillslope position. As harvest distance to the stream decreased, simulated
NH4 and NOs; losses increased exponentially, and DON and DOC losses increased
linearly. Our analysis examines how specific biogeochemical processes (decomposition,
nitrification, denitrification and plant N uptake) and hydrological processes
(evapotranspiration, soil moisture, and vertical and lateral flow) interact within soil
profiles and hillslopes to regulate short and long-term losses of nutrients following
harvest. This exercise demonstrates VELMA'’s potential for informing riparian forest

management practices aimed at protecting stream water quality.
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5.2. Introduction:

Forest harvest effects on watershed hydrological and biogeochemical processes
have been well described experimentally [Bormann et al., 1968; Harr, 1976; Hicks et al.,
1991; Jones, 2000; Jones and Post, 2004; Likens and Bormann, 1995; Rothacher, 1970;
Sollins et al., 1981; Swank et al., 2001; Waichler et al., 2005], but a clear understanding
of process-level hydro-biogeochemical controls can be difficult to ascertain from data
alone. Forest removal experiments have been widely used across the United States in
places such as the H.J. Andrews, Hubbard Brook, and Coweeta Experimental Forests.
Multiple paired-basin experiments have been conducted at each of these sites to identify
vegetation removal effects on streamflow [Hibbert, 1966; Stednick, 1996], peakflow
[Golding, 1987; Jones and Grant, 1996], summer lowflow [Keppeler and Ziemer, 1990;
Rothacher, 1965], carbon (C) and nitrogen (N) dynamics [Sollins and McCorison, 1981;
Sollins et al., 1981], and nutrient export to the stream [Aust and Blinn, 2004; Sollins and
McCorison, 1981; Stednick, 2008; Vitousek et al., 1979]. A number of generalizations
concerning the effects of harvest on C and N dynamics have emerged from these
analyses: (1) removal of forest cover increases nutrient concentration in streams
[Bormann et al., 1968; Bormann et al., 1974; Sollins and McCorison, 1981], greenhouse
gas emissions [Harmon et al., 1990], and soil microbial activity (i.e. nitrification
[Bormann et al., 1968], denitrification [Likens et al., 1978], soil heterotrophic respiration
[Grant et al., 2007], among others), and reduces plant N uptake and forest productivity
[Sollins et al., 1981]; (2) forest regrowth decreases nitrogen export to streams [Likens et
al., 1978; Marks and Bormann, 1972; Vitousek and Reiners, 1975]; and (3) the initial
response to harvest and the subsequent recovery of forest productivity, nutrient pools, and

nutrient losses are highly variable and difficult to predict [ Vitousek et al., 1979].

The factors that control the variability in biogeochemical response to harvest
include harvest amount, harvest location, vegetation type, and climatic/hydrologic
regimes, amongst others. For example, Vitousek et al., [1979] analyzed 19 experimental
studies to explore the quantitative and temporal dynamics of nutrient losses after forest
harvest, and found that the extent of nitrogen losses following forest harvest varies

tremendously from site to site and can be in part attributed to site characteristics. Binkley
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and Brown [1993] analyzed the effects of harvesting on streamwater concentrations of
nitrate from 31 experimental studies in the US and Canada, and found that post-harvest
streamwater nitrate concentrations were usually higher in the eastern US compared to
central and western regions. Variability in biogeochemical responses to harvest was also
apparent within a region. For example, following whole-catchment clearcutting in
western US locations, stream nitrate concentrations increased by 3-fold (0.08 mgL'yr™"),
53-fold (0.16 mgL'yr™"), and 11-fold (0.46 mgL'yr") in Coyote Creek Oregon, High
Ridge Oregon, and UBC Research Forest British Columbia, respectively, but decreased
by 29% (0.05 mgL'yr") in Bitterroot Montana. Moreover, Binkley and Brown [1993]
reported that clearcutting 33% of a catchment in Fraser Colorado resulted in a 9-fold
(0.054 mgL'yr") increase in stream nitrate, whereas an 88% clearcut in Alsea Oregon
resulted in no annual increase in stream nitrate concentration. It was also unclear how
harvest location within these watersheds, as opposed to site characteristics, might have
influenced nutrient fluxes.  Thus, although carefully designed paired-catchment
experiments and statistical analyses can provide strong circumstantial evidence for
process-level controls, they generally cannot be used alone to quantify the contribution of

specific processes to observed stream chemistry responses.

Process-based ecohydrological models can help address this need by (1) providing
a whole-system synthesis of disparate data sets (soils, vegetation, climate, etc.) and (2)
analyzing underlying process-level controls on catchment hydrological and
biogeochemical responses to disturbance. In so doing, well-constrained models can
extend a data set by providing a framework for exploring conditions that would be too
difficult or costly to implement in practice. Moreover, models can isolate the effect of a
‘target’ treatment factor from the effects of other factors that may be unavoidably altered
within a single treatment [McKane et al., 1997]. For example: (1) Aber et al. [2002]
applied the PnET-CN model [4ber et al., 1997] on Watershed 6 of the Hubbard Brook
Experimental Forest, to test the individual and combined effects of climate variability,
changes in atmospheric chemistry, and physical and biotic disturbances on DIN loss rate;
(2) Arheimer et al. [2005] used the HBV-N model [Arheimer and Brandt, 1998] to
explore the impact of climate change on nitrogen leaching, water discharge, and nitrogen

retention in a catchment in southern Sweden; (3) Lam et al. [2009] used the SWAT
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model (Soil and Water Assessment Tool [Arnold et al., 1998]) to assess the impact of
point and non-point source pollution on nitrate loads in a complex lowland catchment in
Germany; (4) Krysanova and Haberlandt [2002] used the SWIM ecohydrological model
(Soil and Water Integrated Model [Krysanova et al., 1998]) to study the impact of various
fertilization schemes on nitrogen leaching from arable land in large river basins; and (5)
Band et al. [2001] applied the RHESSys ecohydrological model [Band et al., 1993] to the
Baltimore Long Term Ecological Research site to simulate water spatial distribution, C
and N cycling, and nitrate losses to streams. Thus, simulation models provide an
effective tool to complement field research and to examine the integrated responses of

watershed hydrology, ecology, and biogeochemistry to interacting stressors.

However, existing process-based models have some disadvantages. Many models
are too simple to capture important process-level hydrological and biogeochemical
controls on ecosystem responses to disturbance. At the other extreme, some models are
so complex that they require calibration and forcing data that are often unavailable, or are
too computationally expensive to simulate large watersheds and landscapes, or require a
high level of expertise to implement. Therefore, there is a need for a balanced approach,;
specifically an accessible, spatially-distributed, ecohydrological model that is both
computationally efficient and relatively easy to implement for analyzing the effects of
changes in climate, land use and land cover on watershed processes at scales relevant to

formulating management decisions.

We present a relatively simple spatially-distributed ecohydrological model —
VELMA (Visualizing Ecosystems for Land Management Assessments; [4bdelnour et al.,
2011]) — that simulates changes in soil water infiltration and redistribution,
evapotranspiration, surface and subsurface runoff, C and N cycling in plants and soils,
and the transport of dissolved forms of C and N from the terrestrial landscape to streams.
We apply this model to a small, intensively studied catchment in the Cascade Range in
western Oregon, USA, to address three main questions: (1) how do losses of NH4 and
NO; to the stream vary with harvest amount (percentage of total catchment area cut); (2)
to what extent do unharvested riparian buffers reduce NH4 and NOj losses to the stream,;
(3) for a given level of harvest, how does harvest location within the catchment affect

important biogeochemical fluxes, including losses of NH4, NO3;, DON and DOC, N, and
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N,O emissions, and soil heterotrophic respiration; and (4) how does the interaction of
hydrological and biogeochemical processes within the terrestrial ecosystem mediate post-

harvest nutrient losses to the stream?

Section 5.3 of this paper describes the study site. Section 5.4 provides an overview
of the VELMA modeling framework. Section 5.5 describes our model calibration and
simulation methods. Section 5.6 presents model results and discussion for the harvest

amount and location scenarios. Section 5.7 summarizes our major conclusions.

5.3. Site Description

Watershed 10 (WS10) of the H.J. Andrews Experimental Forest (HJA) is a 10.2
hectare headwater catchment located in the Cascade Range of western Oregon, at latitude
44°15'N, longitude 122°20'W (Figure 5.1). WSI10 has been the site of intensive research
and manipulation by the U.S. forest Service since the 1960’s, mainly to study the effects
of forest harvest on hydrology, sediment transport, and nutrient loss [Dyrness, 1973;
Fredriksen, 1975; Harr and McCorison, 1979; Jones and Grant, 1996; Rothacher, 1965;
Sollins and McCorison, 1981, Sollins et al., 1981].

Basin elevation ranges from 430 m at the stream gauging station to 700 m at the
southeastern ridgeline. Near-stream and side-slope gradients are approximately 24° and
25° to 50°, respectively [Grier and Logan, 1977; Sollins et al., 1981]. The climate is
relatively mild with wet winters and dry summers [Grier and Logan, 1977]. Mean
annual temperature is 8.5°C. Daily temperature extremes vary from 39°C in the summer
to -20°C in the winter [Sollins and McCorison, 1981]. Mean annual precipitation is 2300
mm and falls primarily as rain between October and April [Jones and Grant, 1996].
Snow rarely persists longer than a couple of weeks and usually melts within 1 to 2 days

after snowfall [Harr and McCorison, 1979; Harr et al., 1982; Jones, 2000].

Soils are of the Frissel series, which are classified as Typic Dystrochrepts with fine
loamy to loamy-skeletal texture [Sollins et al., 1981; Vanderbilt et al., 2003] and are
generally deep and well drained [Grier and Logan, 1977]. Prior to the 100% clearcut in
1975, WS10 was a 400 to 500 year-old forest dominated by Douglas-fir (Pseudotsuga

menziessii), western hemlock (7suga heterophylla), and western red cedar (Thuja plicata)
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[Grier and Logan, 1977] reaching up to ~60 m in height. Rooting depths rarely exceed
100 cm [Santantonio et al., 1977]. Species such as the vine maple (Acer circinatum),
Pacific rhododendron (Rhododendron maximum) and chinkapin (Castanopsis
chrysophylla) regenerated during the spring after logging. Forest regrowth was rapid
after the 1975 clearcut, initially by small trees and shrubs that survived logging, and soon
after by planted seedlings of Douglas-fir [Gholz et al., 1985]. The dominant vegetation
of WS10 today is a ~35 year-old mixed Douglas-fir and western hemlock stand.
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Figure 5.1: The study site is the watershed 10 (WS10) of the H. J. Andrew Experimental
Forest located in the western Cascade Range of Oregon. The red dots represent the

locations of the stream gages. The black triangles represent the locations of the
meteorological stations.
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5.4. The Eco-Hydrological Model

VELMA (Visualizing Ecosystems for Land Management Assessment) is a spatially
distributed ecohydrological model designed to simulate the integrated responses of
vegetation, soil, and water resources to multiple forcing variables, e.g., changes in
climate, land use and land cover. It is intended to be broadly applicable to a variety of
ecosystems (forest, grassland, agricultural, tundra, etc.) and to provide a computationally
efficient means for scaling up ecohydrological responses across multiple spatial and

temporal scales — hillslopes to basins, and days to centuries (Figure 5.2).

THY

C-N-H,0
Interactions C-N-H,0
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Figure 5.2: Conceptual catchment modeling framework using multi-layered soil

columns.

The model uses a distributed soil column framework to simulate the movement of
water and nutrients (organically bound C and N in plants and soils; dissolved NH4, NOs,
DON and DOC; and gaseous forms of C and N including CO,, N,O and N;) within the
soil, between the soil and the vegetation, and from the soil surface and vegetation to the

atmosphere. The soil column model consists of three coupled sub-models:

(1) A hydrological model (Figure 5.3) that simulates vertical and lateral movement
of water within soil, losses of water from soil and vegetation to the atmosphere, and the
growth and ablation of the seasonal snowpack — a detailed description of the hydrological

model is provided in Appendix A of Chapter 3 [Abdelnour et al., 2011];

(2) A soil temperature model [Cheng et al., 2010] that simulates daily soil layer

temperatures from surface air temperature and snow depth by propagating the air
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temperature first through the snowpack and then through the ground using the analytical

solution of the one-dimensional thermal diffusion equation;

P
ET,
P | P ET,
: ' ET,
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Figure 5.3: The soil column hydrological framework consists of 4-layer soil column, a
standing water layer, and a snow layer. DTB is the soil column depth to bedrock. Az,
Ksi;, ¢i, ands;, are the thickness, the saturated hydraulic conductivity, the soil porosity,
and the soil water storage of layer i, respectively; P, Ps and P,, are the precipitation,
snow, and rain, respectively; m is the snowmelt and ssyg is the snow water equivalent
depth; 1 is the infiltration and ssrw is the standing water amount, Qs is the surface runoff;
O, D; and ET, are the subsurface runoff, the drainage and the evapotranspiration of
layer i, respectively.

(3) A plant-soil model (Figure 4.4) that simulates ecosystem carbon storage and the
cycling of C and N between a plant biomass layer and the active soil pools [4bdelnour et
al., In review]. Specifically, the plant-soil model simulates the interaction between
aboveground plant biomass, soil organic carbon (SOC), soil nitrogen including dissolved
nitrate (NO;3), ammonium (NHy4), and organic nitrogen (DON), as well as dissolved
organic carbon (DOC). Daily atmospheric inputs of wet and dry nitrogen deposition are
accounted for in the ammonium pool of the shallow soil layer. Uptake of ammonium and
nitrate by plants is modeled using a Type II Michaelis-Menton function. Loss of plant

biomass is simulated through density dependent mortality. The mortality rate and the
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nitrogen uptake rate mimic the exponential increase in biomass mortality and the
accelerated growth rate, respectively, as plants go through succession and reach
equilibrium. Nitrification and denitrification are simulated using the equations from the
generalized model of N, and N,O production of Parton et al., [1996; 2001] and Del
Grosso et al., [2000]. Decomposition of SOC follows first order kinetics controlled by
soil temperature and moisture content as described in the TEM model (Terrestrial
Ecosystem Model) of Raich et al., [1991]. Vertical transport of nutrients from one layer

to another in a soil column is function of water drainage.
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Figure 5.4: The soil column biogeochemical framework simulates ecosystem carbon
storage and the cycling of carbon and nitrogen between a plant biomass layer and a 4-
layer soil column.
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The soil column model is placed within a catchment framework to create a spatially
distributed model applicable to watersheds and landscapes. Adjacent soil columns
interact with each other through the downslope lateral transport of water and nutrients.
Surface and subsurface lateral flow are routed using a multiple flow direction method
[Freeman, 1991; Quinn et al., 1991]. As with vertical drainage of soil water, lateral
subsurface downslope flow is modeled using a simple logistic function and corrected for
the local slope angle. Lateral transport of nutrients from one soil column to the
subsequent soil column or towards the stream is simulated as a function of subsurface
flow and nutrient-specific loss rates. Nutrients transported downslope from one soil
column to another can be processed through the different C and N cycling sub-models in
that downslope soil column, or continue to flow downslope, interacting with other soil

columns, or ultimately discharging water and nutrients to the stream.
5.5. Simulation Methods
5.5.1. Data

The model is forced with observed data of daily temperature, precipitation, and
atmospheric nitrogen deposition. For simulations presented here, daily temperature and
precipitation data for the period January 1, 1969 - December 31, 2008 were obtained
from the H.J. Andrews LTER PRIMET, CS2MET, and HISMET meteorological stations
located in the vicinity of WSI10 [Daly and McKee, 2011] (see Figure 5.1). Daily
atmospheric inputs of wet and dry nitrogen deposition were simulated as a function of the
long-term average annual atmospheric nitrogen deposition, daily precipitation, and the
long-term average annual precipitation. Specifically, we partitioned the historical mean
wet and dry annual atmospheric nitrogen deposition of 0.2gNm™yr"' [Sollins et al., 1980]
based on the ratio of daily precipitation to the long-term average annual precipitation.
Thus, in any given year, the annual amount of dry and wet nitrogen deposition can either
be higher or lower than the long-term average nitrogen deposition based on the amount of

precipitation that falls during that year.

Observed data used for model calibration and validation included (1) daily

streamflow measured at the WS10 weir between 1969 to 2008 [Johnson and Rothacher,
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2009]; and (2) NOs, NHy4, and DON and DOC losses to the stream measured for flow-
weighted, composite samples collected approximately once every three weeks for the
period 1978 to 2007, except DOC for which the period of record is 1992 to 2007
[Johnson and Fredriksen, 2011]; and (3) soil data describing texture, depth to bedrock,
and total carbon and nitrogen content [Abdelnour et al., 2011; Dingman, 1994]. Model

calibration and validation methods are presented in section 5.5.3.
5.5.2. Model Spatial Structure

A 30-m resolution Digital Elevation Model (DEM) of the H.J. Andrews’s
watershed 10 [Valentine and Lienkaemper, 2005] was used to compute flow direction,
delineate watershed boundaries, and generate a channel network. Each 30x30 m soil
column was divided into 4 layers: a surface layer, intermediate layers, and a deep layer.
The average soil column depth to bedrock is taken to be 2m [Ranken, 1974]. The
dominant soil texture is specified as loam [Ranken, 1974]. Porosity, field capacity and

wilting point values are obtained accordingly [Dingman, 1994].
5.5.3. Model Simulations

Abdelnour et al., [2011] and Abdelnour et al., [in review] previously calibrated and
validated VELMA'’s hydrological and biogeochemical parameters to simulate long-term
(1525-2008 A.D.) changes in WS10 stream hydrology and chemistry and ecosystem C
and N dynamics following a stand-replacing fire circa 1525, and a 100% clearcut in 1975
of the then 450-year-old forest (Chapter 3 and 4). Abdelnour et al., [in review] used the
calibrated set of parameters to simulate and analyze biogeochemical effects of those
historical fire and harvest events that occurred over the entire catchment (Chapter 4). A
comparison of post-harvest (1975-2008) simulated and observed streamflow and nutrient
losses to the stream shows that the calibrated model was able to capture the temporal
dynamics of streamflow, NH4, NOs;, DON and DOC losses with a correlation coefficient
0f 0.91, 0.7, 0.47, 0.82, and 0.94, respectively. A short description of post-harvest C and
N temporal dynamics relevant to this study is presented in section 5.1. All hydrological
and biogeochemical parameter names, values and references can be found in Abdelnour

et al., [2011] and Abdelnour et al., [in review] (Chapter 3 and 4).
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Here we apply these same VELMA parameter values to simulate a series of virtual
harvest scenarios to investigate biogeochemical responses to harvest amount (percentage
of total catchment area clearcut) and harvest location (clearcut area average distance to
stream). These simulations were designed to explore how ecosystem dissolved and
gaseous C and N losses (i.e. NHy, NO3;, DON, DOC losses, N>-N,O emissions and soil
heterotrophic respiration) respond to harvest amounts ranging from 2% to 100% of total
catchment area, as well as variations in the spatial pattern of where these harvests occur.
Scenarios for the simulations examining the effects of harvest amount and harvest

location are described in sections 5.5.3.1 and 5.5.3.2.

5.5.3.1. Harvest Location Scenarios (1975-2008)

Harvest location simulations were designed to assess the importance of harvest
spatial pattern on catchment biogeochemical fluxes, specifically, dissolved C and N
losses from the terrestrial system to the stream and atmosphere as well as the terrestrial
processes controlling those losses. Twenty harvest location scenarios were simulated
from 1975 to 2008 to explore harvest location effects. Each scenario had the harvest
amount fixed at 20% of the total catchment arca. However, harvest location within the
watershed varied. The location of each 20% clearcut varied from an all-ridge location
(Figure 5.5; scenario A) to an all-valley location (Figure 5.5; scenario T). Catchment
pixels within each 20% clearcut were selected based on flow accumulation (upslope
contributing area). Forest removal was simulated by decreasing the initial plant biomass
to 10% of its old-growth value, increasing the SOC pool by 10%, and reducing plant
transpiration rates to zero at the onset of the disturbance [Abdelnour et al., 2011; in
review]. A detailed description of the simulated nutrient flux dynamics for the harvest

location scenarios is provided in section 5.6.2.
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Figure 5.5: Spatial pattern of forest harvest. Twenty scenarios of 20% clearcut area each
were simulated. The location of the 20% clearcut area varied from an all-ridge location
(scenario A) to an all-valley location (Scenario T).

5.5.3.2. Harvest Amount Scenarios (1975-2008)

Harvest amount simulations were designed to (1) explore whether biogeochemical
responses to harvest amount exhibit threshold (non-linear) behavior, and (2) assess the
effectiveness of riparian buffers in reducing stream nutrients loads. One-hundred harvest
amount simulations were conducted from 1975 to 2008 to explore the impact of harvest
amount, irrespective of location, on nutrient fluxes. Specifically, fifty harvest amount
scenarios ranging from 2% to 100% of total catchment area, with an approximate
increment of 2% in harvest area, were simulated from ridge to valley (Figure 5.6).
Thereafter, fifty harvest amount scenarios ranging from 2% to 100% of total catchment

area, with an approximate increment of 2% in harvest area, were simulated from valley to
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ridge (Figure 5.6). As in the harvest location simulations, catchment pixels for a given
clearcut amount were based on flow accumulation. Forest harvest was simulated by
decreasing the initial plant biomass to 10% of its old-growth value, increasing the SOC
pool by 10%, and reducing plant transpiration rates to zero at the onset of the disturbance
[4bdelnour et al., 2011; in review]. A detailed description of the simulated nutrient flux
dynamics for the ridge-to-valley and valley-to-ridge set of scenarios is provided in

section 5.6.3.

From Ridge to Valley: 50 Clearcut Scenarios (0% to 100%)
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Figure 5.6: Harvest amount scenarios. Selected examples of fifty clearcut scenarios
ranging from 0% to 100% with a ~2% increment in harvest area were simulated (1) from
ridge to valley, and (2) from valley to ridge, to assess the impact of increasing harvest
area, irrespective of location, on catchment hydrological response.

5.5.3.3. Old-growth Control Scenario (1975-2008)
To establish a baseline reference against which the simulations of harvest amount
and location can be compared, we simulated an old-growth forest scenario for which no

harvest occurred in 1975. That is, all drivers, parameters and simulation years (1975-

2008) for the old-growth simulation were identical to the harvest amount and location
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scenario simulations, except that initial (1975) state variables for plant biomass and SOC
were set to the old-growth values for 1974, i.e., when the intact WS10 forest was ~450
years-old. A detailed description of the hydrological and biogeochemical dynamics

associated with an old-growth simulation can be found in Chapter 3 and 4.
5.6. Results and Discussion

Our discussion of the simulation results will focus on losses of dissolved C and N
from the terrestrial system to the stream and to the atmosphere, as well as how the
interaction of hydrological and biogeochemical processes within the terrestrial ecosystem
regulates these losses. We are particularly interested in examining how harvest amount
and spatial pattern alters hydro-biogeochemical interactions within soil profiles and
hillslopes. We specifically examine the hypothesis that forest harvest produces three
immediate effects — reduced evapotranspiration, reduced plant uptake of nutrients, and a
pulse of new detritus (SOC) — that in turn lead to an interacting series of changes in
additional processes, such that effects on one process lead to effects on others.
Specifically, to what extent do observed increases in the post-harvest mobilization and
transport of N to streams depend on an interacting series of biogeochemical
transformations (mineralization of organic N contained in decomposing SOC, diminished
plant uptake of inorganic N, nitrification of NH4 to NOs, and denitrification of NO; to
gaseous N products (N, NOy, N,O)) that are in turn mediated by hydrological processes
affecting the availability and transport of water within soil profiles and hillslopes
(decreased transpiration, increased soil water storage, and increased vertical and lateral
flow)? We are also interested in examining how these processes change through time as

forest vegetation regrows following harvest.

The model results and discussion are presented in the following sequence. In section
5.6.1, to provide context for the harvest amount and location simulation results conducted
in the present study, we briefly review the results of Abdelnour et al., [in review]
describing the effects of the WS10 whole-catchment clearcut on simulated and observed
temporal changes (1975 — 2008) in dissolved and gaseous losses of C and N. In section
5.6.2, we present the simulated effects of harvest location on nutrient losses. Finally, in

section 5.6.3, we present the simulated effects of harvest amount on nutrient losses.
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5.6.1. Whole-Catchment Clearcut Simulation

For the simulation of the actual whole-catchment clearcut of the WS10 old-growth
forest in 1975, streamflow increased by an average of 29% (345 mm) during the first five
years after harvest, compared to values for the old-growth simulation described in
Section 5.5.3.3, henceforth referred to as ‘“old-growth values”. The increase in
streamflow reflected the sudden, sharp decrease in transpiration following the complete
removal of the canopy. Losses of dissolved C and N to the stream consequently peaked a
few years after disturbance, as a result of the combined effects of increases in soil water
content, vertical drainage and lateral flow, SOC decomposition, and nitrification, and a
decrease in plant N uptake prior to significant re-establishment of plant biomass
[Abdelnour et al., in review]. Specifically, simulated annual NH4 and NOj losses peaked
2 years after clearcut, and over the first 5 years averaged 0.08 and 0.9 gNm™yr" (4-fold
and 150-fold higher than old-growth values). Thereafter, losses of NHs and NOj to the
stream declined exponentially as a result of decreases in SOC decomposition and
increases in N uptake by regrowing vegetation. By 2005, thirty years after clearcut,
simulated annual NH, and NOs losses had declined to 0.015 and 0.008 gNm™ yr" (25%
and 10% lower than old-growth values). Similarly, simulated annual DON and DOC
losses peaked 2 years after clearcut, as a result of increases in subsurface flow and SOC
decomposition. Over the first 5 years, DON and DOC losses averaged 0.15gNm ™ yr™" and
3.2 gCm™yr! (~20% and 18% higher than old-growth values). Thereafter, annual DON
and DOC losses to the stream decreased with decreases in SOC and subsurface flow
associated with increases in plant transpiration. By 2005, thirty years after clearcut,
simulated annual DON and DOC losses declined to ~0.07gNm™yr" and 1.1 gCm™yr"
(~30% and 35% lower than old-growth values).

Simulated gaseous losses of dissolved C and N to the atmosphere peaked a few
years after clearcut due to high SOC decomposition, high soil water content, and low N
uptake prior to significant re-establishment of plant biomass. Specifically, simulated
annual denitrification rates peaked two years after clearcut as a result of high soil nitrate
availability and high soil water content, which enhanced the anaerobic process of

denitrification. Simulated annual denitrification rates (i.e. N»-N,O emissions to the
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atmosphere) averaged 0.9 gNm™yr ' (~13-fold higher than old-growth values) from 1975
to 1979, then decreased with increases in plant biomass and N uptake, and decreases in
SOC and soil water content. By 2005, thirty years after clearcut, simulated denitrification
rate had declined to 0.07 gNm™yr" (30% lower than old-growth values). Similarly,
simulated annual soil heterotrophic respiration peaked 2 years after clearcut as a result of
increased SOC decomposition and lower water stress conditions. Simulated annual soil
heterotrophic respiration averaged 710 gCm™yr" (~30% higher than old-growth values)
from 1975 to 1979, and then decreased with decreases in SOC. By 2005, thirty years
after clearcut simulated annual soil heterotrophic respiration averaged 280gCm™yr’

(40% lower than old-growth values).

Thus, processes that favored nutrient losses to the stream dominated
ecohydrological responses during the first 5 years after the whole-catchment clearcut in
1975, i.e., before significant re-establishment of vegetation had occurred. These
mobilizing processes mainly included decreased plant uptake of NH4 and NOs, increased
production of NH4, NO3;, DON and DOC, and increased vertical and lateral flow as a
result of decreased transpiration. Although post-harvest denitrification rates were
substantially greater than old-growth values, these gaseous N losses were insufficient to
significantly counteract the much larger increases in soil NOs pool and losses the stream.
Finally, the post-harvest changes in dissolved C and N losses to the stream and
atmosphere simulated by VELMA were consistent with previously published studies of
biogeochemical dynamics in recently clearcut old-growth forest [e.g. Cairns and Latjtha
2005; Grant et al., 2007; Griffiths and Swanson 2001; Sollins and McCorison, 1981,
Fredriksen 1975].

5.6.2. Harvest Location Simulations

Results for the harvest location simulations indicate that forest harvest location is
important in reducing nutrient losses to the stream (Figure 5.7). Specifically, dissolved C
and N losses from the terrestrial system to the stream and atmosphere were sensitive to
variations in the location of a 20% harvest of WS10 (Figure 5.5, Scenarios A - T). In
particular, the relative location of harvested and unharvested areas with respect to the

stream had major effects on the suite of hydro-biogeochemical processes discussed in
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section 5.6.1 and, consequently, on dissolved and gaseous losses of NH4, NOs;, DON and
DOC. Figure 5.7 shows that simulated annual NHs; and NO; losses to the stream
increased exponentially with decreasing harvest area distance to the stream channel.
Specifically, a 20% clearcut area in the uplands (at an average distance of 152m to the
nearest stream channel, based on flow direction) resulted in an average annual increase in
NH,4 and NOj; losses of 0.8 and 0.6 mgNm™ yr" (4% and 10% higher than old-growth
values). By contrast, a 20% clearcut in the lowlands (at an average distance of 53m from
the nearest stream channel) increased average annual NH4 and NOs losses to the stream
by 35 and 326 mgNm™ yr' (~180% and 54-fold higher than old-growth values). These
results suggest that large riparian buffers (i.e. the vegetated area near the stream
downslope of the clearcut area) can considerably reduce the amounts of NO; and NH4
that reach the stream. The sensitivity of dissolved inorganic nitrogen losses to harvest
location stems from the fact that subsurface flow and nutrient losses generated from an
upland clearcut area, as opposed to a lowland clearcut area, have a relatively longer
flowpath through downslope vegetated areas. Within this vegetated area, subsurface flow
and dissolved inorganic nitrogen are subjected to plant transpiration, plant N uptake, soil
nitrification and soil denitrification, all of which reduce the amount of water and nutrients
that reach the stream. These results support previous reports about the importance of
riparian forest buffers in reducing nutrient loads to the stream [Martin et al., 1984].
Bernhardt et al., [2005] argues that riparian forest buffers, with their associated root and
microbial populations, act as natural filters limiting the movement of nitrogen from the
soil into the stream. Similarly, Hubbard and Lowrance [1992] found that nitrate losses
are considerably reduced after passing through a 7 m forest buffer. Hubbard and
Lowrance [1992] attributed this reduction in NO; loss to the stream to a combination of
denitrification and plant uptake. Castelle et al., [1994] found that the capacity of riparian
forest buffers to reduce N losses to streams generally increases with increasing buffer

width.

In contrast to the large exponential increases in dissolved inorganic nitrogen
losses, simulated annual dissolved organic C and N losses to the stream increased linearly
and at a modest rate as a function of decreasing harvest area distance to the stream

channel (Figure 5.7). Specifically, a 20% clearcut area in the uplands resulted in an
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average annual increase in DON and DOC losses of 3.6mgNm™yr' and 87gCm?yr’
(2.6% and 3% higher than old-growth values), whereas a 20% clearcut in the lowlands
resulted in an average annual increase in DON and DOC losses of 6.4mgNm™yr" and
119gCm™yr" (~5% and 4% higher than old-growth values). This linear increase in
dissolved organic C and N to the stream is the result of (1) the near-linear negative
relationship between streamflow and harvest distance to the stream [Abdelnour et al.,
2011], (2) the high correlation between dissolved organic C and N to the stream and
streamflow [Hope et al., 1994; Vanderbilt et al., 2003], and (3) the model assumption
that dissolved organic C and N are not appreciably reduced through decomposition or

plant N uptake [Abdelnour et al., in review].
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Figure 5.7: Absolute annual changes in heterotrophic respiration (R;; green dots;
mgCm™yr!), denitrification (N>-N>O emissions; purple dots; mgNm™ yr"), ammonium
(blue diamonds; mgNm™yr'), nitrate (red squares; dgNm™yr'), DON (black stars;
mgNm™yr"), and DOC (orange triangles; mgCm™ yr") losses for a 20% clearcut as a
function of the average flow path distance in meters between the harvest area and the
nearest stream channel. Ammonium and nitrate losses are fitted with an exponential
trendline (blue (R°=0.97) and red (R’=0.88) solid line, respectively). Rj N>-N>O
emissions, DON, and DOC losses are fitted with a linear trendline (green (R’=0.96),
purple (R°=0.46), black (R°=0.98), and orange (R°=0.95) solid line, respectively).
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Figure 5.7 also shows that the simulated annual soil N, and N,O emissions
increased with decreasing harvest area distance to the stream channel. Specifically, a
20% clearcut area in the uplands resulted in an average annual increase in N,-N,O
emissions of 99 mgNm™ yr' (164% higher than old-growth values), whereas a 20%
clearcut in the lowlands resulted in an average annual increase in N,-N,O emissions of
109 mgNm™yr " (180% higher than old-growth values). This result is consistent with the
processes that govern soil denitrification rates. Soil denitrification is an anaerobic
process controlled by environmental factors such as soil nitrate level, soil oxygen
availability and soil labile carbon availability [Weier et al., 1993]. As a result, soil
denitrification rates are generally higher in the wet lowlands and lower in the dry uplands
[Zak and Grigal, 1991]. Therefore, harvested lowland areas tend to increase soil
saturation (through lower transpiration) and soil nitrate availability (through higher
ammonium availability and nitrification in surface layers), which in turn enhances
denitrification (typically in surface layers after rainfall, or in saturated deep soil layers).
Although upland clearcuts also led to increased amounts of soil water and denitrification,
the increases in denitrification were ~20% lower than the levels simulated for the lowland

clearcut.

It is also important to examine the effects of harvest location on SOC
decomposition, given the importance of soil heterotrophs in regulating the production and
consumption of dissolved forms of C and N. Simulated annual soil heterotrophic
respiration decreased linearly with decreasing harvest area distance to the stream channel
(Figure 5.7). Specifically, a 20% clearcut area in the uplands resulted in an average
annual increase in soil heterotrophic respiration of 36 mgCm™yr" (7% higher than old-
growth values), whereas a 20% clearcut in the lowlands resulted in an average annual
increase of 23 mgCm™yr" (4% higher than old-growth values). This result is consistent
with the processes that govern soil heterotrophic respiration. Soil heterotrophic
respiration varies with environmental factors such as soil temperature [Davidson et al.,
2000; Davidson et al., 1993; Raich and Potter, 1995] and soil moisture [Bowden et al.,
1998]. Soil moisture affects heterotrophic respiration by limiting decomposition in low
and high moisture conditions, with peak respiration occurring at ~ 40% saturation

[Alexander, 1977]. In our upland harvest simulations, soil moisture conditions were
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more favorable for decomposition than the lowland harvests, where frequently saturated

conditions limited decomposition.
5.6.3. Harvest Amount Simulations

Model results for the harvest amount simulations consisted of two sets of
simulations results pertaining to the ridge-to-valley and valley-to-ridge scenarios
described in section 5.5.3.2. We first present the results of the ridge-to-valley
simulations, then the results of the valley-to-ridge simulations, and finally, we combine
these two sets of simulations to draw insights into the relationship between harvest

amount and nutrient losses, irrespective of location.

For the ridge-to-valley simulations, simulated annual NH4 and NO; losses to the
stream increased exponentially with increasing harvest area and exhibited a threshold
behavior (Figure 5.8A and 5.9A). Specifically, over the first five years after clearcut, the
annual increases in NH, and NO; losses were less than 3 and 17 mgNm™yr" (12% and
210% higher than old-growth values), respectively, for harvest amounts less than 40%.
For harvest amounts greater than 40% of the total catchment area, NH4 and NO; losses
increased exponentially with percent harvest area, reaching an average of 80 and 900
mgNm?yr" (4-fold and 150-fold higher than old-growth values) over the first five year
after a 100% clearcut. By contrast, simulated annual DON and DOC losses and N,-N,O
emissions increased nearly linearly (correlation coefficient R*=0.97, 0.99 and 0.98,
respectively) with increasing harvest amount, and exhibited a slight convex curvature
(Figure 5.10). Specifically, average annual DON losses, DOC losses and N,-N,O
emissions increased by 0.2 mgNm?yr', 43 mgCm?yr', and 8.7 mgNm7yr’,
respectively for each 1% of catchment area harvested near the ridge, but by 0.25 mgNm’
yr', 5 mgCm™yr", and 11.8 mgNm™yr", respectively for each 1% of catchment area
harvested near the valley. Simulated annual rates of soil heterotrophic respiration
increased nearly linearly (correlation coefficient R*=0.97) with increasing harvest
amount, exhibiting a slight concave curvature in the rate of increase (Figure 5.10D).
Average annual soil heterotrophic respiration increased by 1.6 gCm™yr" for each 1%
harvest amount located near the ridge, and by 0.8 gCm™yr™" for each 1% harvest amount

located near the valley.
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Figure 5.8: The absolute change (compared to old-growth values) in simulated annual
ammonium (mgNm™yr') losses to the stream with respect to harvest area for the a)
ridge-to-valley and b) valley-to-ridge set of scenarios. The x-axis represents the 1975-
2008 period of available precipitation and temperature data. The y-axis represents the
harvest amount as the percentage of the watershed area that is clearcut.
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Figure 5.9: The absolute change (compared to old-growth values) in simulated annual
nitrate NO3 (mgNm™yr') losses to the stream with respect to harvest area for the a)
ridge-to-valley and b) valley-to-ridge set of scenarios. The x-axis represents the 1975-
2008 period of available precipitation and temperature data. The y-axis represents the
harvest amount as the percentage of the watershed area that is clearcut.
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Figure 5.10: The absolute change (compared to old-growth values) in simulated annual
DON losses (mgNm™yr:subplot A), DOC losses (mgCm™ yr': subplot B), N»-N>O
emission (gNm™yr’'; subplot C) and Ry, (gCm™yr’; subplot D) with respect to harvest
area for the ridge-to-valley set of scenarios. The x-axis represents the 1975-2008 period
of available precipitation and temperature data. The y-axis represents the harvest
amount as the percentage of the watershed area that is clearcut.

For the valley-to-ridge simulations, simulated annual NH4 and NO; losses to the
stream increased logarithmically with increasing harvest area (Figure 5.8B and 5.9B).
Specifically, average annual NH, and NOs losses increased by 1.8 mgNm™2yr' and 15
mgNm™yr, respectively, for each 1% of catchment area harvested near the valley, but by
0.1 mgNm?yr' and 5.5 mgNm™yr', respectively, for each 1% of catchment area
harvested near the ridge. By contrast, simulated annual increases in DON and DOC
losses and N,-N,O emissions increased nearly linearly (correlation coefficient R*=0.97,
0.99 and 0.99, respectively) with increasing harvest amount, and exhibited a slight
concave curvature (Figure 5.11). In particular, average annual DON losses, DOC losses

and N»-N,O emissions increased by 0.3 mgNm?yr”, 6 mgCm™yr", and 10.2 mgNm™yr ",
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respectively for each 1% of catchment area harvested near the valley, but by 0.16 mgNm’
yr', 4 mgCm™yr’, and 9.5 mgNm™yr", respectively for each 1% of catchment area
harvested near the ridge. Simulated annual rates of soil heterotrophic respiration
increased nearly linearly (correlation coefficient R*=0.99) with increasing harvest
amount, and exhibited a slight concave curvature (Figure 5.11D). Average annual soil
heterotrophic respiration increased by 1.4 gCm™yr™ for each 1% harvest amount located

near the ridge, and by 1.5 gCm™yr™" for each 1% harvest amount located near the valley.
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Figure 5.11: The absolute change (compared to old-growth values) in simulated annual
DON losses (mgNm™yr:subplot A), DOC losses (mgCm™ yr': subplot B), N»>-N>O
emission (gNm™yr’'; subplot C) and Ry, (gCm™yr’: subplot D) with respect to harvest
area for the valley-to-ridge set of scenarios. The x-axis represents the 1975-2008 period
of available precipitation and temperature data. The y-axis represents the harvest
amount as the percentage of the watershed area that is clearcut.

A clear difference between the ridge-to-valley and the valley-to-ridge simulations is

reflected in the shapes of the response curves described above. This difference is most

148



apparent in the relationship between NH4 and NO; losses and harvest amount. The
threshold behavior of NH4 and NO; losses observed in the ridge-to-valley simulations is
essentially caused by the riparian buffer dynamics. Riparian buffers reduce nitrogen
losses to the stream through nitrogen uptake by plants, microbial immobilization, soil
storage, ground water mixing and denitrification [Lowrance et al., 1997]. Figure 5.8A
and 5.9A show that NHs and NO; losses sharply increased after a clearcut of 40%.
Buffer areas of 60% or more in WS10 strongly limited NH4 and NOs losses to the stream
(i.e. NH4 and NOj losses to the stream were less than 7% and 2% of their maximum
values). However, riparian buffer area or width is site specific and governed by soil type,
vegetation type, subsurface flowpath, subsurface biogeochemistry and climate [Mayer et
al., 2007]. For example, in contrast to our result, Martin et al., [1984] reported the
effects of forest harvest on water quality from 38 watersheds within New England, and
found that forest harvest amount had to exceed 70% of the watershed in order to have an

increase in streamwater nitrate concentration.

While harvest location clearly affected the magnitude and the shapes of the
response curves described above, taken together (Figure 5.12; solid black line), the ridge-
to-valley and valley-to-ridge simulations suggested that average annual DON and DOC
losses, N»>-N>O emissions and soil heterotrophic respiration increase linearly (correlation
coefficient R?=0.95, 0.98, 0.98, and 0.96, respectively) at a rate of 0.2 mgNm?yr", 5
mgCm~2yr', 9 mgNm™yr', and 1.3 gCm™yr" for each 1% of catchment area harvested,
respectively. A comparison of our results with observed data is difficult, given that few
catchment-scale studies have monitored the impact of different harvest types and
intensities on carbon and nitrogen losses. The empirical studies that have been conducted
have generally found that the effect of forest harvest on stream water chemistry and
gaseous C and N emissions increases with increasing harvest area [Fowler et al., 1988,
Stark, 1979; Tiedemann et al., 1988]. Grier et al., [1989] reported that in forest
harvesting or thinning, nutrient losses tend to be proportional to the amount of timber
removed. Feller et al., [2000] monitored nutrient fluxes from 74 sampling sites in the
MASS study site located in British Columbia and consisting of four different forest
harvest treatments and an undisturbed old-growth forest. Feller et al., [2000] found that

the amount of nutrients (NOj’, K, SO42') in the stream and in solution beneath an old-
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growth forest increased with the percentage of forest that was harvested. Londo et al.,
[1999] examined the impact of harvest intensity on in situ and laboratory mineral soil
respiration in an East Texas hardwood forest, and found that the mean rate of CO, efflux
in the clearcuts was significantly higher than that in the partial cuts, which in turn was

significantly higher than that in the old-growth.
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Figure 5.12: The average absolute change (compared to old-growth values) in simulated
annual DON losses (mgNm™yr"': subplot a), DOC losses (mgCm™yr; subplot b), N»-
N>O emission (gNm™ yr”’; subplot ¢) and Ry, (gCm™yr"; subplot d) with respect to harvest
amount, over the first five years after clearcut (1975-1980) for (1) the valley-to-ridge
scenarios (blue dots and line), and (2) for the ridge-to-valley scenarios (red dots and
line). The black solid line is the fitted linear trendline for both valley-to-ridge and ridge-
to-valley scenarios. The x-axis represents harvest amount as the percentage of the
watershed area that is clearcut.
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5.7. Conclusion

A spatially-distributed ecohydrologic model, VELMA, was used to explore the
impact of harvest location and amount on catchment C and N dynamics at a small
intensively studied watershed (WS10) in the Pacific Northwest — details that would be
difficult or impossible to capture through experimentation or observation alone.
Specifically, three main sets of simulations were conducted: (1) a whole catchment
clearcut simulation, from 1975 to 2008, used to describe how the interaction of
hydrological and biogeochemical processes within the terrestrial ecosystem mediate post-
clearcut temporal dynamics of C and N fluxes, (2) twenty harvest location simulations,
from 1975 to 2008, used to assess the impact of harvest location on C and N fluxes, and
(3) one-hundred harvest amount simulations, from 1975 to 2008, used to explore the
impact of harvest amount, irrespective of location, on nutrient fluxes. These simulations
provided a framework to assess the effectiveness of forested riparian buffers in limiting
the losses of dissolved C and N from the terrestrial system to the stream and to the
atmosphere. Moreover, the interaction of hydrological and biogeochemical processes
represented in VELMA provide additional insight into how feedbacks among the cycles
of C, N and water regulate N supplies, and therefore, responses to disturbance across a
wide range of spatial and temporal scales — stands to hillslopes to catchment, and days to
centuries. The main insights from this exercise included the following: (1) Dissolved
inorganic nitrogen losses to the stream increased exponentially when unharvested riparian
buffer zones fell below 60% of total catchment area. These results suggest that forested
riparian buffers effectively reduce the amount of inorganic nitrogen that reaches the
stream through nitrogen uptake by plants, soil storage, nitrification and denitrification;
(2) Dissolved C and N losses from the terrestrial system to the stream and atmosphere
were strongly sensitive to the location of harvest as a result of the spatial variation in soil
water content, plant N uptake, SOC decomposition, nitrification, and denitrification. For
example, harvesting forest vegetation near the steam promoted greater losses of NH4 and
NO; to the stream by increasing soil nitrogen pools (via decreased plant uptake), and by
increasing soil moisture levels (via decreased evapotranspiration) and, consequently, the
potential for vertical and lateral flow within the hillslope; and (3) Post-clearcut increases

in dissolved C and N losses from the terrestrial system to the stream and atmosphere are
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primarily driven by the amount of vegetation removed. Specifically, NO; and NHy losses
to the stream increase exponentially with increasing harvest area, whereas DON and
DOC losses, soil heterotrophic respiration, and N,-N,O emissions increase near linearly

with increasing harvest area.
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6.1. Abstract

The goal of this study is to provide process level insight into the impact of climate
change on ecosystem processes at high spatial resolution relevant to formulating
management decision. To this end, a new eco-hydrological model, Visualizing
Ecosystems for Land Management Assessments (VELMA) is used to simulate the impact
of future climate change on watershed hydrology and carbon (C) and nitrogen (N)
dynamics. VELMA is applied to the H.J. Andrews Experimental Forest, a Long Term
Ecological Research site in the Pacific Northwest. Daily projected temperature and
precipitation for upper, lower and middle of the road climate change scenarios are used to
force the model. Simulation results suggest that the combined effects of warmer and
wetter winters as well as drier and hotter summers will result in lower winter snow
accumulation, earlier spring snowmelt, higher winter streamflow, and lower summer
streamflow and soil moisture. Simulation results also suggest that warmer air
temperatures will enhance soil microbial activity and lengthen the growing season, which
results in higher plant and soil carbon accumulation and increased dissolved C and N

losses from the terrestrial system to the stream and atmosphere.
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6.2. Introduction

The Pacific Northwest region of the United States is rich in natural resources such
as water, forest product, wildlife and salmon [Barten et al., 2008], which generate a wide
range of economic, social and cultural benefits [Knudsen, 2000]. However, these
resources may be at risk due to changes in air temperature and precipitation. Over the
course of the 20™ century, the Pacific Northwest has experienced an increase in annual
temperature and precipitation of 0.8°C and 13%, respectively [Mote, 2003]. The largest
warming rates have been in the winter and spring and the largest increase in precipitation
has been in winter [Cayan et al., 2001; Folland et al., 2001; Mote et al., 2003; Regonda
et al., 2005]. As a result, the hydrological and ecological regime of the region changed
[Mote et al., 2003]. These changes include reduced snow accumulation depth [Knowles
et al., 2006; Mote et al., 2005; Mote et al., 2003], earlier spring snowmelt [Regonda et
al., 2005], reduced summer streamflow [Stewart et al., 2005], increased forest
productivity [Boisvenue and Running, 2006], and a shift in species distribution [ Walther
et al., 2002], amongst others. Moreover, these changes to the ecosystem dynamics may
be further exacerbated with the continued projected change in climate in the 21" century
[Elsner et al., 2010; Mote et al., 2003]. Based on the 2007 Intergovernmental Panel on
Climate Change (IPCC) Fourth Assessment Report (AR4), the average annual
temperature and precipitation in the Pacific Northwest are projected to increase by 3°C
(1.6 to 9.4°C), and 2% (-10 to +20%), respectively, by 2100. Moreover, most climate
models used in the IPCC report project an enhanced seasonal cycle with warmer and drier
summers, wetter falls and winters, and an increase in extreme precipitation events for this
region. How these future changes in climate will impact ecosystem hydrological and

biogeochemical response in the Pacific Northwest is still uncertain [Barten et al., 2008].

A number of modeling studies have explored the potential impact of the projected
changes in temperature and precipitation on the hydrological regime of the Pacific
Northwest. Elsner et al., [2010] applied the DHSVM hydrological model at a spatial
resolution of 150m over the Puget Sound watershed to assess the impact of the projected
change in climate on streamflow, soil moisture and snowdepth. Hamlet and Lettenmaier

[1999] applied the VIC hydrological model at 1/8 degree over the Columbia River basin
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to explore the impact of climate change on basin hydrology. Chang and Jung [2010]
applied the Precipitation-Runoff Modeling system model at 1/16 resolution over 218 sub-
basin of the Willamette River basin to explore the impact of changes in temperature and
precipitation on seasonal runoff. Tague et al., [2008] applied the RHESSys (Regional
Hydro-Ecologic Simulation System; [Tague and Band, 2004]) eco-hydrological model to
the HJA watershed to test the impact of a 1.5°C increase in temperature on watershed

hydrology. These and other studies indicate that the 21"

century projected change in
Pacific Northwest air temperature and precipitation will result in smaller snowpack
accumulation [Casola et al., 2009; Graves and Chang, 2007; Minder, 2010; Tague et al.,
2008], earlier melt [Elsner et al., 2010; Pike et al., 2008; Rauscher et al., 2008; Stewart
et al., 2005], and higher winter runoff as more precipitation is projected to fall as rain
rather than snow [e.g. Elsner et al. 2010; Graves and Chang, 2007, Hamlet and
Lettenmaier 1999; Loukas et al., 2002; Mote et al., 2003]. In turn, these changes result in
a decrease in spring and summer streamflow [Lettenmaier et al., 1999; Leung and
Wigmosta, 1999; Mastin et al., 2008], a decrease in summer soil moisture [Elsner et al.,

2010; Hamlet and Lettenmaier, 1999], and a general increase in annual

evapotranspiration [Spittlehouse, 2007, Spittlehouse and Stewart, 2003].

While there have been a number of modeling studies that explored the potential
impact of the projected climate change on water quality and ecology in places such as
eastern U.S. [e.g. Aber et al., 1993; Chang et al., 2001; Sebestyen et al., 2009], California
[e.g. Lenihan et al., 2003; Tague et al., 2009], Alaska [e.g. Epstein et al., 2000; Stieglitz
et al., 2000], and Europe [e.g. Arheimer et al., 2005; Kesik et al., 2006; Varanou et al.,
2002; Zweimuller et al., 2008], few studies have modeled the impact of climate change
on ecosystem biogeochemical processes in the Pacific Northwest [e.g. Boisvenue and
Running, 2006] . Nevertheless, a number of generalizations have emerged from existing
climate change impact analysis performed in Europe, Alaska, California and eastern U.S.
amongst others. Specifically, these studies found that, irrespective of location, a
projected increase in cool and warm seasons air temperatures result in higher soil
microbial decomposition [Boisvenue and Running, 2006; Clair and Ehrman, 1996,
McClain et al., 1998], higher ecosystem growth rates when water is not a limiting factor

[Boisvenue and Running, 2006; Spittlehouse and Stewart, 2003; Boisvenue and Running,
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2006], and longer growing season period [Feng and Hu, 2004; Graumlich et al., 1989,
Sebestyen et al., 2009]. In turn, these changes increase nutrients concentration in the
stream [Arheimer et al., 2005; Baron et al., 2009; Chang et al., 2001], enhance
greenhouse gas emissions [Kesik et al., 2006; Lenihan et al., 2003], reduce the total
carbon storage in the soil [Franklin, 1992; McClain et al., 1998], and increase ecosystem
net primary production due to the effects of higher temperature on soil nitrogen

mineralization [Boisvenue and Running, 2006; Melillo et al., 1993; Sun et al., 2000].

In this paper, we use a spatially distributed, eco-hydrological model VELMA
(Visualizing Ecosystems for Land Management Assessment) [Abdelnour et al., 2011],
that is both computationally efficient and relatively easy to implement for analyzing the
effects of changes in climate, land-use, and land cover, on watershed hydrological and
biogeochemical processes. We apply this model to the H.J. Andrews Experimental
Forest in western Oregon, USA, to simulate the impact of future climate change on
watershed hydrology and C and N dynamics. Daily projected temperature and
precipitation for three climate change scenarios that cover the range of projected 21"
century changes in Pacific Northwest climate are used to force the model. We first
explore the impact of climate change on catchment hydrological processes such as the
seasonal evolution of snow accumulation and melt, streamflow, and evapotranspiration.
We then turn our attention to ecosystem C and N dynamics and fluxes such as ecosystem

growth, dissolved C and N losses to the stream, greenhouse gas emissions and site

productivity.

A description of the study area and history is provided in section 6.3. Model
description and data description are provided in section 6.4 and 6.5, respectively.
Simulation methods are provided in section 6.6. Simulation results are provided in

section 6.7. Discussion and conclusion are presented in section 6.8 and 6.9, respectively.
6.3. Site Description:

The H.J. Andrews (HJA) Experimental Forest is a Long Term Ecological Research
(LTER) site located at latitude 44°12'N, longitude 122°15'W, in the western Cascades
Ranges of Oregon (Figure 6.1). This LTER has been the site of intensive research and
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manipulation by the U.S. forest Service since the 1950’s, mainly to study the effects of
forest harvest on hydrology, sediment transport, and nutrient loss [Dyrness, 1973;
Fredriksen, 1975; Harmon et al., 1990; Harr and Yee, 1975; Harr and McCorison, 1979;
Jones and Grant, 1996; Rothacher, 1965; Sollins and McCorison, 1981; Sollins et al.,
1981].
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Figure 6.1: The study site is the 64 km’ H. J. Andrew Experimental Forest located in the
western Cascade Range of Oregon. The black triangles represent the locations of the
meteorological stations. CS2MET is the meteorological station used in this study.
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The HJA forest occupies the 64km” drainage basin of Lookout Creek, a tributary of
Blue River and the McKenzie River. Elevation ranges from 410m at the south west
corner to 1627m at the highest elevation of Lookout Mountain. The climate is relatively
mild with wet winters and dry summers [Grier and Logan, 1977]. Mean annual
temperature varies between 8.5°C at low elevation and 3.5°C at high elevation. Mean
monthly temperatures vary from a low of 1°C in January to a high of 18°C in July. Mean
annual precipitation ranges from 2300mm at the base station to 3500mm at upper
elevations [Daly, 2005] and falls primarily between October and April [Grier and Logan,
1977]. Precipitation falls primarily as rain at low elevation and as snow above 1000m.
Snow depth often reaches 5 meters in depth at the highest elevation [Waring et al., 1978].
Annual streamflow averages 1800mm. Peak streamflows occur in the winter season

(November-February) during warm rain-on snow events.

Soils are of the Frissel series, which are classified as Typic Dystrochrepts with fine
loamy to loamy-skeletal texture [Sollins et al., 1981; Vanderbilt et al., 2003] and are
generally deep and well drained [Grier and Logan, 1977]. Before timber cutting began in
1950, 65% of the H.J. Andrews Forest was covered by old-growth stands (400-500 years
old) with the rest consisting of regenerating trees after the wildfires that occurred in the
1800’s. Currently, old-growth stands constitute 40% of the total area. Lower elevation
(below 1000m) forests are dominated by Douglas-fir (Pseudotsuga menziesii), western
hemlock (Tsuga heterophylla), and western red cedar (Thuja plicata), whereas noble fir
(Abies procera), Pacific silver fir (Abies Amabilis), and mountain hemlock (7suga

mertensiana) are common at upper elevations.
6.4. Model Description

VELMA (Visualizing Ecosystems for Land Management Assessment) is a spatially
distributed ecohydrological model used to simulate changes in soil water infiltration and
redistribution, evapotranspiration, surface and subsurface runoff, carbon (C) and nitrogen
(N) cycling in plants and soils, and the transport of dissolved forms of carbon and
nitrogen from the terrestrial landscape to streams. The model is designed to simulate the
integrated responses of watershed hydrology, ecology, and biogeochemistry to multiple

forcing variables, e.g., changes in climate, land-use and land cover. It is intended to be
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broadly applicable to a variety of ecosystems (forest, grassland, agricultural, tundra, etc.)
and to provide a computationally efficient means for scaling up eco-hydrological
responses across multiple spatial and temporal scales — hillslopes to basins, and days to

centuries.

Qs_out
Ql_out

Q2_out

Figure 6.2: The soil column hydrological framework consists of 4-layer soil column, a
standing water layer, and a snow layer. DTB is the soil column depth to bedrock. Az,
Ks;, @i, ands;, are the thickness, the saturated hydraulic conductivity, the soil porosity,
and the soil water storage of layer i, respectively; P, Ps and P,, are the precipitation,
snow, and rain, respectively; m is the snowmelt and ssyg is the snow water equivalent
depth; 1 is the infiltration and ssrw is the standing water amount, Qs is the surface runoff;
O, D; and ET, are the subsurface runoff, the drainage and the evapotranspiration of
layer i, respectively.

The model uses a distributed soil column framework to simulate the movement of
water and nutrients (organically bound carbon (C) and nitrogen (N) in plants and soils;
dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON) and dissolved
organic carbon (DOC); and gaseous forms of C and N including CO,, N,O and N,)
within the soil, between the soil and the vegetation, and from the soil surface and

vegetation to the atmosphere. The soil column model consists of three coupled sub-
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models:

(1) A hydrological model (Figure 6.2) that simulates vertical and lateral movement
of water within soil, losses of water from soil and vegetation to the atmosphere, and the
growth and ablation of the seasonal snowpack — a detailed description of the hydrological

model is provided in Appendix A of Abdelnour et al., [2011] (Chapter 3).

(2) A soil temperature model [Cheng et al., 2010] that simulates daily soil layer
temperatures from surface air temperature and snow depth by propagating the air
temperature first through the snowpack and then through the ground using the analytical

solution of the one-dimensional thermal diffusion equation.

(3) A plant-soil model (Figure 6.3) that simulates ecosystem carbon storage and
the cycling of C and N between a plant biomass layer and the active soil pools
[Abdelnour et al., In review] (Chapter 4). Specifically, the plant-soil model simulates the
interaction between aboveground plant biomass, soil organic carbon (SOC), soil nitrogen
including dissolved nitrate (NO;), ammonium (NH4), and organic nitrogen (DON), as
well as dissolved organic carbon (DOC). Daily atmospheric inputs of wet and dry
nitrogen deposition are accounted for in the ammonium pool of the shallow soil layer.
Uptake of ammonium and nitrate by plants is modeled using a Type II Michaelis-Menton
function. Loss of plant biomass is simulated through a density dependent mortality. The
mortality and the nitrogen uptake rate mimic the exponential increase in biomass
mortality and the accelerated growth rate, respectively, as plants go through succession
and reach equilibrium. Nitrification and denitrification rates were simulated using the
equations from the generalized model of N, and N,O production of Parton et al., [1996;
2001] and Del Grosso et al., [2000]. Decomposition of soil organic carbon follows first
order kinetics controlled by soil temperature and moisture content as described in the
TEM model (Terrestrial Ecosystem Model) of Raich et al., [1991]. Vertical transport of

nutrients from one layer to another in a soil column is function of water drainage.
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Figure 6.3: The soil column biogeochemical framework simulates ecosystem carbon
storage and the cycling of carbon and nitrogen between a plant biomass layer and a 4-
layer soil column.

The soil column model is placed within a catchment framework to create a spatially
distributed model applicable to watersheds and landscapes (Figure 6.4). Adjacent soil
columns interact with each other through the downslope lateral transport of water and
nutrients. Surface and subsurface lateral flow are routed using a multiple flow direction
method [Freeman, 1991; Quinn et al., 1991]. As with vertical drainage of soil water,
lateral subsurface downslope flow is modeled using a simple logistic function and
corrected for the local slope angle. Lateral transport of nutrients from one soil column to
the subsequent soil column or towards the stream is simulated as a function of subsurface
flow and nutrient-specific loss rates. Nutrients transported downslope from one soil

column to another can be processed through the different C and N cycling sub-models in
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that downslope soil column, or continue to flow downslope, interacting with other soil

columns, or ultimately discharging water and nutrients to the stream.

C-N-H,0
Interactions C-N-H,0

Interactions

Figure 6.4: Conceptual catchment modeling framework using multi-layered soil
columns.

A 30-m resolution Digital Elevation Model (DEM) of the H.J. Andrews [Valentine
and Lienkaemper, 2005] i1s used to compute flow direction, delineate watershed
boundaries, and generate a channel network. Each soil column is divided into 4 layers
and is assumed to have an average depth to bedrock of 2m [Ranken, 1974]. The
dominant soil texture is specified as loam [Ranken, 1974]. Porosity, field capacity and

wilting point values are obtained accordingly [Dingman, 1994].
6.5. Climate Forcing and Validation Data Descriptions
6.5.1. Climate Forcing Data

The model is forced with daily air temperature, precipitation and atmospheric
nitrogen deposition. Observed daily air temperature and precipitation data are available
from the H.J. Andrews LTER CS2MET meteorological station for the period January 1
1959 to December 31 2008 [Daly and McKee, 2011] (see Figure 6.1). Daily downscaled
(1/8 of a degree) air temperature and precipitation data, for the period January 1 2009 to

December 31 2100, were obtained for three global climate simulation models (GCM) and
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emission scenarios from the Climate Impact Group website
(http://cses.washington.edu/data/ipccar4/). These three climate simulations were chosen
by Salathe et al., [2007] and provide upper (IPSLCM4 A2), lower (GISS ER BI) and
middle of the road (ECHAMS A2) climate projections for the Pacific Northwest. A
detailed description of the models used to obtain the upper bound (UB), lower bound
(LB), and middle of the road (MR) scenarios as well as the selection criteria used by

Salathe et al., [2007] is presented in Appendix B.

For the purpose of our simulations, we will use the average annual value of the
total wet and dry nitrogen deposition found by Sollins et al., [1980]. Sollins et al., [1980]
measured the average wet and dry nitrogen deposition in WS10 for the period 1973 to
1975 and found that annual N input in precipitation and dust averaged 0.2gNm™yr". This
average annual value is then partitioned based on the ratio of daily precipitation to the
historical (1959-1999) average annual precipitation. Thus, annual wet and dry nitrogen
deposition, for any given year, is assumed to change consistently with the projected
changes in precipitation (i.e. if precipitation increases, N deposition increases and vice-

versa).
6.5.2. Climate Projection Data (2009-2100):

Daily downscaled air temperature and precipitation data for the period January 1,
2009 to December 31, 2100 are available from the Climate Impact Group website
(http://cses.washington.edu/data/ipccar4/) at a resolution of 1/8" degree. However, at
this resolution the downscaled data will not capture the observed (1) air temperature and
precipitation frequency distribution, and (2) spatial distribution of air temperature and
precipitation throughout the 64 km® catchment. Therefore, we use a cumulative
distribution function (CDF) technique [Ines and Hansen, 2006; Salathe et al., 2007,
Wood et al., 2002] to bias correct for the offset of the future downscaled climate data to
the historical observed climate data, and to match the frequency distribution of the
historical daily observed air temperature and precipitation at the CS2MET meteorological
station (see Appendix C for details). After bias and frequency correcting the downscaled
2009 to 2100 climate data, we then spatially interpolated the future air temperature and

precipitation data across our 64 km” watershed using existing spatial maps of monthly
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average air temperature [Daly and Smith, 2005] and precipitation [Daly, 2005] following
the procedures set forth in Appendix D. It should be noted that for all simulations
conducted in this study air temperature and precipitation data taken from CS2MET was

spatially interpolated across the catchment.

The corrected daily climate data for the period January 1, 2009 to December 31,
2100, is shown in Figures 6.5 and 6.6. Specifically, by the end of the century, annual air
temperature is projected to increase by 1°C (LB) to 4.3°C (UB), and annual precipitation
is projected to either decrease by 87mm (LB) or increase by 535 mm (UB). At the
seasonal scale, all three climate change scenarios predict warmer and wetter cool seasons
(winter and fall), as well as hotter and drier warm seasons (spring and summer).
Specifically, for winter and fall, air temperature is projected to increase by 1.9°C (MR)
and 2.1°C (MR), and precipitation is projected to increase by 201 mm (MR) and 80 mm
(MR), for the period 2070-2089 (Figures 6.5 and 6.6). By contrast, for spring and
summer, all climate change scenarios predict an end of the century increase in air
temperature of 2.8°C (MR) and 3.9°C (MR), and a decrease in precipitation of 18mm
(MR) and 27mm (MR) (Figures 6.5 and 6.6).
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Figure 6.5: Absolute and relative changes in average annual and seasonal temperature
for the periods 2010-2029, 2030-2049, 2050-2069, and 2070-2089. The black bars
represent the upper-bound and lower-bound projected values.
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6.5.3. Model Calibration-Validation Data

Daily observed streamflow measurements at H.J. Andrews are available for the
period 1994 to 2008 [Johnson and Rothacher, 2009] and were used to calibrate and
validate the model hydrological parameters. Observed annual data of nutrients losses as
well as net primary production (NPP), net ecosystem production (NEP), above- and
below-ground biomass, soil organic carbon and heterotrophic respiration for HJA, in
combination with published chronosequence data from other Pacific Northwest forest
ecosystems, are used to validate model biogeochemical parameters [D Binkley and
Brown, 1993; Grier and Logan, 1977; Harmon et al., 2004a; Smithwick et al., 2002; P
Sollins and F M McCorison, 1981; Sollins et al., 1980].

6.6. Simulation Methods

A number of HJA simulations were conducted. First, a simulation was
conducted, for the period 1994 to 1998, to calibrate model parameters. Then a validation
simulation was conducted, for the period 1999 to 2008, to validate the model against
observed hydrological and biogeochemical measurements. Finally, climate change
simulations were conducted for the period 2009 to 2100, to explore the impact of the
projected changes in air temperature and precipitation on catchment hydrological and

biogeochemical processes.

6.6.1. Calibration Simulation (1994-1998)

To calibrate model parameters, a simulation was conducted for the period 1994 to
1998. VELMA was forced with daily spatially-distributed air temperature and
precipitation data from the historical meteorological station CS2MET. To initialize the
model, an existing vegetation stand-age map [O'Connell, 2005] was used to represent the
biomass stand age distribution at the time of the simulation (see Appendix C for details).
This simulation addressed calibration of the model hydrological parameters such as the
surface soil hydraulic conductivity (Ks), layer thickness, E7 shape factor, and snowmelt
parameters, among others. These hydrological parameters were calibrated to yield the

highest statistical coefficient of efficiency between simulated and observed daily

174



streamflow for the period 1994-1998. Due to the lack of observed biogeochemical fluxes
from the HJA watershed, the model biogeochemical parameters were assumed similar to
the calibrated parameters used to simulate the biogeochemical fluxes in a small watershed
within the H.J. Andrews Experimental Forest (Watershed 10). Specifically, VELMA
biogeochemical parameters have been previously calibrated to simulate (1) the
accumulation of ecosystem C and N stocks from a stand-replacing fire that occurred in
1525 A.D. [Wright et al., 2002] to present day, (2) old-growth biogeochemical dynamics,
and (3) forest recovery after clearcut [Abdelnour et al., in review]|. The single set of
hydrological and biogeochemical parameters obtained from our calibration simulation are
fixed (i.e. held constant) for all subsequent simulations to (1) ensure that the simulated
changes in the catchment hydro-biogeochemical response to climate change is entirely
due to differences in treatments/climate, not to differences in parameters, and (2) to
provide a self-consistent framework for the analysis and the interpretation of the
simulations results [McKane et al., 1997]. Model calibrated parameters and values are

provided in Appendix A.

6.6.2. Model Validation Simulation (1999-2008).

A validation simulation based on site hydro-meteorological data was conducted, for
the period 1999 to 2008, in order to validate the model against measured hydrological
and biogeochemical data. Similar to the calibration simulation, VELMA was forced with
daily spatially-distributed climate data from CS2MET, and initialized using the existing
stand age vegetation map which defines the stand age of vegetation, the biomass value,
and the soil organic carbon value at every grid within the watershed (Appendix E). The
model was able to capture the seasonal and annual dynamics of streamflow (Figure 6.7)
with a Nash-Sutcliffe coefficient of 0.7 [Nash and Sutcliffe, 1970], a correlation
coefficient of 0.87, and an index of agreement of 0.8 [Willmott, 1981] (Table 6.1.b).
Simulated annual values of NOs;, NH4, DON and DOC losses, net ecosystem productivity
(NEP), net primary production (NPP), soil heterotrophic respiration as well as N, and
N,O emissions to the atmosphere were within the range of measured values for Pacific

Northwest forests (see Table 6.2).
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Figure 6.7: Simulated and observed stream discharge for the validation period of 1999
to 2008.

Table 6.1: Daily, monthly and annual streamflow modeling performance for: a) the
calibration period (1992-1998), and b) the validation period (1999-2008).

Streamflow Modeling Skills for Daily, Monthly and Yearly Time Period
. Baseline Root
. Correlation Nash- First adjusted Mean Water
Period A . degree Balance
Coefficient Sutcliffe f Index of Square
2 . Efficiency Error
R Efficiency E, E' agreement Error (%)
! d' RMSE °
a- Calibration Period (1994-1998)
Daily Flow 0.89 0.79 0.67 0.83 4.48 1.34
Monthly 0.96 0.89 0.74 0.88 46.87 0.23
Flow
Annual Flow 0.98 0.95 0.74 0.88 102.34 1.34
b- Validation Period (1999-2008)
Daily Flow 0.88 0.76 0.61 0.81 3.74 0.40
Monthly 0.95 0.79 0.67 0.85 53.03 1.49
Flow
Annual Flow 0.93 0.75 0.51 0.79 143.57 1.49

Nash and Sutcliffe [1970] defined the coefficient of efficiency E, which ranges from minus infinity to 1.0,
with higher values indicating better agreement. Values of E, are always less than R’. Willmott [1981]
developed the index of agreement d';, to overcome the insensitivity of correlation-based measures to
differences in the observed and simulated means and variances. The index of agreement varies from 0.0 to
1.0, with higher values indicating better agreement. Garrick et al., [1978] defined the baseline—adjusted
first-degree coefficient of efficiency E';, which varies from minus infinity to 1.0, with higher values
indicating better agreement. Hogue et al., [2006] defined the water balance error percentage as a measure
of the bias in the simulated flow from the observed flow. A detailed description of these coefficients can be
found in the papers by Legates and McCabe Jr.,[1999], Waichler et al., [2005], and Hogue et al., [2006].
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Table 6.2: Comparison between the validation simulation results (i.e. 40% old-growth,
20% mature, 40% post-clearcut between the age of 5 and 25 year-old) and the observed
Pacific Northwest mature/old-growth ecosystem average values.

Output Simulated Simulated Observed Observed
Par:nll):ter Mean Range of Mean Range of Reference
Value Values Value Values
NH, Losses Vanderbilt et al., [2003];
(@Nm2yr) 0.035 (0.022-0.05) 0.04 0.01-0.05 Sollins et al,, [1980]
NO3 losses Sollins et al., [1980]; Martin
(@Nm2yr) 0.014 0.011-0.02 0.01 0.009-0.06 and Harr [1989]
DON Losses Sollins and McCorison
(@Nmyr) 0.08 0.06-0.11 0.089 0.0745-0.1043 [1981]
DOC Losses 3178 2.015-4.34 Sollins and McCorison
(@Cm2yr ) 1.51 1.15-2.1 [1981]
g y 3.000 1.0-10.0 Grier and Logan [1977]
39,807 34,800-44,800 Harmon et al., [2004a]
Plant Biomass 32,400 31,600- 45,500 14,700-60,600 Smithwick et al.,[2002]
(2C/m?) : 33,000
43,500 --- Grier and Logan [1977]
22,092 20,600-23,600 Harmon et al., [2004a]
Soil Organic_ 24,540 24,200- 19,000 Grier and Logan [1977]
Carbon (gC/m’) 24,900 39,600 Means et al., [1992]
27,500 7,500-50,000 Smithwick et al.,[2002]
Total Carbon 56.940 55,800- 61,899 56,600-67,700 Harmon et al., [2004a]
Storage (gC/m’) ’ 57,900 62,400 Grier and Logan [1977]
Heterotrophic
Soil Respiration 440 409-512 577 479 to 675 Harmon et al., [2004a]
(gCm’*yr)
Denitrification 0.04 0.03-0.09 Schmidt et al., [1988]
Rate (gNm2yr™) 0.04 0.026-0.053 0.013 0.008-0.021 Binkley et al., [1992]
2.1 597 453 to 741 Harmon et al., [2004a]
NPP (gCm"yr™) 451 424-518 544 --- Grier and Logan [1977]
(-116) to
NEP (ng'zyr‘l) 9 317 20 (+156) Harmon et al., [2004a]
44 --- Grier and Logan [1977]

6.6.3. Climate Change Simulations (2009-2100)

We conducted a total of 4 simulations, three climate change simulation and one

1™ century climate on streamflow, soil

control simulation, to explore the impact of the 2
moisture, snowpack, nutrient losses, net primary production (NPP), net ecosystem
production (NEP) and soil CO, and N;-N,O emissions. The three climate change
simulation were conducted, for the period 2009 to 2100, using the projected daily
spatially-distributed air temperature and precipitation data for the upper, lower and
middle of the road climate change scenarios defined in section 4.1. The three climate

change simulations were then compared to a control simulation to estimate the changes in
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hydrological and biogeochemical processes due to the projected change in climate. The
control simulation was conducted, for the period 1959 to 1999, using daily spatially-
distributed air temperature and precipitation data from the CS2MET station within H.J.
Andrews. For all simulations in this section, we assume that the initial hydrological and
biogeochemical conditions at H.J. Andrews are at steady state and correspond to old-
growth condition. This simplification is acceptable as more than 60% of the watershed is
mature/old-growth forest. The goal of the steady-state condition is to allow the analysis

of ecosystem response to climate change, irrespective of land-use.

6.7. Simulation Results

Results are presented as follows: We first explore the impact of climate change on
catchment hydrological processes such as snow growth and ablation, streamflow, and
evapotranspiration. We then present the impact of climate change on catchment C and N
dynamics such as biomass and soil organic carbon, dissolved organic and inorganic C and
N losses to the stream, gaseous losses of C and N to the atmosphere, and ecosystem

productivity (i.e. NPP and NEP).
6.7.1. Catchment Hydrological Response to Climate Change

Simulation results show that the projected increase in winter and spring air
temperature reduced winter snowpack and shifted snowmelt to earlier in the season
(Figure 6.8). Figure 6.8 shows that end of the century (2070-2089) snowpack melted
approximately 20 to 80 days earlier, and that the average winter accumulation was
100mm or 74% lower than control values. These changes in snowpack accumulation and
ablation impacted seasonal streamflow (Figure 6.9). Specifically, the combination of
lower winter snowpack, earlier snowmelt, lower spring and summer precipitation, and
higher spring evapotranspiration reduced spring and summer streamflow (Figure 6.9).
End of the century simulated spring and summer streamflow were 14% and 35% lower
than control values. By contrast, higher winter air temperature and precipitation
contributed to an increase in winter streamflow as more precipitation fell as rain rather
than snow. Simulated winter streamflow, for the period 2070-2089, was on average

187mm or 24% higher than control values (figure 6.9). Simulated changes in fall
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streamflow were less important than winter and summer changes in streamflow, and
primarily driven by the projected higher fall precipitation. Simulated fall streamflow, for
the period 2070-2089, was 20mm or 4% higher than control values (Figure 6.9).
Simulated seasonal changes in ET further exacerbated the changes in seasonal
streamflow by decreasing spring and summer streamflow. In general, simulated seasonal
changes in ET were high in the winter, spring, and fall when soil moisture was not a
limiting factor and low in the summer due to soil moisture deficits. Specifically,
simulated end of the century average winter, spring and fall ET were 26mm (17%),
47mm (18%), and 28mm (16%) higher than control values, respectively. By contrast,
end of the century summer ET were on average 10mm (4%) lower than control values.
At the annual scale, all climate change simulations projected an end of the century
average increase in annual streamflow and ET of 155mm or 9% and 81mm or 9%,

respectively (Figure 6.10).

250
e Historical Period 1959-1999
=== Period of 2010-2029

200 [ == Period of 2030-2049

Period of 2050-2069
Minimum Values for the Period 2070-2089
= == Maximum Values for the Period 2070-2089

50

Average Daily Snow Water Accumulation

0 50 100 150 200 250
Days

Figure 6.8: Simulated daily changes in control (historical period of 1959-1999) and
future basin average snow water equivalent (mm). The projected 2010-2029 (blue line),
2030-2049 (purple line), 2050-2069 (green line), 2070-2089 (red line) daily changes in
snow water equivalent correspond to the average value of the upper, lower, and middle
of the road climate change scenarios.

179



350
H Precipitation (mm) H Streamflow (mm) Period: 2010-2029

250 } ™ Evapotranspiration (mm) = Soil Moisture (mm)
Maximum Snow Depth (mm) B Average Snow Depth (mm)

- A . IL___
7
SpringT

150

50

E 3
Summer Fall

-150

-250
350

Period: 2030-2049
250

150 |

- ! I

WinterT SpringT Summer Fall

9]
(=}
T

| 1
[) . 1

n n n
< < <

350
Period: 2050-2069
250 |

150

5"'_-&'-——1-!& Tﬁ*——“—af

I I

Summer Fall

150 b ) __WintetI

Spring]:

-250
350

~Period: 2070-2089
250 |

Absolute Seasonal Changes in Hydrological Parameters (mm)

150

50

I

WinterI SpringI Summer | Fall

-50

-150

=250

Figure 6.9: Absolute and relative changes in average seasonal precipitation (orange),
streamflow (blue), evapotranspiration (red), soil moisture (green), maximum snow water
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2010-2029, 2030-2049, 2050-2069, and 2070-2089. The black bars represent the
simulated upper-bound and lower-bound as a result of the variability in the projected
GCM values of air temperature and precipitation.
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Figure 6.10: Absolute and relative changes in average annual precipitation (orange),
streamflow (blue), evapotranspiration (red), soil moisture (green), maximum snow water
equivalent depth (gray) and average snow water equivalent depth (brown) for the periods
2010-2029, 2030-2049, 2050-2069, and 2070-2089. The black bars represent the
simulated upper-bound and lower-bound as a result of the variability in the projected
GCM values of air temperature and precipitation.
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6.7.2. Catchment Biogeochemical response to Climate Change

Simulated annual plant biomass and soil organic carbon increased at the beginning
of the century with increasing air temperature and soil water content, and were 4% and
1% higher than control values, respectively, for the period 2030-2049. This beginning of
the century projected increase in plant biomass was primarily driven by the increase in
the growing season and nitrogen availability as a result of higher precipitation and soil
organic carbon decomposition. Figure 6.11A shows that net biomass growth (Net
Primary Productivity, NPP) in the H.J. Andrews increased by approximately 10% and
shifted from late spring to mid-spring and from early fall to mid-fall as a result of higher
spring and fall air temperatures and soil water content. Specifically, simulated spring and
fall biomass growth were ~ 5% and 20% higher than control values, whereas summer
biomass growth was 3% lower than control value. This increase in the growing season
length was responsible for the increase in plant biomass, which in turn provided higher
amounts of detritus input into the soil, thereby increasing the soil carbon pool. However,
at the end of the century, higher air temperatures and increased soil moisture deficits
reduced the growth rate of biomass and reduced the soil organic carbon pool.
Specifically, simulated plant biomass and soil organic carbon pool, for the period 2070-

2089, were 4% and 0.7% higher than control values.

Simulated annual changes in gaseous losses of C and N were primarily driven by
the changes in air temperature, soil organic carbon decomposition and soil water content
(Figures 6.12 and 6.13). At the seasonal scale, end of the century soil heterotrophic
respiration increased in spring and fall as a result of higher air temperatures and higher
soil organic carbon, but decreased in the summer as a result of high soil moisture deficits
(Figure 6.11B). At the annual scale, all climate change simulations projected an increase
in soil heterotrophic respiration and nitrification rates as a result of higher air temperature
and soil organic carbon decomposition (Figures 6.12 and 6.13). Specifically, simulated
end of the century soil heterotrophic respiration and nitrification rates were 21gCmyr™
(4%) and 0.10gNm™yr" (8%) higher than control values, respectively. By contrast, the
projected simulated changes in denitrification rates were negative as a result of spring,

summer and fall soil water deficit (Figure 6.12). Specifically, end of the century
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simulated average annual denitrification rates were 38mgNm™yr' or 46% lower than
control values. Although, soil nitrification and denitrification rates were both strongly
driven by temperature, the projected end of the century soil moisture deficit strongly

limited the anaerobic denitrification process and enhanced the aerobic nitrification

process.
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Figure 6.11: Simulated historical and future monthly changes in net primary production
(NPP; sub-plot a), soil heterotrophic respiration (Rh, sub-plot b), and net ecosystem
production (NEP; sub-plot c). The projected 2010-2029 (blue line), 2030-2049 (purple
line), 2050-2069 (green line), 2070-2089 (red line) monthly correspond to the average
value of the upper, lower, and middle of the road climate change scenarios.
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Figure 6.12: Absolute and relative changes in average annual ammonium NHy losses
(red; mgNm™yr”), nitrate NOj losses (orange; mgNm™yr”'), DON losses (green; mgNm
2yi!), nitrification rates (purple; gNm™ yr™"), and denitrification rates (vellow; mgNm™yr
1) for the periods 2010-2029, 2030-2049, 2050-2069, and 2070-2089. The black bars
represent the simulated upper-bound and lower-bound as a result of the variability in the
projected GCM values of air temperature and precipitation.
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GCM values of air temperature and precipitation.
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Simulated dissolved inorganic nitrogen (NHs and NOs) was primarily driven by
high N uptake by plants and high soil organic carbon decomposition (Figure 6.12).
Specifically, end of the century annual NH4 losses to the stream were on average 2.6
mgNm™2yr' (33%) lower than control values as a result of high NH, uptake by plant, and
high nitrification rates of NH4 into NOs. Consequently, end of the century annual NO;
losses to the stream were on average 2.8mgNm™yr" (64%) higher than control values as
a result of high nitrification rates of NH,into NO;3 and low denitrification rates of NO;
into N>-N,O. Simulated dissolved organic nitrogen and carbon increased as a result of
high soil organic carbon decomposition and high annual streamflow (Figures 6.12 and
6.13). End of the century annual DON and DOC losses to the stream were on average
6.3mgNm™yr" (6%) and 100mgCm~yr" (9%) higher than control values, respectively.
The projected increase in DON losses might be in part due to a model assumption that
plant nitrogen uptake impacts the nitrate and ammonium pool only. As such, the
magnitude of DON losses would be reduced in places where DON pool contributes a

substantial amount of nitrogen to the growing plants.

Finally, simulated annual changes in NEP and NPP were primarily driven by plant
growth and ecosystem C losses as CO, to the atmosphere and as DOC to the stream
(Figure 6.13). Specifically, simulated annual NPP increased with increasing nitrogen
availability and was on average 17gCm™yr”" or 3% higher than control values at the end
of the century. Although simulated NPP was projected to increase, NEP—defined as the
net gain or loss of carbon from the ecosystem, calculated as NPP minus heterotrophic
respiration and DOC losses — was projected to decrease as a result of the projected
increase in soil heterotrophic respiration and DOC losses. At the seasonal scale,
simulated end of the century fall NEP was positive and 30% higher than control values,
whereas simulated summer NEP was negative and ~10% lower than control values
(Figure 6.11C). At the annual scale, for the period 2010-2029, simulated annual NEP
averaged 0.6gCm™yr”' but was 70% lower than control values. However, with increasing
soil heterotrophic respiration and DOC losses to the stream, as well as a decreasing SOC

pool, NEP over the last twenty years of the simulation turns negative at -3.6gCm™ yr .
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6.8. Discussion

A spatially distributed eco-hydrologic model, VELMA, was used to explore the
impact of climate change on catchment hydrological and biogeochemical processes at the
H.J. Andrews Experimental Forest in the Pacific Northwest. . Daily projected air
temperature and precipitation from an upper, lower and middle of the road climate
change scenarios were used to force VELMA. These bounding climate change scenarios
were chosen to span a large range of potential future air temperature and precipitation for
the Pacific Northwest [Salathe et al., 2007]. Bias corrected air temperature and
precipitation data were spatially interpolated across the HJA using a climate analysis
model PRISM in order to capture the effects of elevation, topography, and orographic
lifting on air temperature and precipitation [Daly, 1996; Daly et al., 1994; Daly et al.,
2002]. Simulation results show that climate change strongly impacts catchment
hydrological and biogeochemical processes. Specifically, our main hydrological insights
suggest an end of the century shift from snow dominated to rain dominated precipitation
with a ~ 72% decrease in average snow water equivalent and a shift in snowmelt from
early July to mid-April. We also found that these changes in snow accumulation and
ablation resulted in higher winter streamflow and lower summer low flow. Similar
results were found by Elsner et al., [2010], Tague et al., [2008], and Graves and Chang,
[2007], amongst others. Elsner et al., [2010] applied the DHSVM hydrological model to
the Puget Sound catchment in Washington State to assess the impact of climate change
on snow accumulation, and found that April 1 winter SWE decreased by 53 to 65% and
snowmelt occurred earlier as a result of the projected increase in winter air temperatures.
Tague et al., [2008] applied the RHESSys eco-hydrological model to the same 64km?
HJA watershed used in this study to test the impact of a 1.5°C increase in air temperature
on hydrology and found that there was a significant loss of snow accumulation, a 25% to
50% decrease in the number of days with snow cover, and a ~ 60% decrease in peak
snowpack. Although, Tague et al, [2008] assumed that future precipitation do not
change in the future, their results were well within the ranges of values simulated by
VELMA. Graves and Chang, [2007] applied a GIS based distributed hydrological model

at a monthly time scale to the Upper Clackamas River basin in Oregon and found that the
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mean peak snowpack decreased by 83 to 88%, whereas winter streamflow increased by
13.7% to 46.4% in the period 2070-2099. By contrast, the simulation results obtained by
Hamlet and Lettenmaier [1999] were higher than the values simulated by VELMA for
the HJA. Hamlet and Lettenmaier [1999] applied the VIC hydrological model at 1/8
degree over the Columbia River basin to explore the impact of climate change on
hydrology, and found that cool season streamflow increased by up to 89%, whereas
summer season streamflow decreased by up to 20% at the end of the century. This large
difference in result may owe in part to the difference in forcing data. Hamlet and
Lettenmaier [1999] used the projected air temperature and precipitation from the Hadley
center simulation, which projected an end of century 4.5°C increase in temperature and
20% increase in precipitation which is at the upper bound of the projected climate used in

our simulations.

In addition to the changes in the hydrological regime of the H.J. Andrews, climate
change simulations suggest that the HJA forest will experience a moderate increase in
vegetation growth due to longer growing season and higher ecosystem net primary
production. Moreover, higher air temperatures and soil organic carbon decomposition
enhances greenhouse gas emissions (i.e. soil CO, respiration and N, emissions from
nitrification) and increases the amount of nutrients that reach the stream. These projected
changes in catchment C and N dynamics are generally consistent with the results of other
climate change impact studies conducted around the world. For example, Tague et al.,
[2009] used the RHESSys ecohydrological model to investigate the potential response of
vegetation to a hypothetical range of changes in air temperature (0°C, 2°C and 4°C) and
precipitation (-30%, -10%, 0%, +10%, +30%) in a chaparral ecosystem of south
California, and found a similar trend of increasing plant biomass and net ecosystem
productivity. Similarly, VEMAP Members [1995] used three biogeochemistry models
(Biome-GBC, Century, and TEM) to test the impact of the projected changes in local
climate on total ecosystem carbon storage and net primary production in forested areas of
the United States and also found that the changes in total carbon storage range from -33%
to+16% and changes in NPP range from 0% to +40%. Cramer et al., [1999] used
seventeen global models of terrestrial biogeochemistry to simulate the impact of a

standardized climate change scenario on ecosystem processes and found that global NEP
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generally decreased with the projected climate warming as soil respiration exceeds
ecosystem carbon uptake. Sebestyen et al., [2009] used a statistical model to assess how
stream nutrient loading respond to higher precipitation and longer growing season in the
Sleepers River research watershed in Vermont. Their results were similar to ours and
suggested that, for the period 2070-2099, DOC loading would increase by 9% as a result
of higher streamflow whereas nitrogen load would decrease by 2% as a result of longer
growing season and higher N uptakes. Kesik et al, [2006] used a GIS coupled
biogeochemical model PnET-N-DNDC to investigate the potential impact of future
climate change on forest soil N,O and NO emissions in Europe and found that in regions
where future climate change conditions results in lower soil water content, denitrification
rates decreased and nitrification rates increased. Finally, several climate change impact
studies suggest that future soil heterotrophic respiration will increase as a result of higher

temperature and precipitation [Lenihan et al., 2003; McGlinchy, 2011].

The simulated future changes in the H.J. Andrews hydrological, ecological and
biogeochemical processes are likely to represent the range of potential changes that will
affect the Pacific Northwest. Such future impacts are likely to have implications for
forest and water resources management. Specifically, higher winter streamflow is
expected to increase the probability of floods, landslides and debris flow activity
[Spittlehouse and Stewart, 2003], whereas lower summer streamflow and soil moisture
will reduce the ability to supply water to all users, increase competition for water supply
between municipalities, farmers and hydropower production [Payne et al., 2004], limit
vegetation survival [Breshears et al., 2005; Spittlehouse, 1996; Spittlehouse and Stewart,
2003], and negatively affect freshwater fisheries habitat [Mantua et al., 2010]. Moreover,
higher greenhouse gas emissions and lower net ecosystem productivity are likely to
enhance climate change and reduce forest carbon sequestration, whereas higher C and N
losses to the stream will decrease water quality and negatively impact freshwater fisheries

habitat [Mantua et al., 2010].

Finally, the impact of climate change on ecosystem processes simulated in this
study did not account for the indirect effects of climate change on C and N dynamics,
water quality and quantity. The indirect effects of climate change include (1) a shift in

vegetation distribution towards drought tolerant species [Dale and Franklin, 1989,

189



Hamann and Wang, 2006; Shafer et al., 2001], (2) an increase in fire frequency and
severity due to the projected increase in spring-summer air temperatures as well as a
decrease in precipitation, soil moisture and fuel moisture conditions [Brown et al., 2004,
Lettenmaier et al., 2008; McKenzie et al., 2004; Westerling et al., 2006], (3) an increase
in insect and pathogen outbreak partially caused by the lack of low winter minimum air
temperatures, which would normally kill the larvae [Beukema et al., 2007; Carroll et al.,
2003; Logan et al., 2001; Powell et al., 2000], and (4) an increase in tree mortality due to
changes in air temperature and precipitation [Breshears et al., 2005; Lutz and Halpern,
2006] as well as higher susceptibility to attack by insects such as bark beetles and spruce
budworm. These indirect disturbances associated with climate change are not currently
simulated in VELMA, but are likely to be significant agents of changes in forest structure
and composition than climate change alone. Little et al., [2010] argues that the future
changes in forest structure, composition and productivity in response to climate change
will likely be driven by the projected increase in disturbances rather than the gradual
change in climate. The combined effects of water stress, increase fire frequency and
severity, and increase insect outbreak suggest that climate change is likely to impact site
productivity, C and N losses and water quantity and quality to a degree not currently

simulated in this study.
6.9. Conclusion

The ecohydrological model VELMA, presented in this study, provides resource
managers with critical insights on the potential extend of impact climate change will have
on forest C and N dynamics, site productivity and water quality and quantity. Land
managers and policy makers can use VELMA as a tool to explore how their management
decisions impact future water resources, species preservation and salmon industry,
amongst others. VELMA can also be used to test the efficiency of adaptation strategies in
making the ecosystem more resilient to the impact of climate change. Management
strategies could include (1) reducing fuel load to decrease the risk of fire, (2) thinning in
the summer to decrease the amount of water lost through transpiration and increase
summer low flow, and (3) developing draught tolerant and insect outbreak resistant

species in order to reduce large scale tree mortality due to insect outbreak.
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6.11. Appendix A: Model Parameters and Calibration Values

The model parameters values presented in the tables below are specific to the 64
km?® H.J. Andrews watershed. Model hydrological parameters were either chosen from
observed values in the field (e.g. soil texture, soil depth, root depth, etc.) or calibrated to
yield the highest statistical coefficient of efficiency between simulated and observed
daily streamflow for the period 1994-1998 (e.g. hydraulic conductivity, snow parameters,
etc.), and are provided in Table 6.A.1. Model biogeochemical parameters were either
chosen from observed values in the field (e.g. soil texture, soil depth, root depth, etc.) or
based on the previously calibrated parameters used to simulate carbon and nitrogen
dynamics in Watershed 10 (a small watershed within H.J. Andrews). Specifically, to
simulate (1) the accumulation of ecosystem C and N stocks from a stand-replacing fire
that occurred in 1525 A.D. [Wright et al., 2002] to present day, (2) old-growth
biogeochemical dynamics, and (3) forest recovery after clearcut [4bdelnour et al., in
review] (Refer to Chapter 4). Table 6.A.2 provides the parameters calibration values and

references pertaining to the soil temperature and plant-soil model.

191



Table 6.A.1: Hydrological Model Parameters and Calibration Values

Parameters Value References Parameters Value References

Soil Texture Loam* Ranken, 1974 d, 3 Santantonio et al. 1977
Hl.f ¢ 0.27 Clapp and Hornberger, 1978 WE deep 0.2 Calibrated
¢i 0.463 Clapp and Hornberger, 1978 CET 5 Calibrated
Biw 0.117 Clapp and Hornberger, 1978 Kper 2 Calibrated
Az, 300 Calibrated o 5 Calibrated
Az, 750 Calibrated T -1 Calibrated
Az 750 Calibrated T 2 Calibrated
Azy 200 Calibrated o 0.5 Calibrated
Ks 950 Calibrated rET 0.3 Calibrated
I 1.3 Calibrated rr 3000 Calibrated
fi 1.55 Calibrated Q 10 Calibrated

Table 6.A.2: Soil Temperature and Plant-Soil Model Parameters and Calibration Values

Parameters Value References Parameters Value References
kn 0.1 Calibrated W, 0.85 Fixed a priori
[Rygiewz and Bledsoe., 1986;
ONo3 0.3 Kamminga-Van Wijik and WS in 40 Fixed a priori
Prins., 1993]
[Rygiewz and Bledsoe., 1986;
ONt4 0.7 Kamminga-Van Wijik and WS max 80 Fixed a priori
Prins., 1993]
acy 50 [P Sollins and F McCorison, i, 045 Calibrated
1981]
Cq 0.004 Calibrated My 0.25 [Raich et al., 1991]
Nin 0.4 [Sollins et al., 1980] ma,; 0.14 [Raich et al., 1991]
s 0.976 [Jackson et al., 1996] (Si/SZnax)opt 50% [Alexander, 1977]
q 0.015 Calibrated pH 4.5 [Chaer et al., 2009]
iy, 0.0125 [Lutz and Halpern., 2006] K™ 0.15 [Parton et al., 2001]
[Harmon et al., 2004b; Sollins
By 42350 et al., 1980] N, 0.4 [Parton et al., 1996]
mg 1.55 Fixed a priori Ny 1.7 [Parton et al., 1996]
mp 4 Fixed a priori N, 3.22 [Parton et al., 1996]
me 1.E-14 Fixed a priori Ny 0.007 [Parton et al., 1996]
Homin 0.20 Fixed a priori D, 5.0 [Del Grosso et al., 2000]
Lyt 0.25 Fixed a priori fwn, 0.12 Calibrated
Wt 35 [Luyssaert et al., 2008] Qf NO, 0.04 Calibrated
Wi 1.60 Fixed a priori QfDON 0.02 Calibrated
Wy, 1.70 Fixed a priori A poc 0.06 Calibrated
Wi 0.95 Fixed a priori Jrsnon 670 Hillel, 1998
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6.12. Appendix B: Future Meteorological Data Selection:

A large collection of global climate simulation models and emission scenarios were
performed for the International Panel on Climate Change (IPCC) Fourth Assessment
Report (AR4) [Alley et al., 2007]. These models and emissions scenario project a wide
variety of changes in air temperature and precipitation for the Pacific Northwest [Mote et
Salathe, 2010]. As a result, most climate change impact studies either use a large
ensemble of climate models and scenarios referred to as reliability ensemble averaging
“REA” approach [Giorgi and Mearns, 2003] or a few bounding (upper and lower bound)
climate models and scenarios. However, Salathe et al., [2007] argues that the choice of
these bounding scenarios has to be done carefully to span a large range of future climate
and precipitation as the REA approach. Salathe et al., [2007] analyzed a selection of
global climate simulation models, evaluated their skills at capturing the 20™ century
climate of the Pacific Northwest, and identified the best performing (i.e. lowest air
temperature and precipitation biases) climate models for the Pacific Northwest.
Thereafter, Salathe et al., [2007] examined the 21" century projected changes in air
temperature and precipitation simulated by these climate models forced with the A2
(higher end of the emission scenarios with aggressive increase in greenhouse gases) and
B1 (lowest emission scenario with moderate increase in greenhouse gases) emission
scenarios and clustered these climate models and emissions scenarios into three
categories: (1) high rate of warming and large increase in precipitation, (2) moderate rate
of warming and moderate increase in precipitation, and (3) low rate of warming and
small increase in precipitation. Three global climate simulation models and emission
scenarios have been then identified in each of these categories based on their 20" century
performance: IPSLCM4 A2 [IPSL, 2005] (upper bound scenario; Institut Pierre Simon
Laplace), ECHAMS A2 [Jungclaus, 2006; Roeckner et al., 2003] (middle of the road
scenario; Max-Planck-Institute for Meteorology), and GISS ER BI1 [Russell et al., 2000]
(lower bound scenario; Goddard Institute for Space Studies) [Salathe et al., 2007].

Daily air temperature and precipitation data for the upper bound, lower bound and

middle of the road scenarios have been statistically downscaled to 1/8 of a degree over
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the Pacific Northwest by the Joint Institute for the Study of Atmosphere and Oceans
Climate Impacts Group (CIG) at the University of Washington. The statistical
downscaling method used by the CIG is based on methods described by Wood et al.,
[2002], Widmann et al., [2010] and Salathe, [2005]. In this paper, daily downscaled (1/8
of a degree or 0.125 x 0.125 degrees) air temperature and precipitation data for the period
2008-2100 were obtained for the upper bound (IPSLCM4 A2), lower bound
(GISS_ER B1) and middle of the road (ECHAMS A2) scenarios from the Climate
Impact Group website (see Center For Science in the Earth System;

http://cses.washington.edu/data/ipccar4/).

[Note: a detailed description of the greenhouse gas emission scenario can be found in the
IPCC’s Special Report on Emissions Scenarios (SRES) [Nakicenovic et al., 2000] and are
beyond the scope of this paper. In short, the A2 scenario is at the higher end of the SRES
emissions scenarios and entails an aggressive increase in greenhouse gas emissions, a
heterogeneous world, and high population growth, whereas the B1 emission scenario is
the lowest SRES emission scenario and entails a small increase in greenhouse gas
emissions, an integrated and ecologically friendly world, and a declining population at

the end of the 21™ century].
6.13. Appendix C: Mapping Future Climate Data to CS2MET:

The statistically downscaled daily air temperature and precipitation data has a
resolution of 0.125 x 0.125 degrees. As a result, the climate at the scale of our watershed
may not be correctly represented by the downscaled data due to site-specific properties
such as elevation and land-use [Salathe et al., 2007]. Therefore, mapping of the
projected climate data (extracted from the grid cell encompassing the H.J. Andrews
watershed) to a meteorological station within HJA is required. To this end, a cumulative
distribution function (CDF) technique for bias correction [Wood et al., 2002; Ines and
Hansen, 2006; Salathe et al., 2008] is used. This technique calibrates the downscaled air
temperature and precipitation so that their frequency distribution matches that of the
historical observed air temperature and precipitation within the watershed. Below, we
describe step-by step the method used in this paper to bias correct the daily GCM air
temperature (T) and precipitation (P) data.
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Step 1: Daily simulated T and P data, for the period 1959 to 2000, are first
obtained from the GCM and the meteorological station within HJA, and then converted
into monthly data (i.e. sum of daily values in the month for P and average of daily values

in the month for T).

Step 2: Empirical cumulative distribution functions (CDFs) are calculated for the
GCM (Fgeum) and the observed (F,»s) monthly data. These empirical CDFs of T and P are

then fit with a Gaussian distribution.

Step 3: Transformation relationships are first defined for each month of the year
by comparing the empirical CDFs of the observed meteorological data (period 1959 to
2000) to the empirical CDFs of the downscaled simulated historical climate data (over
the same period) from the global climate models of interested. The bias corrected

monthly value is calculated using the following formula:
X,'= Fp (Foe (X)) (6.C.1)

Where, x; is the P or T value in GCM data for month 7, and x;’ is the corresponding bias
corrected value. Thereafter, the future downscaled monthly climate data, for the period

2000 to 2100, are mapped to the historical station location using these transformations.

Step 4: The statistically downscaled daily T and P are scaled (addition for T and
ratio for P) to yield the bias corrected mean monthly values. Specifically, daily T and P
data are modified so that their monthly values are the same as monthly bias corrected

data. The formulae for modifying daily data are as follows:

o b
p'=p, b (6.C.2)
and
t'=t;+(,.-T,,) (6.C.3)

where, T,,, and P,,, are the original raw statistically downscaled temperature and
precipitation, respectively; 7». and P,. are the new bias corrected temperature and

precipitation (from step 3), respectively; ¢; and p; are the original daily raw temperature

195



and precipitation values from the GCM data for day i, respectively; and ¢;” and p;’ are the

daily bias corrected temperature and precipitation values used as input into VELMA.
6.14. Appendix D: Spatial Distribution of Temperature and Precipitation:

Spatial interpolation of the historical (CS2MET) and the projected future (21
century) air temperature and precipitation data to the HJA 64km’® watershed is based on
PRISM (Parameter-elevation Regressions on Independent Slopes Model). PRISM is a
climate analysis model that uses point meteorological data, surface topography and other
spatial data sets to generate continuous gridded estimates of annual and monthly climate
variables [Daly, 1996; Daly et al., 1994; Daly et al., 2002]. PRISM is well suited for
climate mapping in mountainous terrain and includes for the effects of elevation, forest
canopy, cloudiness, topographic shading, orographic lifting, and temperature inversion on

air temperature and precipitation [Daly, 1996; Smith et al., 2005].

Spatial maps (i.e. cartographic representation of gridded data) of monthly average
air temperature [Daly and Smith, 2005] and precipitation [Daly, 2005] have been
developed for the HJA using the PRISM model. These maps were based on historical
average monthly air temperature (1971-2000) and precipitation (1980-1990) time series
at different climate stations within the watershed [Daly and Smith, 2005; Daly, 2005].
These maps are first re-sampled to the 30m resolution of the current study [Valentine and
Lienkaemper, 2005] from their native 100m resolutions. Then, a set of monthly
differences (temperature) and ratios (precipitation) are calculated for every grid cell (i.e.
soil column) within the watershed, relative to the location of the climate station
CS2MET. These sets of modifiers (differences, ratios) are then applied to the historical
and the projected future daily air temperature and precipitation time series to derive daily

climate data at each grid cell within the watershed (Figure 6.D.14).
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Figure 6.D.14: Spatial maps at 30m resolution of annual average air temperature and
precipitation developed for the HJA using the PRISM model. These maps were based on
historical average temperature (1971-2000) and precipitation (1980-1990) time series at
different climate stations within the watershed [Daly and Smith, 2005; Daly, 2005].
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6.15. Appendix E: Stand Age Map:

The H.J. Andrews Experimental Forest has been the site of numerous natural and
anthropogenic disturbances. Wildfires in the mid-1800’s to early 1900’s as well as forest
harvest experiments reduced the old-growth forest coverage. Currently, old-growth
forest stands (i.e. 400-500 years old) cover about 40% of the total watershed, mature
stand (i.e. 100-140 years old) originating from last century wildfire cover 20% of the total
area, and young post-clearcut stands cover the rest. As a result, stand age, biomass, and
plant transpiration (Note: transpiration in VELMA is simulated as a function of stand
age) distribution across the watershed is highly heterogeneous. Therefore, a stand age
map for the HJA watershed is needed to accurately simulate present day forest

distribution and its impact on catchment processes.

A land cover map has been previously developed for the HJIA watershed [Cohen et
al., 2001; Cohen et al., 1998; Cohen et al., 2002]. Landsat satellite imagery taken in the
year 1988 were used to estimate and map forest age structure over western Oregon
[Cohen et al., 1995]. These images were first transformed into Tasseled Cap brightness,
greenness, and wetness indices following the method by Crist et al, [1986]. The
Tasseled Cap transformation is a series of three indices (i.e. brightness, greenness, and
wetness) used with Landsat images to enhance the vegetation components of imagery. In
short, brightness is associated with soil and litter color [Cohen et al., 1995], greenness is
associated with vegetation cover (similar to NDVI) [Cohen et al., 2001], and wetness is
associated with forest structure in closed canopy stands [Collins and Woodcock, 1996].
Thereafter, an iterative unsupervised classification was used to define several forest
classes such as open cover, closed cover and conifer cover [Cohen et al., 2001]. Five

forest cover classes were defined for the HJA watershed:

1. Open (total cover <30%));

Semi-Open (30 %< total cover <70%);

Closed mixed forest (30 %< total cover <70%);
Young Conifer (30-100 years old);

Mature Conifer (101-200 years old);
Old-growth Conifer (above 200 years old).

A T
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Each of these classes was associated with a representative stand age [Turner et al., 2000;
Cohen et al., 1995]. This 1988 land cover map is publicly available at the HJA website
(http://andrewsforest.oregonstate.edu/). It was first resampled to the 30m resolution of
the current study from its native 25m resolution, and then used to define biomass age

distribution in the watershed (Figure 6.E.15).

Legend
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Figure 6.E.15: The 1988 land cover map for the H.J. Andrews Experimental forest. Five
forest cover classes are defined: Mixed Open (~5 year-old stand), Mixed Semi-Open (~15
year-old stand), Mixed Closed (~25 year-old stand), Young Conifer (~55 year-old stand);
Mature Conifer (~140 year-old stand), and Old-growth Conifer (~300 year-old Stand).
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CHAPTER 7

CONCLUSIONS AND FUTURE RESEARCH

7.1. Conclusions

The ecohydrological model presented in this study, VELMA, provides a relatively
simple, spatially distributed framework for assessing the effects of changes in climate,
land-use (harvest, fire, etc.) and land cover on ecohydrological processes within
watersheds. VELMA was used to provide process-level insights into the impact of forest
fire, clearcut, harvest location, harvest amount and climate change on catchment
hydrological and biogeochemical fluxes such as streamflow, evapotranspiration, soil
moisture, plant biomass, soil organic carbon, dissolved C and N losses to the stream,
gaseous C and N losses to the atmosphere and site productivity—details that would be

difficult or impossible to capture through experimentation or observation alone.

A number of simulations scenarios were designed to address the research questions
presented in Chapter 1. Specifically, (1) twenty scenarios, where harvest amount was
fixed at 20% but harvest location varied, were simulated to explore the impact of harvest
location on water quality and quantity (Chapter 3 and 5); (2) one hundred scenarios,
where harvest amounts ranged from 2% to 100%, irrespective of location, were
conducted to first explore the relationship between harvest amount and hydro-
biogeochemical fluxes (i.e. streamflow, soil moisture, evapotranspiration, dissolved C
and N losses from the terrestrial system to the stream and atmosphere) and then test for
the existence of hydrological and biogeochemical thresholds (Chapter 3 and 5); (3) A
number of WS10 simulations were conducted to reconstruct and analyze the impact of
two historical disturbances on vegetation growth, and C and N dynamics: a stand-
replacing fire in circa 1525 A.D. and a man-made clearcut in 1975 A.D. (Chapter 4); and
(4) An upper bound, lower bound and middle of the road climate change scenarios were
used to drive the model and simulate the impact of a wide range of projected changes in
air temperature and precipitation on catchment hydrological and biogeochemical fluxes at

high spatial resolution relevant to land-managers (Chapter 6).
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These simulations provided a framework for understanding how (1) harvest
location within a watershed strongly impact water and nutrient losses from the terrestrial
system to the stream, (2) harvest amount increases streamflow generation and reduces
water quality, (3) riparian buffers effectively reduce the amount of inorganic nitrogen that
reaches the stream, (4) limited supplies of available N tightly constrains ecosystem
responses (production and accumulation of biomass, net ecosystem production, etc.) to
major disturbances, (5) climate change strongly impact the magnitude and seasonality of
the hydrological regime, increase greenhouse gaz emissions and reduce ecosystem
productivity. Moreover, the interaction of hydrological and biogeochemical processes
represented in VELMA provide additional insight into how feedbacks among the cycles
of C, N and water regulate C and N supplies, and therefore, responses to disturbance
across a wide range of spatial and temporal scales — stands to hillslopes to catchment, and

days to centuries. The main insights from this study include the following:

1) Forest clearcut strongly impacts catchment hydrological processes. Specifically,
following a 100% harvest in WS10, plant transpiration decreased and evapotranspiration
was reduced by 43% or 370mm/year compared to pre-disturbance value. Consequently,
stream discharge increased by ~ 29% or 345 mm as a result of vegetation removal but

returned to pre-clearcut levels within 50 years.

2) Harvest amount and streamflow relationship was found to be near linear.
Specifically, annual streamflow increased at a near linear rate of 3.5mm/year for each

percent of catchment harvested in WS10, irrespective of location.

3) Streamflow response is strongly sensitive to harvest distance from the stream
channel. This streamflow sensitivity to harvest location stems from the fact that
subsurface flow generated from an upland clearcut area, as opposed to a lowland clearcut
area, has a relatively longer flowpath. This longer flowpath subjects subsurface flow to
downslope plant water uptake, which reduces the amount of water that reaches the stream

channel.

4) Following fire and harvest, losses of N from the terrestrial system to the stream
were tightly constrained by the hydrological cycle, particularly at the hillslope scale.

Losses of ammonium and DON (and DOC) to the stream were driven mainly by wet-
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season rain events large enough to generate hydrologic connectivity and flushing of
nutrients along hillslopes. In contrast, losses of nitrate to the stream were less
predictable, owing to complex spatial and temporal patterns of nitrification and
denitrification within soil columns, hillslopes and riparian areas. Furthermore, the
combined effects of increased runoff, decreased N uptake by plants prior to significant
plant regrowth, and large pulse of detritus to the soil led to sharp increases in dissolved

losses of N following fire and harvest.

5) Gaseous losses of C and N to the atmosphere, following disturbance, were
primarily driven by water availability, high soil organic carbon decomposition, and the
sharp increase in soil nitrate as a result of ammonium nitrification into nitrate and low N
uptake. Specifically, post-disturbance increase in soil moisture and nitrate availability
enhanced the anaerobic process of soil denitrification and substantially increased N,-N,O
emissions to the atmosphere, whereas post-disturbance increase in soil organic carbon
decomposition enhanced soil heterotrophic respiration and increased CO; emission to the

atmosphere.

6) Beyond the short-term loss of N after fire, the supply of available N for vegetation
regrowth was enhanced by the decades-long release of N from the large pulse of
decomposing bole wood killed by the fire. In contrast, the regrowth of plant biomass
following the 1975 A.D. clearcut in WS10 was about 30% lower than the rate of
regrowth after fire, owing to the large loss of N in harvested bolewood, into the stream
and to the atmosphere, as well as a rather small increase in detritus N from decomposing

roots.

7) Ammonium and nitrate losses to the stream increased exponentially with
increasing harvest area and exhibited a threshold behavior. This threshold behavior of
NH4 and NOs losses is essentially caused by riparian buffer dynamics. Riparian buffers
reduce nitrogen losses to the stream through nitrogen uptake by plants, nitrification, and
denitrification. Simulations results showed that buffer areas of 60% or more in WS10
strongly limited NH4 and NOjs losses to the stream (i.e. NH4 and NOj losses to the stream

were less than 7% and 2% of their maximum values).
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8) Climate Change will strongly impact the seasonality of the hydrological processes
in the H.J. Andrews Watershed and more generally in the Pacific Northwest. Specifically,
the projected end of the 21" century effects of warmer and wetter winters as well as drier
and hotter summers will result in lower winter snow accumulation, earlier spring
snowmelt, higher winter streamflow, and lower summer streamflow and soil moisture.
Such future impacts on the Pacific Northwest hydrological regime are likely to have
implications for forest and water resources management. In particular, higher winter
streamflow is expected to increase the probability of floods, landslides and debris flow
activity, whereas lower summer streamflow and soil moisture will reduce the ability to
supply water to all users, increase competition for water supply between municipalities,
farmers and hydropower production, limit vegetation survival, and negatively affect
freshwater fisheries habitat.

9) Climate Change will also impact catchment C and N dynamics at WS10 and more

generally across the Pacific Northwest. Specifically, the projected end of the 21"

century
warmer winter and spring enhance soil microbial activity and biomass growth, which
results in higher gaseous C and N fluxes and higher DON and DOC losses to the stream,
but lower dissolved inorganic C and N losses to the stream and lower amount of carbon

sequestration.
7.2 Future Research

The results presented in this study suggest that models such as VELMA that
include for the changes in watershed hydrology, C and N dynamics, greenhouse gas
emissions, and water quality can help inform land managers and policymakers interested
in exploring the impact of alternative land-use scenarios and future climate change on
water quantity, nitrogen and carbon losses to surface waters and the atmosphere as well
as address issues of ecosystem services delineated in the recent Millennium Ecosystem
Assessment report. VELMA can link effects to causes, identify processes controlling
ecosystem service tradeoffs, map “bundles” of ecosystem services across a wide range of
spatial and temporal scales, and provide a user-friendly decision support framework to
assess outcomes of alternative policies and management decisions. Specifically,

VELMA can be used by land managers and policymakers as a tool to understand how
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management decisions alter ecosystem services such as food, water amount and quality,
timber production, floods, droughts, and nutrient cycling, amongst others, to assess the
tradeoffs between interconnected services such as timber production and water quality,

and to design scenarios that captures positive impacts and minimizes negative ones.

An extension of this work is to use VELMA to answer questions relevant to the
research community and to forest managers and to draw insight into the processes that
govern catchment processes. VELMA represent a state of the art real-time visualization
tool that shows temporal and spatial patterns of state and flux variables, which allows
decision makers to view how alternative future scenarios of population growth, land use
and climate may affect changes in carbon and nitrogen storage, water quality and other

ecosystem services across large landscapes. For example, VELMA can be used to:

1) Test for the effectiveness of riparian buffers cover type in reducing stream nutrient

loads as a result of timber harvest, fire, fertilization or road construction.

2) Identify best management practices for agriculture such as tradeoffs between corn

production and water quality.

3) Explore the impact of the seasonal controlled burning of Konza Tallgrass prairies

on vegetation structure and growth, cattle grazing potential, water quality, and air quality.

4) Simulate the fate and transport of mercury in the ecosystem and investigate the
impact of mercury pollution on wildlife, stream ecosystems, fish food sources, public

health, and ultimately economic opportunities.

5) Identify potential hotspots for fire based on moisture index and fuel loads with the

goal to prevent undesired wildfires.

6) Test the efficiency of climate change adaptation strategies such as reducing fuel
load to decrease the risk of fire, thinning in the summer to decrease the amount of water
lost through transpiration and increase summer low flow, and developing draught tolerant
and insect outbreak resistant species in order to reduce large scale tree mortality due to

insect outbreak.

Other areas of research can be related to the model development. VELMA can

ultimately be linked to a decision support tool that allows examination of the nature and
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properties of coupled human and natural environmental systems and their impacts on
ecosystem services and tradeoffs. Moreover, VELMA uses a simplified modeling
approach with comparatively few parameters and data input requirements. A list of
processes not explicitly treated in VELMA was provided in Chapter 3 and 4. These
processes can potentially be incorporated into the model to answer specific questions.
For example, (1) multiple species dynamics can be added to analyze species competition
throughout succession, as well as to test shift in species under disturbances or changes in
climate, (2) In-stream processes such as adsorption mechanisms, algae uptake, benthic
release, denitrification, and decomposition can be added in order to explore N export
from large watersheds at short time scales, and to analyze the effects of catchment
nutrient losses on stream ecosystem (i.e. algae, fishery, etc.), and (3) a spatial map of soil
depth can be used to test the sensitivity of streamflow to the depth to bedrock. However,
it should be recognized that adding unnecessary processes (i.e. not useful to the questions
asked) comes at the cost of computational efficiency, model complexity, and applicability
to larger spatial and temporal scales of interest. These are important tradeoffs to consider,

given that data needed to implement complex models are not generally available.
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