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Understanding the tradeoff between water use and productivity atfdr modeling
growth of intensively managed Douglis forests in the Pacific Northwest.
Evapotranspiration is closely linked to carbon dioxide intake during the process of
photosynthesis. However, summer drought characterizing the growing sedkn in
region imposes a limit on carbon dioxide intake due to plant resptivagéimit water
lossto reducepotential for cavitation. Therefore, understanding or predicting the rate
of water use and the effect of soil water potential and vapor pressigiésd&ffoliar
exchange of both ¥ and CQ is important for simulating the net primary production

of a given forest site. This project explores methods for estimating daily and seasonal
evapotranspiratigncompares estimates of evapotranspiratiorsdab water drawn
down, andtests the relationship betweaateruse angroductivity.

A frequently used equation for simulation of forest evapotranspiration is the Penman
Monteith equation. Many forms of this equation can be found throughout the
literature covering a wide range of complexity.The performance of this equation
depends on thaccuracyof estimatng its individual componentsfor example Leaf

Area Index (LAl). LAl is akey parameteof evapotranspiration equations because

this index accounts for the surface area over which evapotranspiration occurs.



Three common methods of LAI estimation were compared to determine the most
accurate value for simulating evapotranspiratibtethods explored included, LAI
estimation through measuref light attenuation, sapwood area allometrics, and
estimaton from foliage mass measurements Methods were employe@cross
Douglasfir (Pseudotsuga menzsgtandsin the Oregon Coast Rangespresentinga

range in structutaharacteristics, due to management and age. To best predict LAl in
stands with structural and management variability, estiswdtL Al from foliage mass
weredetermined to be most appropriate. LAI from light attenuation consistamdigr
predicted LAI, and estimates of LAl from sapwood allometrics were unable to capture

appropriate estimates from stands with an LAl greater than eight.

Utilizing estimated LAI, seasonal and daily evapotranspiration was determined for the
summer growng season of 2012.Vlapotranspiratiorvalueswere validated through
comparison tosoil water loss (im®) measuredthroughout the growing season.
Variability in stand and soil structurg@iroperties werghought to contribute to the
range in measured soiater lossat both a daily and seasonal scaleimDlative water
lossover the growing seas@anged from 0.0635 #m° to 0.2706 niym?>.

Variability in evapotranspiration calculated from a simple PenMantieth equation

was also seen at each plot at bttke daily and seasonal resolution. Cumulative
evapotranspiration calculated at each study plot ranged from 0.2 to/in@ m plot

level comparison of calculated evapotranspiration and soil moisture at both daily and
seasonal scales showed that simpkasures of soilvater losscannot currently be

used to validate evapotranspiration.
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CHAPTER 1: INTRODUCT ION

Forest Growth andYield Models

Forest growth models provide forest managers and researchers with a unique
opportunity to explore how a spectrum of actions may affecfutuee condition of

forests. Early forest growth models date back to tffeab® 14" centurieswhenyield

tables were used to predict expected stand volumes and other attributes under a given
management regime (Monserud, 2003). Today, most forest models can be categorized
as one of two general types, empirical or prodesed (Korzukhin et al1996).
Empirical models, similar to the early yield tables, use site specific data to provide
detailed predictions of growth at the tree and stand level based on statistical models of
varying sophistication. Process models are based on physiological prirciglasn

to explain the mechanisms which drive productivity, such as photosynthesis,
respiration, and nutrient cycling (Monserud, 2003). Each model type presents several
shortcomings, however. Empirical models, without a link to underlying growth
processesiecessarily assume static environmental conditions as represented by the
recent past, while process models can be challenging to parameterize because many
physiological relationships are still difficult to quantify aade poorly understood
(Pinjuv et al, 2006; Makela etl., 2000). A proposed solution to the limitations of
empirical and process models has been the creation of hybrid models, which combine
the strengths of each (Kimmins et al. 1991; Landsberg, 2003; Weiskitte] 2009).

Yet, to makeuseful and successful hybrid models, research is still needddrtify

the key physiological processes arsimulate the relateccomponents of forest

productivitywith sufficient accuracy and precision

Evapotranspiration

One physiological processmbeded in net gas exchange aedsential to forest
productivity is evapotranspiration, process that forms a functiodiak between tree
water use and intake of carbon dioxide for photosynthesis. Evapotranspiration is a

combination of two processes, evapmatof water from the soil or vegetation surface



and stomatal transpiration of water vapor from leaves into the atmosphere. The extent
to which each process contributes to total evapotranspiration is due largely to canopy
cover; i.e., when canopies areeopsoil evaporation can contribute proportionately
more to total evapotranspiration, but under closed canopies transpiration is the
dominant component (FAO, 1998). Evapotranspiration is driven by climatic factors
and physiological parameters. Climatic ttas include solar radiation, air
temperature, wind speed, humidity, and vapor pressure deficits. Evapotranspiration is
controlled physiologically by leaf area index, stomatal conductance, and water uptake
by roots (Taiz and Zeiger, 2006; Fitter and Ha02). Solar radiation provides the
energy needed to convert water from liquid state to vapor as the molecules move from
the mesophyll cells to the substomatal cavities in leaves. Air temperature to a lesser
extent can also provide energy by conductind eonvection (Taiz and Zeiger; 2006,
Monteith, 1965). During transpiration water vapor must diffuse through the stomatal
pore to reach the surrounding air. During the diffusion of water vapor from leaves to
the air, two forms of resistance can be encenad; resistance from the stomatal pore
and resistance from the unstirred air of relatively high humidity lying near the leaf
surface, known as the boundary layer. Boundary layer resistance can be reduced when
wind moves the stagnant air of higher hunyidiAs water vapor moves from leaves to

the immediately surrounding air, humidity increases in absence of air movement. If
the surrounding air reaches its saturation point, transpiration will stop as diffusion is
driven by a concentration gradient. Howevif wind replaces the saturated air with

air of lower humidity and higher evaporative demand, transpiration can continue until
declining water potentials internal to the plant cause the stomata to close and thereby
prevent desiccation of leaves. Evapim& demand is measured by the difference
between actual moisture in the air arnd potential moisture holding capagcity
commonly referred to as the vapor pressure deficit. (Taiz and Zeiger, 2006; Waring
and Running, 1998).

A tradeoff betweemwater lossand growth is driven by the balance between stomatal

regulation of evapotranspiratiorand associated intake of carbon dioxide during



photosynthesis. A very significant amount of water is lost for each carbon dioxide
molecule absorbed, yet desiccation oWk=sacan often be prevented through closing of
stomata at night and replenishment of water from the soil. Under water stressed
conditions, if limited water is available from the soil, trees may also keep their stomata
closed during the day to prevent catibn andassociatedlisruption of water flow
through the xylem, thereby delaying resumption of gas exchange and tree gntilvth

the water balance becomes more favorable (Fitter and Hay, 2002). In regions such as
the northwestern United Statést routnely experience drought conditions during the
summer growing season, understanding controls on evapotranspiration is of particular
importance (Waring and Franklin, 1979; Waringkt2008).

Many methods and models have been developed across a rangeiginés in an
attempt to accurately estimate evapotranspiration. Methods used in forestry include
sap flow measurements, soil water budgets, eddy correlation, the Bowen ratio, and
detailed equations for simulating physiological processes (Spittlehb@8&;, Wilson

etal., 2001, Price and Black, 1989; Granier, 1986; Moora.e2011).

In relatively simple forest ecosystems, the Penivanteith equation is applied for
estimation of evapotranspiration. H.L. Penman developed the first form of the
equaton in 1948 as a way to predict evapotranspiration from climatic variables
(Penman, 1948; Allen, 1986). The equation was later modified by Monteith to include
aerodynamic and canopy resistance (Monteith, 1965; Allen, 1986). Additional forms
of the PenmaMonteith equation have been created throughout the years, but the
variant that would potentially provide the best estimate of evapotranspiration for a
given forest ecosystem remains unclear. However, through comparative analysis of
model forms and improvee@stimates of individual components based on direct
measurements, there is potential to improve the accuracy of simulating

evapotranspiration from forest ecosystems.



Leaf Area Index

One key component driving Penmifonteith equations is leaf area indexjrat-less
measure of projected leaf area per ground area,nf m? Leaf area is also a key
physiological component in modeling forest growth given its strong influence on light
interception, water loss, and carbon fixation. In short, leaf areaastlgirelated to
photosynthetic capacity and potential transpiration from a forest canopy (Bolstad and
Gower, 1990; Gholz, 1982; Landsberg, 2003). Increasing foliage area means
increasing surface area for trees to absorb the light energy needed for pithasisy
Greater foliage surface area also translates into a larger number of stomata, the small
pores on each leaf that regulate gas exchange of water andE@@irically, leaf area

has been found to have high correlation with measures of productuith, as net
primary production (NPP}he amount of organic dry matter that plants store in excess
of the amount released during construction and maintenance respiration (Gholz, 1982;
Fitter and Hay, 2002).

The spectrum of variability in leaf area acrasstand can make it a challenging
parameter to estimate, but one that is crucial to obtain for process models (Jonckheere
et al., 2003). Variability in leaf area can be attributed to climatic changes, such as
water availability and temperature, managenaetivvities, natural disturbance history,

and their net effect on stand structure (DeRose and Seymour, 2010; Medhurst and
Beadle, 2000; Gholz, 1982).

Methods for measuring leaf area index fall into two categories, direct and indirect
measurements. Direateasurements provide calibration for indirect methods, yet can
be time consuming and hence expensive to collect. Methods of direct measurement
include destructive sampling and leaf litter collection (Breda, 2003; Jonckheadre et
2003). A variety of tols have been developed for indirect measurements of LAI, but
common methods include: calculation of LAl through measurement of light
attenuation (e.g., ECor LAI-2200 Plant Canopy Analyzerwhile assuming
conformity to the BeetLambertlaw (Bolstad and Gower, 1990; Vose at, 1995);



allometric relationships that predict LAl from tree diameter (Kittredge 1944) or
sapwood area (Waring at., 1982; Whitehead «dl., 1984; Smith efal., 1991); and
remote sensing using techniques such as ligatelata Nemani et al.1993 or
terrestrial LIDAR (Dewey etl., 2006; Breda, 2003; Jonckheereakt 2003). Two
commonly used methods of estimation that will be validated in this project are light
attenuation with the ECor 2200 Plant Canopy Analyzand leaf area:sapwood area

ratios.

Why Douglasfir?

In the Pacific Northwest, Douglds (Pseudotsuga menziesiis the primary
commercial conifer species and dominates the structure and function of many forested
ecosystems; hence, it is frequently #aeget for improved models for predicting
productivity under a variety of management and climate change scenarios. Efouglas

is native to the region and has the largest latitudinal range of any commercial conifer
species in western North America (U.SrFe s t Service). Foll owin
shape, Douglair runs from British Columbia south along the Pacific Coast Ranges

into California and down the Rocky Mountains in scattered concentrations to Mexico.
Douglasfir is especially important to the stabf Oregon as it accounts for more of the

annual board foot harvest of timber than any other species in the state (U.S. Forest
Service, 2011). Douglas also covers the largest area of forested ecosystems across
public and private ownerships (U.S. Fdres Ser vi c e, 2007) . The g
importance has sparked much interest in identifying management practices that
optimize productivity across a range in site types. A study by Hermann and Lavendar
(1999) found that thinning and fertilization tripl@buglasfir yield to 643 niha

compared to unmanaged stands with a yield of 174anat the end of a 50 year

harvest rotation. However, timing of management practices and characteristics of the
growing site can impact DougHis productivity. Carter etal. (1997) found the
inconsistentresponse of Douglaii to fertilizer across sites; rather, responses varied

greatly depending on the site specific values of soil nitrogen and site index. Similarly,

for Douglasfir to achieve the desired response to ng@naent practicesnany soil



climatic, and stand structural variables must be taken into consideration. Through
growth modeling, more informed decisions can be made about the management
practices that will yield the desired future conditions and levelrodiyctivity on a

given site.

Goals and Objectives

The overall goal of this project is ttest mechanistic approael to predicting
productivity of intensively managed Douglis under varying soil and climatic
conditions. The proposed model will be deysld by combining key ecophysiological
processes and empirical relationships, with a major focus on estimating leaf area index
and simulating evapotranspiration as a major contmoloverall gas exchange,
including CQ fixation during photosynthesis. Theorking hypothesis is that a
mechanistic growth model will help improve theedictionaccuracy of productivityn
Douglasfir plantations under intensive management, in gartrecognizing the
interactions between silvicultural regime and soil and climaticbutes of the site.
Successful quantification of these interactions will also facilitate more effective
tailoring of silvicultural prescriptions ta givensite.

The following three objectives provide the framework for the proposed research: (1)
deermine the most accurate and/or appropriate method for estimatingot Al
intensivelymanaged starsl (2) quantify patterns in soil water loss on a daily and
seasonal resolution and relate these patterns to site and climatic; factdrg3)
validate thesimulated evapotranspirati@gainst continuously monitored soil moisture
data and permanent plot growth measureméltissis chapters 2, 3, and 4 address

these three respective objectives.
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Abstract

Leaf area index is an important parameter for physiological models in forest
ecosystems. Two indirect estimates of LAl were assessed in comparison to direct
estimates of LAl based on destructive sampling. Indirect estimates included LAl
inferred from light attenuation measured by the-@or 2200 Tall Plant Canopy
Analyzer and application of leaf area:sapwood area rdtidisfrom light attenuation
ranged between 1.64 and 5.29, values from the best performing allometric relationship
were between 3.00 and35, and estimated from destructive sampling ranged from
2.64 to 11.47Indirect estimates were found to be inadequate for estimating LAl with
sufficient accuracy without general calibration for Dougladorests, and possibly

local calibration for sitespecific variation in structural attributes like the ratio of leaf

to branch surface area.

Introduction

Leaf area index (LAl, fim™) is an important structural parameter for understanding
forest productivity. LAI represents the photosynthetic surface @reastand and its
capacity for interception of solar radiation and exchange of both water vapor and CO
with the surrounding atmosphere (Grier and Running, 1977). Numerous methods have
been explored for determining LAl in various plant communities. Tmethods
commonly employed in forestry include use of a ratio for conversion from sapwood
area to leaf area based on the pipedel theory (Waring et al. 1982), and estimation

of LAI from light absorption (Chen etl., 1997; Dewey eal., 2006, Whitehead «l.,

1984). These methods have been proposed to avoid the expensive and time consuming
nature of direct measures of LAl in large and complex forest can(pieda, 2003;
Jonckheere «il., 2003).

A key advantage of leaf area to sapwood area ratiosSAAK the ease of measuring
sapwood to estimate LAI. Additionally, patterns in LA/SA over a wide range of forest
types have provided a relatively large information base about its variation among

species, stands, trees within stands, and sites. Both Bmelanonlinear regression
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have been used in an attempt to capture the variability in this relationship (Waring et
al., 1982; Smith etl., 1991). Ratios have also been developed for both breast height
and crown base sapwood area, primarily because sapwood tapers from breast height to
crown base and ratios of leaf area to sapwood area at crown base are generally

considered more stable acrotansls of varying density.

Light attenuation as a measure of LAl has been proposed as an alternative to
developing and applying allometric relationships. If the correlation between LAI and
light attenuation is sufficiently strong, this approach offers temi@lly cheap and
effective approach to estimating LAl (Gazariniatt, 1990; Smith, 1992). Likewise,

this approach eliminates the problem of destructive sampling on plots that are intended

to be monitored for future productivity (Gower and Norman, 1991

Increased interest in measurement of LAI from light attenuation has resulted in a
variety of instruments that incorporate the Beambert Law or gap fraction theory to
convert light absorption into LAl (Smith at., 1991; Bolstad and Gower, 1990)h&

Li-Cor 2200 Plant Canopy Analyzer has been developed to estimate LAI from light
attenuation for an assortment of canopy structures. Varying levels of success have
been achieved with the 4Gor in forested systems, in part because light attenuation is
affected by not only LA, but also by the spatial distribution of foliage and the amount
and distribution of surface area in nphotosynthetic tissues, specifically branches
and tree boles (Barclay and Trofymow, 2000).

Interest has also grown in the useLWAR remote sensing to estimate LAl at coarse
spatial scalesLiDAR has been effectively used to estimate structural components of
the forest, including canopy height, total basal area, and bole volume (Renslbow et
2000; Means eal., 2000). Largefootprint and small footprint LIDAR have been
employed to estimate LAI with varying degrees of success (Richardsan 2009;
Lefsky etal., 1999). Yet, constraints still exist for batiDAR forms as a method to
estimate LAI. Large footprintiDAR is not as readily available and small footprint
LiDAR requires nearly homogenous stand structure and reduced range in LAl
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(Richardson eal., 2009). Further, calibration @fiDAR estimates requires detailed

ground truthing (Means @al., 2000), which haseceived very limited attention to date.

The objective of this study was to evaluate the accuracy of two commonly used
methods for estimation of LAI, specifically in the context of their application to
intensively managed Doughis stands. The two metids, leaf area to sapwood area
ratios (LA/SA) and light attenuation were assessed by comparison to direct
measurements obtained by destructive sampling. This assessment was motivated by
the fact that LAl is a key stand attribute in the PemNl@amteith equ#on for

estimating evapotranspiration from forest ecosystems.

Material and Methods

Study Site

Research for this project was conducted within the Panther Creek Watershed, located
in the northern portion of the Oregon Coast Rangéhin Yamhill County (Fgure2-

1). Panther Creek covers just over 2500 hectares and cospd#e public and
private ownership. Elevation across the watershed ranges approximately between 170
and 700m. Dominant vegetation includes Douglas fitséudotsuga menziesii
western kemlock {Tsuga heterophylla western red cedarThuja plicatg, big leaf

maple Acer macrophyllum and red alderAlnus rubrg, and the stands, in general,

are under active management for timber production.

Climate within the study area can bkaractezed as havingool, wet winters and

hot, dry summers. Periodic drought is common during summer months. Precipitation
ranges fronl600 mm annually with average minimum January temperatures ranging
from -2 to 2 C and average maximum July temperatures frath to 28C
(ClimateWNA).

Research plots across the watershed were established in two phases, féinase |

LIDAR groundtruthingandPhase lifor soil research. Plots were circular with a 16m
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radius. For this project research wasfawd to22 Phase Il plots with Douglafe
basal are®80%of the total. This compositionathreshold was establishedftxus on
plots as close to pure Douglisas possibleThe ecophysiological and morphological
information for other species on the site isatikly limited, and would add an
uncertain level of variability in total LAl estimates, and complicate the opportunity to
test the accuracy with which Douglis LAl (and ultimately evapotranspiration) can

be estimated.

Douglasfir age on individual plat rangedbetween 21 and 139-yearsold at breast
height. Plot basal area and tregensityranged from25.9to 104.7 m*ha and 223 to
1255 trees/ha,respectively (Table 2-1). Nineteen of the twentytwo plots were
naturally regearated after clearcut harvesg, and the three remaining plots were
planted.

Sampling Design and Field Measurements
Sapwood Area on Standing Trees

Sapwood area was measured on a subsample of trees on each of the 22 géats.
plot betweeril5 and 20 trees were sampled. Two congsre extractedrom opposite
sides ofeach treej.e., separated by 18Ground thetree circumference. Cores were
taken as close foreast heighas possible angerpendicular to the slope of the ground
Sapwood width was measured to the nearest terdhcefntimeter and recorded in the
field. If the distinction between sapwood and heartwood was not clearly vyisible
methyl orange dye was applied to accentuate the divisétween these two zones.
Diameter at breast height (DBH) was also recorded togheest tenth of a centimeter

using a diameter tape.

Sampled trees werngre-selected froma full tree inventory completed in 2009. Only
trees with DBH O10c m thata measusl@engore ealld heo
extracted. The two smallest trees and theltwor gest trees with

2009 inventory were sampled at each plot. The remaitddgrees were evenly

en:¢

DBH
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distributed across the diameter range to ensure all diameter classes were well
represented. The goal was to sanfifiérees in each plot. Heever, if field conditions

or mortality of selected trees prevented 2l trees from being sampled then a
minimum of 15 trees was accepd If a selected sample tree could not be cored, a
new tree of similarDBH was selected as a replacementMeasuremets were
collected between midugust 2012 and mi&eptember 2012 under the assumption
that the vast majority of diameter growth for current growing season had finished and,
therefore, that sapwood area and leaf area had reached equilibrium.

Sapwood Arean Felled Trees

Along with sapwood thickness measurements taken from cores, sapwood was also
measured on disks from trees that were destructively sampled. Sampling was
completed on 22 trees across the watershed outside of the soil plots. Selected trees
represented approximately the 10th, 50th and 90th quantile by DBH of the Ddiuglas
population measured on th@ Panther Creek study plots. Disks were cut out of each
tree at breast height and crown ba®&. each disk heartwooddiameterand total
diameterinside bark were measuredtmthe nearest 0.1 cm on the longest axis and on
the axis perpendicular to the longesBapwood area for each sample disks
estimated as the difference between Iwapd area and total crossctional area

inside barkassuming an elliptical crossection of each.

Li-Cor

Canopy light absorption was measured with Li-Cor LAI 2200 Tall Plant Canopy
Analyzer (Li-Cor Environmental, Lincoln, NE)The Li-Cor LAI 2200 Tall Plant
Canopy Analyzewas designed to estimate LAy canparinglight intensity above
and below the canopy. Readingsre taken through a fish eye lens with five zenith
angles to calculate intercepted blue light (B32® nm). The instrumentranslates
light interception into leaf area index by assumangandom distribution of foliagéf
foliage isnot randonty distributed, theradjustmentan be made using a view cap to

increase accuracy.
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Li-Cor samples were collected between +Aigjust and mieéSeptember 2012 to
capture LAI after the completion tfie summer growing season. Readings were taken
on clear days before 9am to reduce variation from sun flecks. Two types of readings
were collected at each pldiAo readingsthat represent light above the canopy and
fBO readings taken under the canopy.o &void the challenge oélevating the
instrumentabove the canopyhe A readings were taken in an opening as close to the
plot of interest as possible. Theint at which the A readings were takeeded to be

at least two tree lengths from the neate=t. The A readingswere taken withthe Li-

Cor wand held facing west without any shadow covering the lens? %ie\s cap was
placed on the lens to ensure consistency among readings for the amount of sun
blocked from the lens, to account for clumping gags in the canopy, and émsure
consistency among plots of varying slope. Allreadings were taken every fifteen
seconds for two minutes prior to taking B readjreysd again following tis same

procedureammediatelyafter taking the B readings.

T h eBorBadings were taken at thirteen poiatsler the canopgn eachplot. For B
readings the wandiasheld at chest height. The first reading was taken at plot center,
and subsequemeadings were taken on the 8I,E, and W transects. Readings were
taken five meters and ten meters away from plot center. On the NE, NW, SE, and SW
transects readings were taken ten m from plot center (FajRyeAt each pointa Li-
Correading was taken with tiveand poining north, south, east and west.

WhenA and B readings were completede Li-Cor consolgrovidedan LAl estimate

in the field. Dataverestored and processed using theJar FV2200 software.

Destructive Samplingroliage Mass

In addition to the indirect measures of LAl from leaf area:sapwood area ratio and light
attenuation, LAl was measured directly bgmpling branches from the same 22
destructively sampled trees described above for measuring sapwood area. Destructive

sampling provided calibration necessary for evaluation of the two indirect measures of
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LAl Basal diameter (cm) and height (cm) were recorded for every live branch on the
22 felled trees. The crown of the felled tree was then split into thirds by live crown
length. Three branches were randomly selected from the top and middle thirds and two
branches were randomly selected from the bottom third, totaling 176 sample branches.
Each sample branch was returned to the lab and oven dried; foliage was separated
from woody material, redried, and weighed to get the brareliel estimates of

foliage mass.

Statistical Analysis
Sapwood Pea

Sapwood area at breast height’ was estimated for each cored sample tree from
sapwood thickness (cnmgnd DBH assuming a circularasssection of heartwood,
insidebark stemwood, and outsibark stemwood + barkrhe following weighted,
nonlinear model was fitted to the resulting data to facilitate estimation of sapwood

area at breast height for all plot trees as a function of thedallarea at breast height:
[1] YO T 60 -

where SAis sapwood area at breast height)(ion theith tree,BA is basal area at
breast height on thi¢h tree (M), thebys are parameters to be estimated from the data,
and U; is the error term with J; ~N(0, BA"0;%). To homogenize variance of the
residuals, weights od 6  with m=0, 1, 2, and 3 were tested in equation [1]. A
weight of0 6 proved to be the most appropriate weight as confirmed through visual
assessne of weighted residuals plotted on predicted values of $Ws model was
fitted separately for each plot and resulting parameter estimates (T-@)lev&e
applied to estimate missirfgs on Douglasir trees on each plot witBA computed

from DBH measted during the 2012 tree inventory. Sapwood area at crown base
(SACB) was also estimated on these trees from sapwood area at breast height by
applying an equation developed for this purpose (Hann and Maguire 2013).
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Foliage Mass

Foliage mass (gat the brach level was modeled with the following log transformed

linear regression model:
[2] 1TTOO 1 1 1Ti6YO 1 11TYo -

whereFMi is foliage mass (g) of thi¢h branchBRD is the basal diameter (cm) of the

ith branchRH,; is relative height of th&h branch (proportion), thigxs are parameters

to be estimated from the data, atilis the error term with 3; ~ N ( @?). This
equation was applied to all the live branches on each felled sample tree to estimate
total treefoliage biomass, with log bias corrected by multiplying estimated foliage
biomass by %2, where MSE is the mean squared error from the regression model
(Flewelling and Pienaar, 1981). The use of a log linear equation form and acceptance
of the assumptio of constant variance were both graphically supported by a plot of

model fitted vs. residual values (Appendix, Figure 1).

An equation for estimating foliage mass at the-tesel was developed in the form of

the following nonlinear regression:
B3] ™0 1 00000 -

whereFM,; is foliage mass (g) of th&' tree,DBH; is diameter at breast height (cm) of

the " tree, CL; is crown length (cm)of the i” tree, the bys are parameters to be
estimated from the data, atlis the error term with(; ~ N ( ﬁ)., Toee level foliage

mass was then predicted for each plot tree from the 2012 tree inventory. Foliage mass
was converted to leaf area by multiplying by an average specific leaf area of 53.3
(cm/g) and expanding to nTotal plot leaf area (A was converted to LAl by

dividing by the plot area expressed in the same units (804 m
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Sapwood Area Conversion Value

Leaf areas of the Panther Creek sample trees were regressed on sapwood area to
develop a predictive model spiec to the Panther Creek watershed, resulting in the

following linear regression model:
[4] 00 I I "YO O O-

where LAsw representghe estimatedeaf areaof the i destructively sampled tree
(m?), SACB is sapwood area at crown baxfethei™ destructively sampled trdent),
bas are parameters estimated from the data,Ghrig the error term with(; ~N(O,
84%). The assumption of constant variance was supported by a plot of maoee! fit

values vsresiduals values.

Leaf area of Panther Creek sample trees was also estimated assuming the following

nonlinear form:
[5] 00 I "YOOO -

where LAsw and SACB are defined above)ss are parameters estimated from the
data, and3; is the error term withG; ~ N ( ﬁ)., The assumption of constant variance

was visually verified with a plot of model fitted vs. residual values.

Leaf Area Estimation from Sapwood Area

Sapwood area was $ir converted to tree leaf area assuming that the tree held .54 m
of leaf area for each c¢hof sapwood area at crown base (Waring et al. 1982). A
second estimate was maiierpretingthe slope parameter from equation §&§ the
average LA/SA for PantheCreek, given thate intercept term from equation [4] was
not significantly different from 0 at=0.05. Third and fourth estimates of leaf area
were made by applying fitted equations [4] and [5] to estimates of SACB on all trees.

Total plot leaf areaestimated by each approach was then determined by summing leaf



20

area of all Douglasir trees on the plot. Total plot leaf area’jrwas converted to LAI

by dividing by the plot area expressed in the same units (804 m
Existing Allometric Equations

Foliage biomass was also estimated for the Panther Creek trees and plots from
previously existing allometric equations. The following equations were available for
Douglasfir or for conifer species in general:

Gholz et al. (1979)

[6a] & £€00 CRTEPE Mmowedo O

Jenkins et al. (2003)

[6b]
00 QwnRcg omtcd8 T obTO6 OMwRcdL P18 X Q6 O
Snell and Anholt (1981)

o~ 8
[6¢c] "OD pTc& T 9A PP wp gBtu 1 OO %8” Tp
—~ 8
Ao wp gdru T ¢9° Qq A DO ¢ ¢ T8 Y Y
& O T Y & Y x o0 T[8)'T[TTL|JOO %8”

i~ 8
[6d] 'O0  pIc& mMT @ Qo NT@ wp gitu T OO %8”

ann& (S TpanJLIﬂ SO YT[8)'T['[ L|JT[8)- Y xo OYT[8)'1'['[7|JJOO (23) T
where HT is total height of the tree (m) anleM; and DBH are defined above.
Estimates of foliage mass from each equation were converted to grams and plotted

with estimates from the Panther Creek foliage mass equations to facilitate graphical

comparison

Method Corparisons

After plot-level LAl was estimatedor eachof the 22plots, a comparison was made
between indirect estimated LAl and the direcmeasurementf LAl from branch
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sampling The correlatioa betweerthe directestimate and those from the-Cor and

LA/SA method were computedto measure the degree of consistency between the
alternative approachesAdditionally, mean difference, mean square difference, mean
absolute difference, and mean relative difference were calculated to compare each

alternativemethod for calculating LAI to LAI estimated from foliage

Results
Foliage Mass Equations

Parameter estimates for estimating sapwood area at breast height (Equation [1]) varied
by age of the plot and the average size of the trees (Tab)e The branchevel
equation for estimating foliage mass (Equation [@ficated positive effect of both
branch diameter and relative height in the crown (Tai3¢. Zreelevel foliage mass
(Equation [3]) was an increasing function of DBH and CL (TabB.ZEstimates of
foliage mass (FM) from Jenkins et al (2003) were similar to FM from Panther Creek
when DBH was less than five centimeters (Fig)2 When DBH was above five cm,
estimates from Jenkins et al. (2003) increased rapidly and were substantially higher
than otter estimates of FM. Both equations from Snell and Anholt (1981) produced

estimates of FM that were very similar to the direct measurements at Panther Creek.

A 3-D graph of foliage mass as a function of branch diameter (cm) and relative height
above groud showed an increase in foliage mass with explanatory variables (Figure
2-4).

Leaf Area Index

Estimates of LAl from LiCor (LAl ) were approximately 35% lower than those from
direct measurement of sample branches {flon all plots, with the exception of
three plots on which ECor predicted higher LAl (Figure-2). The correlation
between LA| and LAIry was low ¢0.06) (Table 24). LAl ranged from 1.6 to 5.9;
LAlgm ranged from 2.65 td1.47(Table 25). Calculatedmean difference wa2.70,
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mean square difference wd€.59 mean absolute difference w8%L1, and mean
relative difference wa2.11(Table 26).

Estimates of LAI from sapwood allometrics varied between methods of prediction
(Figure 25). Estimates of Al from the full form of equation [4] were consistently
the lower than all the other allometric equations ([[5] anddpaLAl estimates
increased whethenonlinear model form [5] was used. The highest estimates of LA
were generated by applying tRanther Creek average ratio of leaf area to sapwood
area (0.66), followed by the average ratio of 0.54 previously suggested for Dbuglas

in general (Waring et al. 1982).

On average, LAl estimates assuming a leaf area to sapwood area ratio of/8r&4 m
(LAl sw) were approximately 27% lower than L4yl Estimates of LAdw using this
ratio were betweeR2.4584and5.19@, and itscorrelation with LAEy was low and
negative {0.20298.

Estimates applying the average leaf area:sapwood area ratio ddOFther Creek
(LAl sp) were on average approximately 6% lower thai ry. Estimates of LAd
ranged from3.008 to 6.3509, andhe correlation between LAd and LAl was
again low and negative.20298. The mean difference betwedrl sp and LAl gy
was 1.17, the mean squared difference w41 the mean absolute difference was
2.34, and the mean relative difference v@a82(Table 26).

A trend existed between LA} and stand age, DBH (cm), and basal are? (frable
2-5). In general,LAl gy increasedas average DBH, basal area, and average age

increased

Of all the methods for indirectly estimating LAlestimatesbased on leaf
area:sapwood area ratios (lsfdand LAlsp were closer to LAy than were those
based on LAI. However, thability of LAlgpfor estimating LAk decreased when

LAl gm Was eight or greater (Figured).
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Discussion
Range in LAI

Estimates of LAl from foliage mass were determined to be the most appropriate as
they fell with the range of LAI for Douglafsr observed in ther studiegTable 27).

Smith measured LAI ranges between 3.2 and 8.9 for sites with basal areas between
10.5 (nf/ha) and 97.8 (Atha) (1993). Turner et al. estimated LAl of Dougfiago be

as high as 16 in old growth stands with an average basabfgs#.1 (Yha) (2000).
Marshall and Waring estimated LAl values between 12 and 7.3 for old growth
Douglasfir (1986) (Table 27).

Li-Cor

Underestimation of LAl from light attenuation measured by thdui instrument,
relative to direct estimates from sampling felled trees, was consistent with findings in
several other studies (Chenagt 1991; Smith et al., 1993). Underestimation cdagd

due to clumping of foliage which violates the Béambert assumption that all
foliage is randomly distributed, an assumption that is built into th@adtiestimates.

This assessment is in line with another study that that concluded that underestimates
LAl from the Li-Cor instrument when LAl values were high was due to severe

clumping of foliage (Cherry et al. 1998).

Additional bias in estimating LAI from the {Cor instrument probably accrues from
light intercepted by nophotosynthetic tissues.n this regard, estimates from the Li

Cor could be more appropriately considered Plant Area Indice€olLis sensitive to

any objects that block intercepted light, including shrubs taller than breast height, tree
branches, and tree boles. Cherry etE98) also attributed overestimation of LAl by

the Li-Cor, particularly when LAl was low, to shading of the device by-non
photosynthetic tissues. Similarly, someQor overestimates probably resulted from
light absorption by the heavy vine mapkecér crcinatum) on several of the study

plots.
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To combat inaccurate estimates of LAbtherstudies have developed calibration
values that range from simple to complex and applied them with varying degrees of
success (Cherry etl., 1998; Gower and Norman, 99). However, each calibration
method requires the use of destructive sampling and the calibration is probably
specific to a given stand structure, offsetting the value of thHeokiinstrument as a

reliable nordestructive approach to estimating LAI.

Sgpwood

The closer match between L or LAlsw and LAlsp for smaller values of LAI than

with large values of LAl was consistent with previous studies (Turnat.,1999).

Trees with a higher LA}, were older and larger with very differestand structure

from standswith younger trees. Plots with high L& had visibly larger crowns than

plots with low LAIrv. Additionally, the higher basal area and higher DBH in plots
with high LAlgy suggest that the ratio of leaf area to sapwood area may be different or
more variable among older trees and may require information about sapwood
conductivity (e.g., Whitehead et al. 1984)stnuctural effects on water potential or
other physiological parameters to accurately estimate leaf area for each tree and the
resultirg aggregate LAL.

Foliage Mass

Estimates of foliage mass provide theoretically the most unbiased values of foliage
amount on the Panther Creek trees. However, sampliray in estimating total

foliage mass of a sample tree can arise from numerous sours is typical of
biomass studies, sample trees on which foliage mass was measured were not selected
randomly from a clearly identified population or stratified by diameter class; therefore,
the scope of inference is not clearly defined and biases as®ibte across tree
diameter classes. The crown stratification and random branch sampling approach,
however, should have provided an unbiased estimate of foliage mass on a given

sample tree.
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Because the objective in this study was to estimate projéetécarea, a potential

source of error in estimating LAI from foliage mass estimates is the value of specific
leaf area (SLA) used to convert from foliage mass to leaf area. The selected value
53.3 cnf/g was based on knowledge of the area and an undeirsgeof the range in

values of SLA for intensively managed Dougfage.g, Maguire and Bennett 1996).
However, SLA is known to vary across a number of environmental gradients. The
range of SLA for a given species is genetically-gegermined, but whtin a species

SLA varies systematically with incident light intensity and hence position in the crown

and overlying crown structure (Weiskitteladt, 2007; Marshall and Monseitu2003;

Borghetti et gl 1986). Borgehetti et al found variability in SLAdbween age classes

and branch position in the crown, with values in between 85.357g)for current
years foliage in the bottom |l ayer %)f the
in the second year age class of foliage at the top of the tr86)(1®/eiskittle el al

found similar ranges in SLA for Dougldsi r . Current yearoés fo
SLA of 74.62+ 19.07 (cni/g), foliage in the fourth year age class had an average SLA

for 57.81+ 13.73 (cri/g) ( Weiskittel et al., 2007). The population average SLA for
Douglasfir trees at Panther Creek was mo¢asuredo is not known with any degree

of certainty.

Creation of foliage mass equations specific to the Panther Creek watershed does
provide an advantage over application of the neglieequations previously available

(e.g. Gholz et al. 1979). Several sources of potential error must be kept in mind when
applying regional equations. First, they were developed for sites outside of the
Oregon Coast Ranges, so parameter estimates mayaded bfor Panther Creek.
Additionally, sample sizes used for these biomass equations were typically small
relative to the population for which they are estimating, and the target population itself
is usually poorly defined; hence, variances may be lardetanrisk of potential bias

by choosing a sample that is not entirely representative of the population must be
considered. Equations by Snell and Anholt (1981) were created for dominant-and co

dominant trees, but applied to trees that ranged from siggole® dominate at
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Panther Creek. Equations by Gholz et al (1979) and Jenkins et al. (2003) only used
DBH to predict FM, primarily because the former were being applied in unmanaged
stands in whiclstand density varied little and which the correlatiotetweenDBH

and crown length remained strong. The equation developed from Panther Creek data
takes into account the effects of stand density on crown length for a for a given DBH;
i.e., stands managed at lower densities would produce trees with longerscnd

great foliage mas$or a given DBH. The equation developed by sampling trees at
Panther Creek can also account for local differences in attributes such as foliage
density that typically cannot be accounted for by combinations of only DBH, total

height, and crown length.

Conclusions

An accurate estimate of stand LAl is important for simulating key physiological
process such as forest evapotranspiration and photosynthesis. LAl is a dynamic
parameter which can vary across an array of stand struattriautes. Three methods
were explored to determine the most appropriate estimate of LAl for subsequent
application in PenmaMonteith equations for evapotranspiration. Application of
previouslydeveloped allometric equations for estimating foliagesvand/or area lead

to underestimates of large LAls, and estimates from th@driinstrument based on
light attenuation require calibration to provide reasonable values. Until progress is
made on current indirect estimates, the most reliable meansiriesiLAl at the
accuracy required for simulating physiological process is through direct and
destructive sampling of the target population. With efficient sampling desgns,
randomized branch sampling (Gregoire and Valentine 2@@i8)approach male the

best approach for achieving the required accuracy in estimating LAI.
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Table 21. Attributes of 2 plots sampled in association with soil pits on the Panther
Creek Watershed.

Plot Number of Trees DBH (cm) Height (m) Douglas-fir I23asal Area
>10cm | O 1 0lc Mean Range Mean Range p(enr1 &A
200101 40 22 34.21 1262.066 26.00 2'39. (i 6 97.0571
200102 26 1 51.36 12; 1 o | 359 ‘;'732(; 86.7927
200105 57 0 25.98 1425'.1700' 26.18 133,0;.1700' 41.4637
200106 | 26 0 27.42 g;g(; 22.44 igi 5 40.2291
200108 | 30 0 4454 ngg " | 3715 2476.7100- 62.5913
200109 17 2 64.30 151'299'0 45.28 Zég (; 87.9122
200110 18 0 68.61 5823'?20' 50.38 g'lz (') 84.2527
200111 31 0 4235 1734?3?0' 32.20 1:;:0' 63.4817
200201 101 2 27.72 3‘52 (') 27.02 Z; % 89.0111
200204 33 0 35.67 2506.7200_ 31.37 13?7'92()0' 43.3455
200205 | 48 0 30.28 1&?80' 28.09 233 ; 46.8178
200206 56 1 34.13 ;f.ce), (_) 26.94 2‘: g ('J 69.3837
200207 21 1 41.94 2;3 (; 32.26 2:2‘?4' 40.5433
200208 37 0 39.70 1701'?500' 30.88 i‘Z g (; 66.9142
200209 29 5 33.88 é'gg (; 27.84 2;2 (; 47.6550
200210 41 1 33.12 19 42996 29.00 2'522(; 60.6578
200211 23 0 47.48 2625??0_ 42,64 2:5.680- 54.1473
200302 52 0 26.78 1:1'2?0' 25.12 1341'?5?0' 38.3006
200303 | 18 0 70.81 ﬁ;g .| 429 1:7'?100' 104.7081
200306 46 0 33.42 2417'.2;0' 31.82 2366.7700' 51.7638
200310 56 6 21.93 3:2 (') 15.48 éfg(') 31.0110
200313 32 2 27.60 327 g (') 21.83 ‘;% 25.9131
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Table 22. Plotlevel parameter estimates and standard errors for estimating sapwood
area at breast height from DBH (Equation 1).

Plot b1o b1y Stand Error i 14| Stand Error | 14
200101 0.2111 1.1277 0.0189 0.1230
200102 0.1887 0.8943 0.0197 0.0849
200105 0.4736 1.1095 0.0694 0.0567
200106 0.3732 0.9794 0.0685 0.0877
200108 0.2036 0.9298 0.0263 0.0774
200109 0.1757 1.0498 0.0091 0.0680
200110 0.1949 1.0848 0.0309 0.1691
200111 0.2140 0.9173 0.0569 0.1625
200201 0.2230 0.9825 0.0332 0.0741
200204 0.2128 0.7489 0.0489 0.0989
200205 0.2991 0.9011 0.0782 0.1051
200206 0.3322 1.1367 0.0693 0.0996
200207 0.1956 0.8844 0.0336 0.1001
200208 0.2166 0.9581 0.0364 0.0954
200209 0.2209 0.8062 0.0271 0.0605
200210 0.1417 0.6186 0.0214 0.0618
200211 0.5066 1.4985 0.0707 0.0981
200302 0.2948 0.8558 0.0645 0.0797
200303 0.1726 1.0350 0.0102 0.0839
200304 0.2517 0.8433 0.0832 0.1440
200305 0.3135 1.0663 0.0546 0.0797
200306 0.4779 1.0987 0.1287 0.1170
200309 0.2548 0.8661 0.0353 0.0705
200310 0.3530 0.8994 0.0496 0.0513
200311 0.2260 0.9563 0.0294 0.0750
200312 0.2365 0.8627 0.0491 0.0924
200313 0.2582 0.7682 0.0892 0.1349
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Table 23. Parameter estimates, standard errors and associadakg for estimating
branchlevel foliage biomass (Equations [2]), tHeel foliagebiomass (Equation
[3]), and tredlevel foliage area from sapwood area at crown base (Equation [4]

Standard
Parameter | Estimate Error P-Value
b20 | -09171 0.2203 < 0.0001
b21 2.0396 0.0776 < 0.0001
b22 0.5535 0.0792 < 0.0001
b330 1.2615 0.9867 0.2173
b31 1.9255 0.1124 < 0.0001
b32 0.3858 0.1083 0.0022
b40 |-34.2883 16.758 0.0548
b41 | 0.66009 0.04182 < 0.0001
b51 | 0.16499 0.08805 0.0764
b52 | 1.20179 0.08661 <0.0001

Table 24. CorrelationdetweerLAl estimated derivettom light attenuation
measured by thei-Corinstrument sapwood allometrics, ara$timates ofoliage
masson destructively sampled trees

Methods Correlation
LAl
FolMass -0.0611
LAl Licor
LAl
M -0.2029
LAI SapWaring
LAI
M -0.2029
LAI SapwoodPC
LAI
M 0.0335
LAI SapLM
LAI
M 0.0858
LAI SapNLM




Table 25. Range in LAI estimates based on light attenuatieasured by the {Cor Tall Plant Canopy Analyzgoy
destructive sampling délled trees fofoliage mass, anbdy two alternative leaf area:sapwood area ratios.

Plot LAl Li-Cor | LAI: Foliage Mass HA Sagv:t)igdnglggetrics HA Sa%";ﬁgdzﬂlgfemcs Plot Basal Area (nf) | Average DBH (cm)| Age (years)
200101 3.45 11.1524 4.7615 3.8958 8.56 34.21 113.89
200102 3.82 8.3845 4.8125 3.9375 7.44 51.36 91.50
200105 164 3.5400 4.5625 3.7330 4.06 25.98 44.44
200106 2.09 4.3158 5.0082 4.0976 3.65 27.42 4413
200108 391 5.9102 4.2250 3.4569 5.50 44,54 63.56
200109 2.57 10.3277 3.9892 3.2639 7.23 64.30 110.25
200110 3.95 8.4264 3.8577 3.1563 7.83 68.61 118.63
200111 4.09 6.7745 4.8548 3.9721 5.25 42.35 87.75
200201 2.75 6.9854 6.3509 5.1962 7.71 27.72 62.78
200204 4.69 4.5666 5.5214 45175 3.50 35.67 34.78
200205 4.37 4.6953 5.9523 4.8700 3.86 30.28 34.78
200206 3.87 6.1958 5.2044 4.2582 5.98 34.13 63.44
200207 2.42 4.0340 3.0048 2.4584 3.99 41.94 62.43
200208 1.99 6.6031 4.7230 3.8642 5.73 39.70 62.00
200209 4.53 5.5635 4.7845 3.9146 3.86 33.88 53.63
200210 2.08 5.1733 5.8252 4.7660 5.16 33.12 34.57
200211 2.63 5.2086 3.0220 2.4725 4.94 47.48 59.00
200302 3.08 3.6228 5.8906 4.8196 3.23 26.78 25.67
200303 3.13 11.4702 4.7456 3.8828 8.47 70.81 113.50
200306 4 4.8066 5.9191 4.8429 4.19 33.42 34.33
200310 5.29 3.1586 5.8967 4.8246 2.23 21.93 22.44
200313 3.73 2.6486 4.7214 3.8630 2.31 27.60 25.22

€e
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Table 26. Mean difference statistics for comparing methods of estimation of LAI.

Method of Estimation Statistic Value
Mean Difference 1.1787
- Mean Squared Difference 9.1082
Sapwood Ratio: Panther Creek Mean Absolute Difference 2 3396
Mean Relative Difference 3.8187
Mean Difference 2.0682
- . Mean Squared Difference 11.5754
Sapwood Ratio: Waring Mean Absolute Difference 2.4756
Mean Relative Difference 2.8352
Mean Difference 2.7038
LiCor Mean Squared Difference 14.5914
Mean Absolute Difference 3.0071
Mean Relative Difference 2.1089

Table 27. Ranges in LAI from the literature derived through multiple methodologies

Min Max Method Source
5.3 16 . i .
> Allometric Relationships Turner et al (2000)
BA (m*ha) 23.8 84.1
3.2 8.9 . i :
> Destructive Sampling Smith (1993)
BA (m*/ha) 10.5 97.8
4.9 7.4 . . . i
> Allometric Relationships Bartelink (1996)
BA (m*/ha) 27.2 21.6
7.3 12 . . . .
> Allometric Relationships Marshall and Waring (1986)
BA (m‘/ha) 63 52
8.2+1.8 |9.3+2.1 ) ! .
> Vertical Sampling Thomas and Winner (2000)
BA (m‘/ha) NA NA




35

N

0 035 07 14 2.1
- e Miles

Figure 21: Map of the Panther Creek Watershed with locatfcsod research plots
and delimitation of individual forest stands
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Figure 22: Distribution of sample points for {Cor measurement dight attenuation.
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Figure 23. Douglasfir foliage massor trees of varying DBH estimatdcbm
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CHAPTER 3: CHARACTE RIZATION OF SOIL MOI STURE
DRAWDOWN IN INTENSIV ELY MANAGED DOUGLAS-FIR STANDS

Nicole Rogers, Douglas Maguire, Douglas Mainwaring

Department of Forest Engineering, Resources, and Management, College of Forestry,
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Abstract

Understanding the forest water balance as it relates to soils is an important component
of understanding overall forest productivity. Twenty soil pits located in the Oregon
Coast Ranges were utilized to explore changes in daily and cumulative soilagater |
over the summer growing season of 2012. Additionally, the relationship between soill
texture and field capacity was examined and multiple linear regressions were
developed to predict soil water loss at varying temporal séadesclimatic factors

and site-specific characteristics.Growing season water loss from soil varied from
0.063 to 0.271 fim® among plots. Mean field capacity did not differ significantly
among soil textural classes at a depth of 5 cm or 50 cm. Multiple hegeassionsit

daily and seasonal scales predicted a relatively small proportion of the variation in soil

water loss with the explanatory variables tested.

Introduction

Spatial and temporal dynamics of soil water in forested watersheds are important
componerg for modelingforest productivity. In drought prone forests of the Pacific
Northwest, fluctuations in soil moisture have direct ties to key physiological processes
such as evapotranspiration (ET), total gas exchange, and photosynthetic activity
(Emminghamand Waring 1976, Bondand Kavanaghl996; Oren et g/1998).

To incorporate important soil water properties into forest growth models, assumptions
or inferences must be made about soil attributes that influence water holding capacity
and plant available wate6G¢aner etal., 1999 Wilson etal., 2000. Possible sources

of this soils information include coarse scale soil maps such as those provided by the
USDA Natural Resources Conservation Service. Howeverwitlely recognized
finer-scale variability in soil atibutes creates difficulties in extracting information
from coarse soil maps for accurately estimating average soil water holding capacity
for individual stands (Lathrop etl., 1995), and for characterizing the dynamics of

water potentially available tdants throughout the growing season.
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A tremendous amount of work has been done on modeling the hydrological dynamics
of forested ecosystems from a number of perspectives. A capacity for predicting water
yields on the level of small and large watershisdmportant to forest managers who

are responsible for maintaining water quality and quantity both for human
consumption and for support of aquatic/riparian systerdsoeganisms (e.g., salmon

in the Pacific Northwest). Many hydrological models have bdereloped for
simulating surface and stdurface water flow in forested ecosystems, including those
developed for enhancing our fundamental understanding of hydrological processes
(Granier efal., 199; Clapp and Hornberger, 19/8nd those developed fpredicting

the ramifications of forest management alternatives on water quantity and quality
(Rothacher, 19705iebert and McDonnell, 201.0rhese models have been constructed
under a very different objective than understanding water limitations on forest
productivity, but many components of these models are relevant to predicting the
amount of plant available water throughout the growing season. Models built for the
primary purpose of simulating net primary production as a function of resource
availability and basic ecophysiological processes contain constructs of widely varying
complexity to represent basic soil attributes such as water holding capacity and plant

available water at a daily or hourly resolution (Landsberg and Waring 1997).

In the growth mdel 3PG, the soil moisture subodel interacts with vapor pressure
deficits through the stomatal conductance termdtioe productivity, requiring a
measure of soil salinity to run properly (Morris and Collopy, 200hg biome scale
model Biome BGC requas input of climate datan a daily resolutionsoil moisture at

field capacity critical water potentialandinitial soil water (Running and Hunt, 1993).

If these models are validated, the validation is tgibycdone on the basis of NPk
part becaus the data for validating soil water content on a daily, weekly, or even
monthly resolution requires a significant investment in installation and calibration of

instruments as well asin management, editing, and analysis of complex datasets.
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Only in somerelatively unusual cases has the accuracy of the soil watenodel
been validatedWeiskittel et al. 2010).

Techniques for monitoring soil water content have varied among studies and over
time, the latter due to both advances in the technology famemus monitoring and

reductions in the costs of the required instruments.

One instrumentor soil moisture monitoring encountered in forestryhis a neutron
probe,an instrument that provides dattnat can be converted volumetric water
contentwith calibration curves (Dahms, 1971). Additionally, soil moisture can be
measuredalmost continuously by monitoringlectricalresistancewvith probes placed
into the soil at desired depthSzZarnomski et al., 200Ringer and Rose, 2009).

The generabbjective of this study was to characterize water holding capacity and soll
moisture draw down over the summer growing season on plots dominated by Bouglas
fir on the eastern edge of the Oregon Coast Ranges. Achieving this general objective
involved pursui of the following specific objectives of the analysis: 1) determine the
daily volumetric water content of the top 50 cm of the soil at a set of 20 sample plots;
2) determine the field capacity of the top 50 cm of the soil at the same set of sample
plots 3) develop regression models that predict daily soil water loss as a function of
daily climatic variables, stand structural characteristics, and soil attributes specific to
each plot; 4) develop regression models that predict seasonal soil water loss as a
function of physical site characteristics.

Material and Methods

Study Site

Data utilized for this project were collected during the summer of 2012 at the Panther
Creek Watershed. The watershed is locatethe northern portion of the Oregon
Coast Rangewithin Yamhill County (Figure3-1). Panther Creek covers an area of

2580 hectares and includes public and private ownersitpevation across the
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watershed ranges between approximately 170 and 700m. Dominant vegetation
includes Douglas firseudotsuga anziesij, western hemlockTsuga heterophylla
western red cedailfuja plicatg, big leaf maple Acer macrophyllury) and red alder
(Alnus rubrg in stands that, in general, are under active management for timber

production.

Soils in the Coast Rangeseastrongly related to their geomorphic surfaces and are
volcanic or sedimentary in origin (Balster and Parsons, 1966). In areas of volcanic
parent material, the underlying basalt layer is commonly overlaid with soil textures in
the lower third of the soilexture triangle (Natural Resources Conservation Service).
In areas of sedimentary origin, sandstones and shales are typically overlaid with soll

textures in the lower left corner of the soil texture triangle.

Climate within the study area can bkaracteézed as havingool, wet winters and
hot, dry summers. Periodic drought is common during summer montfi®tal
precipitation is 1600 mm annually with average minimum January temperatures
rangingfrom -2 to 2 C and average maximum July temperatures f@into 5°C
(ClimateWNA).

Research plots across the watershed were established in two phases, fonase |
LiDAR groundtruthingandPhase lifor soil research. Plots were circular with a 16m
radius. For this project research wasfowd to 27Phase Il plots with Douglafsr
comprising O 80% of total plot basal areaThis compositionalthreshold was
established tdocus onplots as close to pure Dougifisas possibleLeaf area index
had been previousligeen determined on these plots, seep@ha? of this thesigo

facilitate concurrent simulation of ET and soil moisture characteristics.

Douglasfir age on individual plotsangedbetween 241 and 139yearsold at breast
height. Plot basal area and tredensityranged from25.9to 104.7 m*ha and 223 to
1255 trees/harespectively(Table 31). Twentyfour of the 27 plots were naturally
regenerated after clearcut harvesting, andrtee remaining plots were planted.
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Field Measurements
Available Data

Detailed soil data were collected to NR§&ecifications at 26 of the 27 sampled soill
research plots. A minneteorological station was established at each soil research
plot and was equipped to record soil volumetric water content’/fml) and
temperature at twbour intervals throughout the day (Figur2)3 Decagon E& soil
moisture sensors at each mimet station were installed at depths of 5 cm and 50 cm
from the top of mineral soil and data from the sensors were stored on a D&ddgon

50 Analog Data Logger and manually downloaded on a -‘m@m&h cycle.
Downloaded data were returned to the lab and graphically assessed for errors and
missing observations (Figure-3}. Volumetric water content was converted to an

average daily value g the arithmetic mean.

At seven soil research plots sensors had missing data at 5 cm, 50 cm, or both depths

and were therefore not used in this analysis, leaving a total of 20 plots.

In addition to each minineteorological station, a complete weatlstation was
established at Panther Creek (Figuré)3 Climate data were recorded on an hourly
resolution. Measured climate data used in the current analysis included total
precipitation (mm), temperaturéQ), vapor pressure deficit (kPa), relative huityid

(%), and photosynthetically active radiation (UE). Data were collected from the
weather station every three months and returned to the lab for quality control.
Average daily values were computed from the hourly climate data as the arithmetic

mean.

Data for this analysis were limited to the summer growing season betweeri' nky 1
September 30 A start date JulySiwas selected to focus on the period of water use

during which soil received little to no recharge from precipitation (Figtbe 3
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Statistical Analysis
Average Volumetric Water Content

The predictedrolumetric water contenMWC) at 25cm for each day was assumed to
represent average VWC for the top 50 cm of soil on each plot and was linearly

interpolated as:
[1] 0 wwd wwo — 0wo wwo

whereAVWG is average volumetric water content’(m®) at 25cm depth on théth
day andVWG.n andVWGcmare the volumetric water contents at depth into mineral
soil of 5 cm and 50 cm, respectively, tbat samgth day (Figure &).

Change involumetric Water Content

Daily change in average volumetric water conteri¥ifi) from each plot was viewed

as a simple proxy for water lost to evapotranspiration (ET), recognizing that some
water will move inliquid or vapor state vertically and horizontally along water
potential gradient® the soil To determine daily water loss #m®), the difference in
average VWC at 25 cm between the current day and previous day was calculated.
Cumulative water loss (ffim®) was also calculated for each day during the growing
season as the total of daily water losses from July 1 to that day. Total water loss for the

entire season was the cumulative water loss on September 30.

Field Capacity and Soil Texture

Field capacy of each plot was calculated at 5 cm and 50 cm using measured VWC.
Specifically, field capacity was assumed to be the average minimum VWC between
January and April of 2012, with values exceeding these minimum assumed to
represent water that had infiltrdteluring winter storms but that had not had time to

drain gravitationally to field capacity.
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Measured field capacities at 5 cm and 50 cm on each plot were grouped by soil texture
and analyzed graphically for trends by texture (Figur@g3b). Significantifferences

among soil texture classes were tested byveang ANOVA atU= 0.05.

Empirical Prediction of Soil Water Loss

Full regression models were fitted to predict soil water loss on a daily and total
growing-season basis from a full set of potentiaégctor variables. Correlations
between each proposed explanatory variable and water loss as the response variable
(m*m®) were calculated initially to assess potential predictive power. Final models
for both daily and cumulative seasonal water loss wee determined by backward

elimination of variables that were not significant/a.10.

Daily water loss was estimated from two multiple linear regression models. The first
computed water loss as a function of climatic variables measured at thehedters
resolution from the single weather station. The second model utilizespgitdic soil
attributes;stes peci fi ¢ stand structur al and phys
transformation of slope and aspect to calibrate the watershed climatelesata the

physiographic position of each plot.

Total seasonal water loss was estimated as a linear function of stand structural
characteristics, soil attributes suspected to influence water holding capacity, and
physiographic position as representedy ageds (1976) transforn

aspect.

Results

Field Capacity and Soil Texture

Field capacity varied within and between textural groups (Talda,I3;, Figure Ja,
b). Plots with a clay or clay loam texture at 5 cm only had one obsereatabn Of
plots with multiple observations, soils with a silty clay loam texture had the highest

average field capacity. Soils with a silt loam texture had the lowest average field
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capacity and the greatest variance within the textural class. At 58iltioams had

the highest field capacity. Loam textures had the lowest average field capacity and
greatest withirclass variance. Clay textures, loamy sand textures, and silty clay
textures had only one observation each at 50 cm. The ANOVA on thdseate
classes with >1 observation indicated no significant difference in mean FC at 5 cm and
50 cm depth (p= 0.79 and 0.29, respectively).

Change inVolumetric Water Content

Daily water loss varied tremendously from plot to plot. Initial values of VWe&(f
capacity) ranged from 0.17 to 0.40*m® among plots. End of growing season
values for VWC fell to between 0.06 and 0.26%nf). The seasonal trend in daily
average VWC also varied tremendously among the plots, ranging from nearly straight

lines © curves that were approximately revesggmoid in shape (Figure &).

Daily water loss illustrated the implications of the seasonal trends in average daily
VWC through the growing season (Figur@®)y Plots with a reverssigmoid shape
(Figure 38) resulted from a daily pattern that started with relatively high daily water
loss (e.g., 810 mm) and ended with almost no water lost on specific days near the end

of the growing season (Figure93.

Total seasonal water loss was similarly quite variable anmots. The greatest
seasonal water loss was on Plot 200207, with 0 2@fwwvater lost per rhof soil. Plot
200211 had the lowest seasonal water loss at 0*@8°nand Plot 200208 experienced

a loss near the median value of Ori2of water pem?® of sdl over the entire growing
season (Table-3). Consistent with the curves showing trends in daily VWC over the
growing season, the trends in cumulative daily water loss ranged from near linear
relationships to curves that started with steep slopes andgthdtially became

asymptotic to the ending total water loss for the season (FiglLog. 3
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Predicted Water Loss

Strength of correlations between water loss and explanatory variables varied from a
daily to seasonal resolution (Table43, b). Daily watedoss was most strongly
correlated with PARQ.23(%) and most weakly correlated withe Stage (1976) slope

X cosine transformationof aspect(-0.0261). Total seasonal water loss had the
strongest corr e(l9¥E) islope xsime transfor@adtienyf espact
(0.3022) and weakest correlation with LAIO(1815).

The final model tested for describing daily soil water loss as a function of climate

variables only was of the form:
[2] 1 T @b f I @00 0OY Q f YT YO-

whereDWL, is daily water loss on daym®m?®), VPD, is vapor pressure deficit on day

i (mb), PAR is photosynthetically active radiation received on dayE), "Q is
stomatal conductance on daycm/s), T; is air temperature on day RH is relative
humidity on dayi (%), bas are parameters estimated from the data,Garisl the error
term with 3 ~ N ( 0%). A dgraph of model fitted values vs. residual values supported
the assumption of constant variance (Appendix, Fig)reThe model yielded an
adjusted R of 0.2216 parameter estimates were all significantly different from zero
(Table 35), and the predicts exhbited arange in values (Table&).

The final model for describing daily soil water loss as a function of weather,

physiographic, and stand structural variables took the following form:

[B11 T@OO T I @0OT 06Y Q@ T YT YOI 060
T 706 T TAT® 1 YA & I

whereDWL, is soil water los on dayi (m¥m®), VPD, is vapor pressure deficit on day

(mb), PAR is photosynthetically active radiation received on daguE), "Q is

stomatal conductance on daycm/s), T; is air temperature on dayRH is relative
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humidity on dayi (%), LAl is leaf area indexi-C is field capacity at 5 cnis slope
(%) / 100, A is plotazimuth bxsare parametsrestimated from the data, and is
the error term witf  ~N (0, Gz9). A graph of model fitted vs. residual values
supported the assumption of constant variance (Appendix, FRur&he model
yielded an adjusted %vf 0.2778 parameter estimates weeall significantly different
from zero (Table &), and the predictors exhibited a range in values (Table 3

The final model for describing totgjrowing seasomwater loss took the following

form:
[4 wO T 1 060 606 1 YOAT® j

whereWL, is total soilwater los during the growing season on plgm®/m?), LAI; is

leaf area indexor ploti, BA is initial basal area (f) for ploti, S is slope(%) / 100

for ploti, A is plotazimuthfrom northfor ploti, bas are parameter estimated from the
data, and is the error term witf ~N (0, 0,). The assumption of constant
variance was supported by a graph of model fitted vs. residual values (Appendix,
Figure4). The model generated an adjustédoR0.1984 parameter estimates were

all significantly different from zero (Table%), and the pedictors exhibited eange in

values (Table B).

Discussion
Evapotranspiration from Volumetric Water Content

The variability in soil water loss between plots can be attributed to inherent spatial
heterogeneity of soils and differencenmcroclimate and hence evaporative demand
between stands (Lathrop, 1995; Sharma, 1979). Stand structural (e.g., LAl),
physiologcal, and site specific characteristics affecting water loss are important to
consider. A study by Brooks et. g2002) highlighted the importance of hydraulic
redistribution of water by the roots on the soil water balance. During Aubest,

found thatup to 28% of water removed daily from the top 2 m of soil in a 20 year old



52

Douglasfir stand was replaced each night by hydraulic redistribution. In this study,
any water that may have been added by hydraulic lift was ignored, with water use
assumed equab only differences in daily VWC. This study also assumed that water
was absorbed from only the top 0.5 m of mineral soil, where the vast majority of fine
roots are located (Eig,987 McGinn, 196). If a significant amount of water was

pulled from lowerrooting depths then total water use was underestimated.

The cover of competing ground vegetatand additional tree speciaseach plot was

not factored into this study, but could be an important part in modeling water loss.
Plots used in this studyake constrained to those with a Doudfiadasal area of 80%

or greater, leaving up to 20% basal area in atpecies which would also be drawing
water from the soil Presence of competing vegetation in the understory can have a
significant effect on gbvolumetric water content under dry conditions and under
LAls that arebelow 3, allowingmore radiation to reach lower levdlselliher and
Black, 1986)

A point to consider further is the relationship between volumetric water content and
depth withinthe soil. For this study, a straight line was fit between values of
measured volumetric water contait5cm and 50cm However, a notinear model

may be more appropriate to predict VWC for a given depth, accounting for variation
in water retention andod texture (Saxton edl., 1986 Clapp and Hornberger, 1978

In this case, the integral of this ntnear function would provide a more accurate
estimate of total VWC.

Values of VWC determined in this studyeresimilar to values found in othstudies

for Douglasfir in the Pacific Northwestdespite slight differences in depth of soll
moisture sensors Warren et al (2005) found values of VWC at the start of the dry
season to be 0.22 #m®) for a young stand of Douglds and 0.18 (nVm®) for an
older Dougladfir stand at a depth of 20cm. At the end of the dry season, VWC had
dropped to 0.12 (¥m®) for the young stand and 0.10 ¥m®) for the older plot
(Warren etal., 2005). Thedepthat whichVWC is monitoredmay be importantor
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accuratelycapturingwater loss from the soil to ETAt Panther Creekno attempivas
made to extrapolate lower théme 50 cmmoisture probe to eliminatencertaintyin

the pattern of VWC change to greatipths. While fine roots located in the top soll
layers pay an important role in water transport, tracking water utilized by the tree
especially later in to the summenay requireknowledge of VWC at greater depths
(Brooks etal.,200Q Dahms, 1971

Finally, calibration of soil moisture sensors must alsathdressed. For this study,
raw data from Decagon E® soil moisture sensors weassumed to yield accurate
estimates of VWC Measurements are based on the dielectric constant of the soil
which varies with changing texture and salinity of the ¢kgnnedy etal., 2003).
Czarnomsket al. (2005) found that estimated VWC could differ as much as 11.5%
from true VWC calibratedy factory recommendations, but noted precision within 3%
of true VWC when calibrated with a simple linear regression equatiba.sfidy also
notedthat calibration was not as effective for extremely dry or moist soils and that
values of VWC were slightly temperature dependent (Czarnioets., 2005). For
other forest soils in the Oregon Coast Ranges, calibration curves havesteated
that direct readings from the Decagon-E®@verestimate VWC to varying degrees
and commonly required "4 order polynomials (Andoni Urteaga, personal
communication) However, the impact of calibration on estimates of water loss (i.e.,

differencedn successive estimates of VWC) are probably minimal.

Field Capacity

Field capacity is defined as the percentage of water held in the soil after free drainage
has subsided (Brady and Weil, 2008). Texture is a key factor in determining the
amount of watethat is held, with clay soils typically having higher field capacities,
followed by silt and san(lTable 37). However, additional properties of the soil affect
field capacity. Soils with a higher bulk density will have restricted water movement as
will soils with blockier structureBfouwer, et al, 1985 The percentage of organic

matter and rock content in the soil also contributes to or detracts from, respectively,
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field capacity at each ploBfady and Weil, 2008 The weak relationship between
mean field capacity and soil texture at each plot may be attributable to one or several
of these complicating factors. For example, if the amount of organic matter varied
among plots, the resulting variability in FC would expected greatest at 5 cm and
least at 5@m due to the general decline in organic matter content with soil depth. At

50 cm there might also be greater consistency in structure and density among the plots.

Field capacity measured in this study dodisifiawithin the realm of values measured
in other studies. A study by Black (1979) found field capacity for two sites with
gravelly sandy loam soils on Vancouver Island to be 0.2281(hand 0.213 (#im®).
Variability from these values seen at PantBeeek can be attributed to thader

spectrum of soils present at the watershed.

Predicted Soil Moisture

Soil water loss proved to be a challenging value to predict at both a daily and seasonal
resolution. Inclusion of site specific structural and stiikautes did provide marginal
improvement in explained variance of modeled daily water loss in comparison to a
model based strictly on climate data. This result highlights the importance of
calibrating climate data to the site level or measuring climata directly on site for
improved estimates of soil water loss. At a seasonal resolution, the explained variance
decreased agaisuggesting predictions of water loss are best made at finer scale

resolutions.

However, important information about the raleVPD and slopen soil water loss

can be gained from the behavifr trigonnometric variables At the seasonal scale,

only cos(A)is significant in the model. The peak of this function is on north facing
aspects, while the lowest point is along sofsting aspectsThe behavior of this
function suggests that water loss is greatest on north facing slopes, with water loss
increasing as slope increases. On south facing slopes, the low water loss is driven by
VPD.
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Beyond simple measures of soil VWCtual water potentials at the root, soil, stem,
and leaf level may add important information to the model and increase predictive
power (Bond and Kavanaghl996. In addition other tree speciedrew on soil
moisture,so estimation ofvater loss tathesetreesand othercompeting vegetation
should be addedo the modelas better information on these species becomes

available

Conclusions

The heterogeneous nature of soil hydraulic processes can make them challenging to
characterizeAs demonstrated in thiesearch, the variability from site to site in soil
attributes requires detailed data on climate and stand structure to begin modeling water
loss from forest soils to evapotranspiration. However, further work on modeling
forms and consideration of additial variables is needed for accurate predictions of
water loss at the stand leveUltimately, improved simulation of these processes is
important for capturing variability iproductivity under a wide range dilvicultural

regimes in drougiprone regbns such as the Pacific Northwest.
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Table3-1. Attributes of the 20 plots sampled in association with soil pits on the
Panther Creek Watershed.

Plot Number of Trees DBH (cm) Height (m) Douglas-fir Basal
>10cm | ® 10| Mean | Range | Mean | Range A's; (Hrf) LA
200101 40 22 34.21 1262966 26.00 2‘3 2 c-> 97.057 11.152
200102 26 1 51.36 12‘£ 1 o | 390 ‘;ﬁgé 86.793 8.385
200105 57 0 25.98 1425'_1;)0' 26.18 1;’3'.1700' 41.464 3.540
200106 26 0 27.42 2'32_% o | 2244 3;:2(') 40.229 4.316
200108 30 0 4454 2?':2 ) 37.15 2475,7100_ 62.591 5.910
200109 17 2 64.30 151':996 45.28 2’32 0 87.912 10.328
200111 31 0 4235 17:2_53?0' 32.20 1;2;?&’ 63.482 6.775
200201 | 101 2 27.72 3‘536 27.02 137 (; 0 89.011 6.985
200206 56 1 34.13 ;'28_(3’ o | 2694 2’22 0 69.384 6.196
200207 21 1 41.94 2‘512 c_> 32.26 2:21?4' 40.543 4.034
200208 | 37 0 39.70 1701'.3500_ 30.88 ‘Hg ; 66.914 6.603
200209 29 5 33.88 ég’_g o | 2784 35"3%2(; 47.655 5.564
200302 52 0 26.78 121'%' 25.12 1;1'?0' 38.301 3.623
200303 | 18 0 7081 | 2000 | 4203 P 104708 | 11.470
200304 38 0 31.56 1:6_750' 29.18 1325?0' 41.176 3.953
200305 54 0 33.91 ﬁ';(; 34.36 2565.3200_ 64.260 5.530
200310 56 6 21.93 igg(; 15.48 2’162(; 31011 3.159
200811 | 44 0 s8ad w00 | B2 | 40 74.791 6.558
200312 | 40 4 s06d o1k | D75 | a0 46.983 4.128
200313 32 2 27.60 3'27_(5)(; 21.83 3‘75.% 25.913 2.649




Table 32a. ANOVA for testing differences in field capacity amaoswgl textual

classest 5 cm

Df SS MS F P-value
Texture Effect 5 1221 244.1 0.464 0.798
Error 20 10523 526.2

Table 32b. ANOVA for testing differences in field capacity amasnd textual

classest 50 cm

Df SS MS F P-value
Texture Effect 3 156.6 52.2 1.351 0.29
Enmor 18 695.6 38.65
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Table 33. Plot level values of total seasonal water loss over the growing season
(m3m3).

Cumulative Water Us

Plot 3, 3
(m°/m”)

200101 0.1668
200102 0.0732
200105 0.1038
200106 0.0799
200108 0.1074
200109 0.1771
200111 0.1611
200201 0.0884
200206 0.0973
200207 0.2706
200208 0.1254
200209 0.1319
200302 0.1745
200303 0.1026
200304 0.1040
200305 0.1076
200310 0.1345
200311 0.0635
200312 0.2256
200313 0.1774




Table 34a Correlation betweedaily soil water loseind proposed explanatory

variables (Equation?] and Equation [J.

Field Capacity 50 cm

Variables Correlation
Average Daily VPD -0.0279
Average Daily RH 0.0767
Average Daily Temp 0.0641
Average Daily Precip -0.0333
Average Daily g 0.0316
Average Daily PAR 0.2304
LAl -0.0879
Basal Area -0.1395
Stage Cosine Transformatid 0.0261
Stage Sine Transformation 0.0826
Field Capacity 5 cm 0.1338
-0.0365

62



Table 34b. Correlation betweeaumulative seasonal water lcasd proposed

explanatory variables (Equatiod]].

Field Capacity 50 cm

Variables Corrleation

LAI -0.1815

Basal Area -0.2813

Stage Cosine Transformat 0.2955
Stage Sine Transformatio| ~ 0-3022
Field Capacity 5 cm 0.2322
-0.2482
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Table 35. Parameter estimates, standard errors and associadakg for estimating
soil water loss (im®) (Equations 2], Equation B], and Equation4])

Response| Parameter | Estimate | Standard Error | P-Value
DWL b20 20.2200 5.6350 < 0.0001
DWL b21 -0.8355 0.1570 < 0.0001
DWL b22 0.0048 0.0003 < 0.0001
DWL b23 -63.1800 10.9300 < 0.0001
DWL b24 0.1858 0.0402 < 0.0001
DWL b25 -0.0325 0.0152 0.0331
DWL b30 19.5325 5.4281 < 0.0001
DWL b31 -0.8369 0.1513 < 0.0001
DWL b 32 0.0048 0.0003 < 0.0001
DWL b33 -63.1545 10.5251 < 0.0001
DWL b34 0.1857 0.0387 < 0.0001
DWL b35 -0.0216 0.0097 0.0257
DWL b36 2.8134 0.3474 < 0.0001
DWL b37 1.3757 0.1776 < 0.0001
DWL b38 -0.0332 0.0147 0.0237
WL b40 0.1193 0.0437 0.0183
WL ba1l 0.0258 0.0130 0.0717
WL b4?2 -0.0304 0.0158 0.0784
WL b43 0.1319 0.0677 0.0749
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Table 36 Range inpredictor variablesassociated with estimating soil water loss

(m*m®) (Equations [2], Equation [3], and Equation [4])

Equation

Variable

Mean

Min

Max

2,3

VPD (mb)

8.292641

0.86125

23.81583

2,3

PAR (UE)

480.3822

89.59147

694.0264

2,3

gs (cm/s)

0.375291

0.21558

0.426421

2,3

Temp°C

16.9447

11.41547

25.595

2,3

RH (%)

64.22174

25.53547

93.69167

w

LAl (m?/m?)

6.042841

2.64855]

11.47017

FC (n¥/m°)

0.272714

0.161705

0.393453

S

0.322404

0.1

0.65

sin(A)

0.083113

-0.14943

0.353553

COS(A)

0.172349

-0.33807

0.65

LAl (m?/m?)

6.042841

2.64855]

11.47017

BA (m?%ha)

0.262013

1.390364

0.000614

S

0.322404

0.1

0.65

AP |W[WIW]|W

COs(A)

0.132297

0.65

-0.33807




Table 37. Plot soil textures and estimated field capacity at 5cm and 50ciimémaf).
Pl Field Capacity Field Capacity
ot Texture 5cm Texture 50 cm 5cm (mg/m3) 50em (mg/mS)
200101 Clay loam Sitty clay loam 0.3935 0.4217
200102 Clay Clay 0.1658 0.5106
200105 Silt loam Clay loam 0.1617 0.4411
200106 | Sitty clay loam Sitty clay 0.3839 0.4323
200108 Silt loam Silt loam 0.3038 0.3534
200109 | Sitty clay loam Silt loam 0.3551 0.4515
200111 | Sitty clay loam Sitty clay loam 0.2883 0.3185
200201| Sandy loam Silt loam 0.4076 0.4064
200206 Loam Loam 0.2174 0.2934
200207 Loam Loamy sand 0.3274 0.2606
200208 | Sandy loam Loam 0.3252 0.2273
200209 | Sandy loam Silt loam 0.3892 0.4643
200211 Loam Sitty clay loam 0.2887 0.4034
200302 Silt loam Loam 0.2273 0.3937
200303 Loam Clay loam 0.2482 0.4246
200304 Silt loam Sitty clay loam 0.1752 0.2259
200305 Silt loam Sitty clay loam 0.2534 0.4039
200310 Loam Sitty clay loam 0.3671 0.4398
200311 Silt loam Sitty clay loam 0.2433 0.4090
200312 Silt loam Sitty clay loam 0.2504 0.3478
200313| Sandy loam Loam 0.3264 0.4649
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Figure 31: Map of the Panther Creek Watershed with location of soil research plots
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Figure 32: Mini-meteorological station established for monitoring soil volumetric
water content (im®) at twohour intervals.
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Figure 33: Rawsoil volumetric water content (fm®) at twohour interval collected
from one minimeteorological station for 2012.
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Figure 34. Megameteorological station at Panther Creek, collecting detailed climate
daa













































































































































