Seasonal and Diurnal Patterns of Whole-Tree PlaateY\Relations in Three Pacific
Northwest Conifer Specie$huja plicata, Pseudotsuga menziesii, andTsuga

heterophylla

Rhiannon A. Fox

A thesis
submitted in partial fulfilment of the

requirements for the degree of

Master of Science

University of Washington

2014

Committee:
Gregory J. Ettl
So0-Hyung Kim

Thomas M. Hinckley

Program Authorized to Offer Degree:

School of Environmental and Forest Sciences



©Copyright 2014

Rhiannon A. Fox



University of Washington

Abstract

Seasonal and Diurnal Patterns of Whole-Tree PlaateY\Relations in Three Pacific
Northwest Conifer Specie$huja plicata, Pseudotsuga menziesii, andTsuga

heterophylla

Rhiannon A. Fox

Chair of the Supervisory Committee:
Gregory J. Ettl, Associate Professor

School of Environmental and Forest Sciences

| examined the diurnal and seasonal patterns ofisapand stem increment in a
conifer stand in western Washington. The study ait¢he Charles L. Pack Experimental
Forest, is on a south-facing slope and at appraeind60-m elevation. Two
Pseudotsgua menziesii, two Tsuga heterophylla, and fourThuja plicata, of various
diameters and heights, were outfitted with sap floedules and dendrometer bands. |
also estimated water use efficiency for the studgs and approximated total stand
transpiration by scaling up normalized daily sapflof the study treed.. plicata
demonstrated a large lag in peak daily sap floinénsummer compared with the other

two species, whil®. menziesii andT. heterophylla appeared to down-regulate their



transpiration via stomatal closure during the Istitdriest parts of the day. Normalized
sap flow rates were highestTnheterophylla in spring (0.24 kg per cm DBH), early
summer (~0.5 kg per cm DBH), late summer (0.71 kgcpeDBH), and in the fall (0.44
kg per cm DBH). Flow rates were lowestRnmenziesii in spring (.02 - .04 kg per cm
DBH) and early summer (0.15 kg per cm DBH in thpmeassed tree), in the short@st
plicatain late summer (0.13 kg per cm DBH), in the sharéesl the codominarit
plicatain fall (0.04 and 0.03 kg per cm DBH, respectivebnd in the codominaiit
plicata and smalleil. heterophylla in winter. In contrast to the greater average &ap f
per unit circumference noted Tn heterophylla, the maximum daily value noted during
my study was observed in the largésplicata and was 176.32 kg (the value for the
largestT. heterophylla on the same day was 50.72 kg). A strong drougiporese was
evident inT. plicata in late summer and early fall as stomatal condwetand sap flow
fell, while T. heterophylla andP. menziesii did not show such a response. Overall stem
growth during the study period was lowesPimmenziesii. | used mean daily sap flow
rates of each tree to estimate total stand traatspir, which reached 1.23 mm in late
summer and fell to 0.18 mm in winter. Overall, stedy provided insight into ecological

and physiological differences and similarities agntimese three species.
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Introduction

In the Pacific Northwest, conifer forests comptise dominant land type and are
an integral component of the economy and the egoloigthe region. Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco), western redcedarh(ja plicata Donn ex D.
Don), and western hemlocR'guga heterophylla (Ram.) Sarg.) are the most common tree
species in this region, particularly in low- to ratevation forests west of the Cascades
mountain range (Case and Peterson 2005). Althobgly are frequently found co-
occurring on the same sites (Franklin and Dyrn@88}),, these three species demonstrate
different tolerances for environmental conditiomluding shade, temperature, and
drought (Carter and Klinka 1992; Drever and Lertar8@01; Minore 1979).

Of the three specieg,. heterophylla andT. plicata are the most shade-tolerant
(Minore 1979). Although all three species grow dastunder higher light conditions
(Harrington 2006)T. plicata requires only 10% above-canopy light to survivea(\yy et
al. 1994), whileP. menziesii requires 20% (Mailly and Kimmins 1997). In orderreach
maximal sapling growthP. menziesii requires 60% above-canopy light whileplicata
requires just 30% (Drever and Lertzman 2001). Altfio T. heterophylla is often
considered to be the most shade tolerant of theetepecies (Minore 1979), seedling
mortality in low light regimes is lower iit. plicata than inT. heterophylla (Kobe and
Coates 1997). In high light conditiorf3, menziesii outperforms the other two species. It
has a higher light-saturated photosynthetic raaa Th heterophylla, which in turn has a
higher photosynthetic rate than plicata in old-growth forests (Winner et al. 2004),
indicating a higher tolerance for and dependencéigh light conditions. In a study of

vertical gradients of photosynthetic light respgnBeheterophylla was found to have



greater photosynthetic rates tHammenzesii at low light levels and lower photosynthetic
rates at high light levels, due to lower light-satad photosynthetic rates, light
compensation rates, and respiratory rates (Lewat @000).

Tolerance for extremes of soil moisture varies pgcges as wellT. plicata is
able to tolerate water surplus and flooded soilgjiia 1969) and has a higher flood
tolerance thanT. heterophylla, which in turn has a higher flood tolerance thHan
menziesii (Minore 1968).P. menziesii has been found to be the most drought-tolerant of
the three species (Franklin and Dyrness 1988; Mid®79), in part because its stomata
close more completely in response to drought sttkas those ofT. heterophylla
(Hodges 1967). Although neither of the other tweaps is considered to be drought-
tolerant,T. plicata can survive on sites which are too dry Totheterophylla because of
its deeper root system (Franklin and Dyrness 198&)T. plicata seedlings have higher
survival during drought stress than thosd dfieterophylla (Marshall 1931).

Minore (1979) found thaP. menziesii and T. heterophylla are able to initiate
photosynthesis during warm, sunny days in the wintéhereasT. plicata does not
respond in this way. However, a more recent stugipahstrated that seedling shoot
growth of T. plicata is responsive to winter warm temperatures (Gro&sniand Russell
2006)

Because water is the most limiting factor for plagowth in dry Pacific
Northwest summers (Zhang and Hebda 2004), plargrwalations are key to gaining an
understanding of the ecology and health of a foaest its component&onifer forests
dominate the Pacific Northwest for several reasamgluding that conifers maintain

lower leaf temperatures and better control of wkitss than competing hardwood species



during summer drought (Waring and Franklin 197%c&use winters are mild in the
region, conifers are also favored since they ale tbconduct some photosynthesis and
growth prior to leaf-out of deciduous trees. Andafly, low soil nitrogen (N) in the
region also favors conifers over deciduous spexsethey retain needles for a number of
years (Waring and Franklin 1979). However, congmars of water relations among
conifers have received little attention. Walter d&ttl (2010) found more negative mid-
day water potential of 3 year-oRl menziesii thanT. plicata seedlings on a south-facing
site, but there was no difference in water potébedween the species in the evening nor
predawn. The interactions between soil water abiiilg, relative humidity, and solar
radiation likely all impact water relations of PiaciNorthwest conifers—likely in ways
that impact stand development and species compositinderstanding species specific
and relative responses to water availability arrésst is an important component of
understanding Pacific Northwest forest communitplegy. Abiotic factors such as
temperature, humidity, and wind, also play a mame in plant water demand and
photosynthetic rate (Minore 1979). Historicallyudying plant water relations has been
challenging in large specimens because many tegésifpr measuring plant water status
have either been destructive in nature or requiedainment of the whole plant (Turner
1981; Wullschleger et al. 1998). Continuous sapv flaonitoring, which measures the
rate at which sap ascends plant stems, allowsf@abte estimation of evapotranspiration
rates of whole trees in a non-destructive manneqBt et al. 2010; Jung et al. 2011;
Vertessy et al. 1997).

Sap flow is the movement of water as it travelgshgxylem, from the roots of a

plant to the leaves (Burgess and Dawson 2008).idanis sap flow monitoring can be



used to determine whole-plant water use and hydraahductance, as well as to identify
periods of photosynthetic activity (Ford et al. 2D0Sap flow monitoring permits
observation of short-term changes in plant evapsp@ation in response to rapid
variations in climate conditions, particularly tbanging vapor pressure deficit (VPD)
(Anfodillo et al. 1998). VPD is calculated usingtfollowing formula:

100 — RH
—X

VPD = 100

SVP

where RH is relative humidity and SVP is saturataplor pressure.

Sap flow measurements, in addition to providingghtsinto the water budgets of
individual trees, can also be scaled up to prowdsimates of transpiration for whole
forest stands(fermak et al. 2004; Hatton and Wu 1995; Jung &Cl1; Kim et al. 2008;
Kdstner et al. 1998; Martin et al. 1997) and eveml forests (Martin et al. 2001;
Wilson et al. 2001). There are several technidaeshe electronic measurement of sap
flow, all of which allow for frequent or continuouseasurements in a minimally invasive
way (Baker and Van Bavel 198Cermak et al. 2004; Smith and Allen 1996). The main
methods used are heat pulse velocity, trunk seghesitbalance, stem heat balance, heat
dissipation, and heat field deformatiae¢mak et al. 2004).

Additional insight into plant water relations, sgeally water storage, water use,
and timing of growth can be gained using dendromieteds. Dendrometer bands are
spring-loaded bands of aluminum or stainless stapke that accurately measure
incremental changes in the circumference of treesree limbs on which they are
installed. Dendrometer band measurements can loetoséustrate both long-term radial

growth of a tree bole and fluctuations resultingnirdaily and seasonal depletion and



replenishment of waterCerméak et al. 2007; Deslauriers et al. 2007; Lasd®i@3;
Lassoie 1979).

Diurnal fluctuation in stem diameter is a functminboth daily tree growth and of
water storage in the bole of the tree, and is dripemarily by transpiration (Zweifel et
al. 2001). Typically, the boles of trees contraatig the day when transpiration is at its
peak, and expand at night as water is rechargertdiia et al. 2011). However, a lag
effect in bole contraction relative to transpiratidue to hysteresis is common in many
systems, related to differences in VPD, leaf aminstvater potentials, and soil water
content (Zhang et al. 2014). Typically, thereaiglelay in stem response to canopy
transpiration. In an extreme case Hinckley et(H.74) noted that, on clear days at a
given xylem pressure potential, the stem of a wbiak Quercus alba) was thinner
during stem recharge than during dehydration. Atdrgsis loop exists between stem
circumference and leaf water potential becausén@felasticity of the water conduction
system. This causes a delay in the change of watential from the stem xylem to the
elastic tissues outside of the cambium (Hincklegt Bnuckerhoff 1975; Hinckley et al.
1974). A similar hysteresis loop was observed smstircumference and leaf water
potential of a large’. menziesii (Cermak et al. 2007). Diurnal stem contractionPin
menziesii is related to VPD and solar radiation, as well @sair temperature in the
dormant season (Devine and Harrington 2011). Skaethors have asserted that daily
fluctuations in stem diameter are driven primablychanges in bark water storage, due
to the relative inflexibility and more constant emtstatus of the xylem tissue itself

(Dobbs and Scott 1971; Steppe et al. 2006; Zwetfal. 2000).



A strong inverse relationship is typical betweep #aw and stem incremel
curvescollected from dendrometer bar(Gruber et al. 2009)As transpiration increase
sap flow rates rise, and stems contract as waterosed out of the tree and into 1
boundary layerthe thin layer of still air surrounding the swdaof a leafAn example o
this inverse relationshifrom a largeP. menziesii tree at thewvestern Washingtc study
site is shown in Figure MWhen used in combination, monitoring of sap flrates and
changes in stem increment provides insight into thater use ar presumed
photosynthetic activity of trees and the ways inalhirees are influenced by their abic
environment. In turn, this helps us to understdredecology and hydrologiunction of

individual trees and the environments in which thes.
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Figure 1. Demonstrating the inverse relationship betweerflsapand stem increme of a 98.6-
cmP. menziesii located within the study s.

Canopy position, or the vertical distributiontree canopies a forest stand, ce
have a substantial impact on transpiration rate$ water use. Taller trees that
dominant in the forest canopy tend to have higheetspiration rates per sapwoocea

due in part to greater boundary laand stomatal conductancesulting from increase
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exposure to solar radiation, VPD, and wind (Maeiral. 2001; Martin et al. 1997; Sellin
and Lubenets 2010). For transpiration to occurewaapor leaving the stomata of a plant
must diffuse through the boundary layer to reaéhatmosphere (Lambers et al. 2008).
The thicker the boundary layer, the slower thesrafetranspiration are likely to be. Trees
with greater canopy exposure have thinner bount#amrs in their upper canopies than
in the lower and mid-canopies (Martin et al. 1998 ditionally, the upper canopies of
trees have greater exposure to solar radiationdHer al. 2004) and experience greater
wind speed (Jung et al. 2011) than the canopisbatter trees in the same stand for any
given leaf area.

A study of five deciduous trees in South Korea fbdinat tree height explained
more of the variation in sap flow rates than didetrspecies due to increased solar
radiation and wind speed at the upper canopy posit(Jung et al. 2011). In another
study of sap flow rates in a mixed species deciduotest, the relative contribution of
trees to stand transpiration was driven more byvead area than by species differences
in water use (Wullschleger et al. 2001). Becalsplicata and T. heterophylla have a
higher shade tolerance thBnmenziesii, and are able to photosynthesize more efficiently
in low light conditions (Carter and Klinka 1992hely are likely to have higher sap flow
thanP. menzesii in lower canopy positions.

Substantial work has investigated the sap flowsraié matureP. menzesii
(Bequet et al. 2010; Granier 1987). Granier (1983¢d sap flow measurements to
evaluate total transpiration for suppressed, codanti and dominar®. menziesii trees
growing in a loamy brown soil over a 4-month peri@hd found that transpiration

declined sharply when plant-available soil waték felow 30%. Unsworth et al. (2004)



utilized sap flow measurements in combination wither methods to study water flux in
an old-growthP. menziesii — T. heterophylla ecosystem in western Washington, and
determined that transpiration by dominant treessitm-accounted for the majority of
water-vapor flux within the system. Meanwhile, ghéave been few studies utilizing sap
flow measurements to estimate transpiration andemwate ofT. plicata and T.
heterophylla in the field. In a study of nighttime transpiratjokavanagh et al. (2007)
presented some sap flow study of all three speitids;ating sap flow rates were highest
in T. plicata and lowest inT. heterophylla, and demonstrating a higher sensitivity to VPD
in T. plicata sap flow rates.

While diurnal patterns of sap flow and water sterdmve been examined for
individual tree speciesCérméak et al. 2007; Foote and Schaedle 1976; Heetogj.
1995), comparisons of diurnal patterns betwéenplicata, P. menziesii, and T.
heterophylla have not been done. Additionally, most studies rangpiration using sap
flow measurements have focused on short time p&riygically during the summer, in
order to capture data during the period when thestare most photosynthetically active
(Jung et al. 2011; Unsworth et al. 2004). Theresame evidence thal. plicata is
photosynthetically active for a longer portion loétyear thaf. menziesii (Hawkins et al.
1995), but this has not been tested on mature itnems region.

Understanding forest water use is especially ingmtrin light of potential climate
change impacts. Although models vary with regardhto magnitude of climate change
impacts, the Pacific Northwest overall is forectstsee greater than average impacts
from climate change in the form of warmer tempeaeguand less summer precipitation

(Jassal et al. 2009; Mote and Salathé 2010). &hponse of mixed-conifer forests to



changing climate will depend on the interactioneef§ of water availability, relative
humidity, light (sunny vs. cloudy days), and tengtere. The relative response of the
major conifer species is poorly understood, esfigaren considering responses across
seasons and at multiple canopy levels.

Different species are likely to be impacted to wagydegrees as a result of their
different tolerances for extremes in environmem@hditions such as sun, VPD, and
plant-available water (Bovard et al. 2005). Thiglenines the importance of learning
more about comparative tree water relations ofviddal species, in order to predict how
species will react to changing climatic conditioBsowth of P. menziesii is regulated by
maximum air temperature and plant available soiltewawhich affect growth
interactively (Beedlow et al. 2013). Beedlow et @013) found sharp declines i
menziesii photosynthetic rates above 25, and thus expected thBt menziesii will
experience increasing temperature limitation updedicted climate models. However, if
P. menziesii is able to take advantage of warmer days in faltev, and spring (Winner
et al. 2004), it may be able to compensate somegraig these seasons for lost growth
in the summer.

Much of the work performed on plant hydraulics cdtare trees in the Pacific
Northwest has focused ¢h menziesii (Beedlow et al. 2013 ermék et al. 2007; Devine
and Harrington 2011; Dobbs and Scott 1971; Grab®&7). AlthoughP. menziesii is a
commonly occurring tree in the Pacific Northwestsivery rare as an understory species
west of the Cascades, particularly in mesic forekely due primarily to light
limitations. By carefully selecting a site contaigiboth large dominant and smaller trees

of each of the tree study species, we were ableesb some common assumptions



regarding species’ ecological niches and stressantes. Specific objectives of the study
were to illustrate seasonal and diurnal sap flod/\&ater storage patterns, to examine the
relative effects of canopy position and tree sygeoie sap flow rates, to estimate growing
season length, and to approximate whole-standgiati®n. This study produced semi-
continuous sap flow and dendrometer band datawforand a half years, encompassing
three growing seasons. Two hypotheses of this sawelythat sap flow will be greater in
trees occupying dominant canopy position regardiéspecies, and thadt plicata andT.
heterophylla will experience greater sap flow rates in lowenagay positions. By
studying the water relations of these three speai®g broader goal was to better
understand the interaction between species angyggusition, as they may affect forest

community composition and stand structure.

Methods
Sudy Ste

The study was located in a mature conifer stanthé central portion of the
Charles Lathrop Pack Experimental Forest, ownedhbyUniversity of Washington, in
western Washington (Figure 2). The regional climatmaritime with cool, wet winters,
and mild summers with an extended drought (Fran&la Dyrness 1988). Average
January and July temperatures are 3.9 and 18.89pegectively. Precipitation averages
97.8 cm, with 88% falling between September and Bwanson 2006). Elevation is
approximately 460 meters above mean sea level @nsl)the site is located on a south-

facing aspect with approximately 35% slope.
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Figure 2. The study site is located within the Charles LathRack Experimental Forest in
western Washington, south of Tacoma and west of i¥i&ainier National Park. The site is
located approximately 50 meters downslope froml@@0 Road on a south-facing aspect.

T. plicata andP. menziesii are the dominant species on the-siteheterophylla is
common in the mid- and lower canopy. A histogranstofly site tree diameters at breast
height (DBH) shows a reversgddistribution with higher stocking of smaller trees
although there is a cohort of larger trees reptasgthose from the pre-fire disturbance
stand (Figure 3). The stand has an average basal @A) of approximately 90
m?/hectare. This number is high in part due to the-fise remnant trees, which are

consistent in size to those measured in old-gretahds in the region.
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Figure 3. DBH distribution of trees in the vicinity of the gject sit, showing a reversj-
distribution with a majority small trees and a sntalhort of large tree. Dat ar¢ from a 0.04-

hectae plot centered on the study tre

Older trees on the site bear fire scars, evidemdbheoEatonville fire that passt
through the stand in 1926. Younger trees likehaldgthed following that fire, whic
killed all standing vegetation in other areas & threst(Swanson 2006 Understory
vegetation is garse, and consists primarily of salGaultheria shallon) and sword fen
(Polystichum munitum (Kaulf.) C. Presl). Soils onsite belong to the VE8kn series, ar
are a gravelly silt loanfigure4 shows a diagram of the site and Tablests the stud»

trees and some of their physical attrib.
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Figure 4. Site map showing locations of sap flow study traed data loggers in relation to one
another. The site includes multiple sizes of egdties and is located on a south-facing slope.

Table 1. List of study trees along with their DBH, heighgight to crown, crown ratio and bark
thickness. Trees 1-8 were outfitted with both dapfmodules and dendrometer bands. Tree 10
was outfitted with just a dendrometer band.

Bark Sapwood
Study DBH Height  Crown Thickness Area
Tree Tag# Species (cm) (m) Ratio (cm) (cn?)
1 2 T. plicata 143.3 418 0.74 0.7 1742
2 1 P. menziesii 98.6 44,7 0.65 5 3760.7
3 14 T. heterophylla 64 38 0.87 1 1696.5
4 45 T. plicata 25.9 25.2 0.7 0.3 139.1
5 31 T. plicata 36.6 24.8 0.88 0.4 337.7
6 43 T. plicata 65.5 34.8 0.78 1.3 808.8
7 33 P. menzesii 24.9 30.8 0.55 3.1 391.2
8 48 T. heterophylla 39.6 34.2 0.55 0.8 568.8
10 18 T. heterophylla 58.4 39.3 0.56

The site was selected because the three studyespeere well represented within close
proximity to one another, and the mixed-cohort r&taf the stand ensured various
canopy heights of each species. A photo of theeptgite depicts typical conditions and

shows some of the instrumented trees (Figure 53. gtimarily a closed-canopy system
13



(see Figure % although there is one clearing -site, just south of the largeP.

menzesii.

;!
o\
{{ 39.6-cm T £
| heterophyllb
| 4

Figure 5. A photograph of the project site showing treesrursented with sap flow meters a
dendrometer bands. Camésdacing upslope and approximately nu.

B

Figure 6. Looking up into the canopy at the study from a location near the P2 dataloc.
Trees shown include some of the smi-diameter study trees.
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Field Instrumentation and Sap Flow Calculations

To quantify sap flow, twd”. menziesii (one large dominant, one intermediate),
two T. heterophylla (both co-dominant), and fodr. plicata (one large dominant, one co-
dominant, one intermediate, and one suppressed¢ westrumented with sap flow
modules and dendrometer bands (EMS Brno) in JulY)28ap flow rates were measured
using the thermal heat balance (THB) method. Thgirad THB method was developed
by Vieweg and Ziegler (1960), further developedif®ymak et al. (1973), and refined by
Kucera et al. (1977). In the THB method, internal heapplied via AC voltage to the
tree sapwood by three 1mm-thick stainless stedk pdtectrodes. A fourth, unheated
electrode is installed below the other three etelgs. Needle thermosensors inserted into
the electrodes measure the temperature differestweebn the three heated plates and the
lower plates. Heating is automatically controlledraintain a 1 K temperature difference
between the heated and sensor electrodes. Thefrsap flow is calculated from the heat
conducted by the sap minus any measured heat lfssasthe sensor(lermak et al.
1973).

The heat balance of the xylem through which the fkaps is described by the
equationP = Q x dT X c,, + dT X z, whereP is the heat input poweq is the sap flow
rate in kg / seddT is the temperature difference in the measuringtpoj, is the specific
heat of water, andis the coefficient of heat losses from the measupoint. Sap flow is
calculated using the equation:

_ P z kg
C ¢, xdxdT cw[

Q

,cm]

In this equation, the first term describes heatdoated by the sap flow and the second
represents sensor heat losses. The resultant tavisdegual to the sap flow of a segment
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of sapwood, not the entire tree. To calculate wii@e sap flow, measurements of tree
circumference and bark depth are incorporated timomodel. Circumference of each
tree was measured and bark depth was measured asbignt aluminum tool also

instrumented with a linear gauge; bark thicknessestimated where resistance to

insertion changes (EMS Brno). Whole-tree sap floaswalculated using the following
equation: Qe = Q X (A — 6.28B)[';—f], in whichA is equal to stem circumference &d

is equal to the thickness of bark plus phloem¢g€a 2010).

Sap flow modules were installed at a height ofeast 1 m on the downslope /
south-facing side of the trunk, with the exceptadrthe two largest trees. The largést
menziesii was outfitted with two sap flow modules, one oa tiorth and one on the south
side of the tree bole. The largdstplicata was also outfitted with two modules, but with
one on the east and one on the west side of timk.tflwo sap flow modules were
installed on the largest trees to describe boléatran in sap flow, and sap flow was
averaged for these two modules for subsequent singlermék et al. 1995). Sap flow
modules and south-facing lower tree boles receidingct sunlight were covered with
insulating foam and reflective material to protéetm from precipitation and overheating
due to solar radiation, both of which affect meaments. Electrodes were removed,
cleaned, and reinserted in a slightly differentaloen in the tree bole (away from the
presumed sap flow of previous installation) oncenumtly to prevent erroneous
measurements resulting from resin build-up. A daagrof the sap flow sensor setup is

shown in Figure 7.
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Figure 7. Sap flow modulesomponent« 1) Small thermo sensors, threaded through sloth@
electrodes; 2) Module — a selbntained unit that measures sap flow rates. lgfdreely fromr
the electrodes and connects to the dataloggereBedRve, insulating covering to reduce er
from solar radiation and precipitatio Not shown, the entire apparatus at the right was
covered in &.5 m by 1 m continuoi sheet of reflective insulation.

The THB method measures sap flow rates accurately andnsitise to ever
small changes in flow ratg€Schulze et al. 1985)t allows for estimation of who-tree
transpiration with low error rates, although eiosomewhat higher when the study tr
are under drought stress conditi(Cermak et al. 1995)The results of individual tre
measurements can be scaled to the stand levetimaéag sap flow per tree by diame
and multiplying the number of trees of each :

To quantify water storage and tree growth, dendtemigands were installeat
approximately 1.5 maboveround on all of the sap flow study trees as well as
additionalT. heterophylla. The DR 26 dendrometer bands consist ofrdess steel ta|,
whose length variations are measured with an at rotary position sens (EMS Brno)
(Figure 8). Output dathave a resolution of 1 um & representn chang (A) in stem
circumferenceA change in band lenc results in a change of the rotgrgsition, whicl

is converted int@xact electrical volta¢ for transmission to a datalogger.
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Figure 8. Dendrometer module, showing stainless steel baddratary position sensor. The
band is placed under tension during installatioth @manges in rotary position are recorded with 1
pm precision.

Sap flow modules and dendrometer bands transmiléa to two EMS Mini32
dataloggers. The four dominant and co-dominansiréeee outfitted with both sap flow
and dendrometer modules, one outfitted with ordgadrometer band, were connected to
datalogger P1 and the five smaller trees were adadeto datalogger P2. The
dataloggers recorded sap flow and stem increme®Oahinute time intervals. Each
datalogger was powered by a 12-volt rechargeallbattery, which was charged from a
solar panel. Battery failures occurred due to ¢eidperatures, and other difficulties with
maintaining electrical equipment in the field fok/2years resulted in loss of data from
one or both dataloggers for time periods of varyermgths.

Two weather stations were also installed on-s8&tion 1 was installed at
approximately 1 m above the ground in a small aMgasubject to intermittent sun
(Figure 9). Station 2 was installed in the lowenaay of a dominant (non-study) tree 20
m above the ground (Figure 10). Each station ctewi®f sensors measuring air
temperature, relative humidity, soil temperatudasradiation [W/rf], and wind speed.
Each station was connected to an independent dg&ldhat recorded values every 10

minutes (Figure 9). Data from all dataloggers wepéoaded to a field laptop several
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times per month. Data were collected from earlyy 2010 through early December

2012.

R § X _“ X t 1 i :.L-’S’ bk .l :""‘ L ’; / %\\\'{“?a & = 2
Figure 9. Ground-level weather station. Components are dswel 1) solar radiation sensor; 2
and 3) temperature and relative humidity sensocaigad in radiation shield; 4) anemometer to

measure windspeed; and 5) datalogger.

Figure 10. Canopy-level weather station mounted approxima@ﬂym above the ground.
Components are the same as those in Figure 9.

19



Qualitative Data Analysis
Time series of sap flow and dendrometer data vexa&mined by season to
compare differences among species, tree sizes;arapy position. Patterns in sap flow

and stem increment data were visualized at dalysanal, and longer time periods.

ANOVA

Analysis of variance (ANOVA) was used to test flifferences in sap flow
among species and canopy position. Stem diamesebdwen found to explain 87-88% of
variation in transpiration in two hardwood spedjgertessy et al. 1995) and tree basal
area explained 91.1-99.9% of variationAbies amabilis (Martin et al. 2001), so prior to
ANOVA, | converted daily sap flow to a per-DBH unialue (i.e. daily sap flow per
centimeter of DBH) in order to normalize sap floar trees of various sizes. | then
created datasets of total daily sap flow for seviedays by season. In the first set of tests,
| compared trees by species, and then in a sefasdtby height class.

The first ANOVA test compared total daily sap flaaf each species without
regard to height. In a second analysis, | compé&ved daily sap flow of each of three
height classes — under 30 m, 30-35 m, and over 35without regard to tree species.
Each test was run multiple times, for each seasorwhich we had a minimum of 30
days of data. Subsequently, | ran ANOVA tests campasap flow rates for just the
three dominant trees to one another, and thengushe three smallest trees to one

another. These tests were also run for each sdéaisotich data were available.
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Stand Transpiration

To produce an estimate of stand transpirationst €ategorized all the trees in
the study site into height classes (less than 3@0nto 35 m, and over 30 m). | then
calculated the mean normalized total daily sap ftates for each of the study trees. |
used these rates to calculate the sap flow ofhallttees within the 0.04-hectare plot,
based on tree size, by multiplying the mean persam flow rate of the closest in size
study tree by the DBH of the non-study trees. TWatue was converted to mm of
transpiration per day, which is equivalent to 1Dpar hectare per day. | performed this
calculation for spring (April 1 — May 31), earlyramer (June 1 — July 14), late summer
(July 15 — September 15), fall (September 16 — Nayar 15), and winter (November 16

— March 31).

Water Use Efficiency

| estimated tree water use efficiency (WUE) fdmabnths of the growing season
for which both sap flow and stem increment dataenarailable to compare WUE by
species and canopy position. To perform this amglyls calculated the basal area
increment (BAI) for each month, using the dendre@néand data, and the total monthly
sap flow of each study tree. Monthly WUE was calted as the ratio of BAI to total sap
flow for each tree. | also estimated three-year WtlEeach of the three largest trees and
two-year WUE for the five smaller trees. For thidimate, | calculated the ratio of BAI
from growth rings of tree cores to estimated anntaispiration of each tree. Annual
transpiration of each tree is based on seasonigl m@ans, which were calculated using

any available data.
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Tree Vigor

Because stemwood production is a secondary pritaritoot and shoot growth for
plants, a method of assessing tree vigor by detengithe proportion of carbon allocated
to stem growth has been suggested (Waring et 80)19Varing et al. (1980) found that
in youngP. menziesii the ratio of basal area growth to sapwood ba%a aas a reliable
indicator of stemwood-volume production per unitledf area. To determine tree vigor
of the study trees, | calculated the area of thE22frowth rings for each tree as well as

their 2012 sapwood area and computed the ratioeotfiwo values for each tree.

Results
Bole Variation in Sap Flow in Dominant P. menziesii and T. plicata

Two sap flow modules were installed on the two éatgrees, and the differences
between sap flow measurements at different locatmm the tree boles are depicted in
Figures 11 and 12. The sap flow patterns demorsswtchrony, with increases and
decreases in flow occurring at the same time it Isap flow modules. However, in the
P. menziesii, the south-facing module depicts changes of greaignitude than the
north-facing module. In thé&. plicata, the two sap flow curves are very similar untiela

August, when the decline in sap flow is steepeéh@west-facing module.
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Figure 12. Total daily sap flow rates for 14:-~cm T. plicata, illustrating the different sap flo
rates on the east and west sides of the tree

Diurnal and Seasonal Sap Flow Patterns

All trees shared the same general sap flow ¢c—an increase in flow in thearly
afternoon peaking sometime in the afternoon, and then wiagjiinto the evenin~ but
patterndiffered by species, especi: during summer monthg. plicata demonstraid a
more bell curveshaped diurnal pattern, particularly on days watldr levels of light an
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VPD, and its sap flow levels peaked later in thg @dgure 13).T. heterophylla andP.
menziesii initiate activity more abruptly, reach their peehrlier, and then decline
gradually throughout the evening. In the summer thmrthis pattern held true for trees
of all sizes, indicating species uniformity regasii of canopy position. On July 22,
2010, a fairly cloudy day particularly in the margj sap flow initiated at approximately
the same time for the three largest trees of epebiess, at around 0800 h. It initiated
earliest inT. heterophylla and latest in the smal. menziesii. Sap flow peaked at around
1500h for the largd. menziesii and T. heterophylla and at 1600h for the dominait
plicata. Both P. menziesii and T. heterophylla sap flow curves demonstrate a flattening
after nearing their peaks. On July 23, 2010, whght llevels were higher, all three
dominant trees demonstrate a sharp dip in sapré®s, which coincides with peak solar
radiation at the ground-level weather station (Fegli3).P. menziesii, the most drought-
tolerant of the three species, maintains a faidgstant sap flow rate for a much longer
portion of the day than the other two trees, algfiothe dominant. plicata maintains
measurable sap flow later into the evening on bathmer days.

Magnitude of flow is also quite different for tha¢e trees. For all the study trees,
sap flow was slightly higher on July 22, indicatitngit sap flow rates may be limited by
higher VPD and light levels on the sunnier day. Quty 22, T. plicata reaches a
maximum sap flow of 13.3 kg/hr, whilB. menziesii’'s maximum flow is 6.6 and.
heterophylla’s is 5.8. However, when sap flow rates are tramséal to a scalable unit by
calculating sap flow per centimeter DBH, differesige magnitude are smaller. Per cm
DBH, sap flow rates for these two summer days aghdst in the smallerT.

heterophylla, followed by the dominant and co-domindntplicata. Per-unit sap flow
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rates are lowest in the small@stplicata and the smalleP. menziesii (Figure 14) Fall
diurnal sap flow rates for the three dominant traes similar in magnitude, witR.
menziesii peaking earlier in the day than the other twostrd@gure 15)On these same
dates in the smaller trees, the same basic cumneesvédent for most trees. When sap
flow measurements of the smaller trees are scatedap flow per cm DBH.T.

heterophylla has the highest peak flow rate.
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Figure 13. Diurnal sap flow curves for all study trees on J2B 2010, a somewhat cloudy day,
and July 23, 2010, a sunny day. Sap flow is shawkgihr for whole trees. Solar radiation and
VPD taken at Weather Station 1, at 1m height, bosva above.
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Figure 15. Hourly sap flow and weather data for the three dami study trees on October .
2010.

Winter daily sap flow was much lower, anpatterns were lis apparent,
particularly for trees in lower canopy positit (Figures 16 and 17Maximum sap flown
rates are much lower in Figure than in Figure 13, and lower stih Figure 1'. Sap
flow curves of the larg®. menziesii andT. heterophylla were similar in shape to tho

curves in summer daysnd although the magnitude was much |edsese trees sti
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maintained measurable rates. Regardless of 3izg@licata demonstrated very little
winter activity on cold, cloudy days.
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Figure 16. Diurnal sap flow rates of the three largest studgd on three cold, cloudy, winter
days. Sap flow is shown in kg/hr for whole treeg. tdmperature and VPD at the ground-level
weather station are shown above, for the sameperned.
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Figure 17. Diurnal sap flow rates of the smaller study treescofd, cloudy winter day:
Although some synchronous response is evident @erkeer 2™ overall patterns are much le
regular than on warm days.

The sap flow rates (T. plicata began dropping earlier in the fall than the of
two species. In the spring, plicata sap flow rates appeared to increkder in the yea
than those ofP. menziesii and T. heterophylla. Unfortunately, inadequate data we
available to illustratéhe spring increase in < flow. Figure 18 depicteost of ¢ year of
sap flow rates for the three dominant trees. Sap # shown in kilograms per day of s
flow per tree, and valuagpreser a five-day running averagof total daily flow. Figure
19 shows data fothe same time period, but valurepresentotal daily flow percm
DBH. Figure 20 and 2%how a full year of fiveday averaged total daily sap fl, for the
whole tree and per crdBH, respectivelyfor the five smaller study treeAverage

wholetree daily sap flow for each season is depicteliainle 2
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Table 2. Average daily sap flow and average daily sap flewwgm DBH daily sap flow for each
study tree for spring (Apr 1-May 31), early sumr@iime 1 — July 14), late summer (July 15 —
Sept 15), fall (Sept 16 — Nov 15), and winter (N®v— Mar 31). All days for which data are
available are included in the calculation, so sgeesons have more robust data than others. Few
data were available for spring.

Early Late
Tree Spring Summer Summer Fall Winter
143.3-cmT. plicata 8.55 35.68 70.48 23.75 6.81
98.6-cmP. menziesii 2.00 23.85 39.70 28.65 8.88
64-cmT. heterophylla - 35.35 45.68 27.93 9.00
25.9-cmT. plicata 7.28 7.65 16.77 3.73 194
36.6-cmT. plicata 7.47 5.97 4.63 147 2.15
65.5-cmT. plicata 13.75 11.32 11.52 191 1.28
24.9-cmP. menziesii 0.91 3.66 451 145 1.87

39.6-cmT. heterophylla 9.52 20.05 14.78 3.32 1.24

Early Late
Tree Spring Summer Summer Fall  Winter
143.3-cmT. plicata 0.06 0.25 0.49 0.17 0.05
98.6-cmP. menziesii 0.02 0.24 0.40 0.29 0.09
64-cmT. heterophylla - 0.55 0.71 044 0.14
25.9-cmT. plicata 0.28 0.30 0.65 0.14 0.07
36.6-cmT. plicata 0.20 0.16 0.13 0.04 0.06
65.5-cmT. plicata 0.21 0.17 0.18 0.03 0.02
24.9-cmP. menziesii 0.04 0.15 0.18 0.06 0.08

39.6-cmT. heterophylla 0.24 0.51 0.37 0.08 0.03

ANOVA Results

The results of the ANOVA show the effects of tlesght and tree species on
total daily sap flow rates vary by season. Compggah trees, both species and height
class have significant effects on total daily skypvfby cm DBH in summer, fall, and
winter (Figure 22). In all three seasons, sap fi®Wwighest inT. heterophylla. In summer
and fall, there was no significant difference betweotal sap flow ofl. plicata and P.
menziesii. In the winter, both species effect and heightssl&ffect are somewhat

diminished, and sap flow was lowestlinplicata.
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Figure 22. Results from ANOVA tests comparing total daily $bow per cm DBH between the
three study species and between height classéisréa seasons. Values shown are in kilograms /
cm DBH / day.

In comparing total daily sap flow per cm DBH of ttieee dominant trees, sap flow rates
was highest inTl. heterophylla in all seasons tested, although in late winter aswot
significantly different tharP. menziesii (Figure 23). In the fall and winter, sap flow was

lowest in the dominari. plicata.
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Figure 23. Results from ANOVA tests comparing total daily gy per cm DBH between the
three largest trees of each species. Values shain &ilograms / cm DBH / day.

Nensignificant B P, menziesii
2
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Finally, comparing sap flow of the three smallesirteter trees of each species
(Figure 24),T. plicata had the highest sap flow in the spring, summed, fall. Sap flow
was lowest in the smaR. menziesii in all seasons except winter, when its sap flove wa

not significantly different from that df. plicata.
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Flgure 24. Results from ANOVA tests comparing daily sap flper cm DBH among the three
smallest trees of each species. Values shown &ibgrams / cm DBH / day.

Tables showing means, p-values, and post-hoc fasédl three tests are included in the

Appendix.

Diurnal and Seasonal Stem Increment Patterns

In order to examine diurnal stem increment pastetrfirst transformed all the
dendrometer data (removing differences in stanatgtional measurement of sensors) to
begin at 0 mm at the beginning of the study periothen graphed stem increment
changes over short time periods (Figure 25). Duthgytime period from July foto
August 4", both the rate and the magnitude of stem expanaiengreatest in the

dominantT. plicata. Stem circumference also increases greatly intihe large T.
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heterophylla and the smalle<T. plicata. Day-today fluctuations are greatest in these -
trees as well. Durinthis time perio, there is minimal overall steexpansion in the tw
P. menziesii and the 65.%m T. plicata, and the small. heterophylla and 36.-cm T.
plicata lose stem circumferenceThese five trees also demonstrate less-to-day

fluctuation, with the 36.@&m T. plicata remaining the most static within da
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Figure 25. Diurnal stem circumference fluations for all study trees from July"18 August 4,
2010, demonstrating both dég-day fluctuations as well as growth trends.

In the winter, there is much less wit-day fluctuation in stem circumferencer
all the study trees (Figures In November and December 2011, the greatestgesam
stem circumference occurred in the three laiT. plicata, and the smallest chang
occurred in the twd®. menziesii and the smallest. plicata. Species appeared to mc
strongly affect patternsfstem increment change than did canopy positionngduhe

winter, when light levels are low for all trees aediess of heigh
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Figure 26. Diurnal stem circumference fluctuations for thedsturees from November " —
December 18, 2011, demonstrating both «-to-day fluctuationsas well as growth trendStem
expansion appears to continue, albeit slowly, iate November for all study tre

Stem increment curves over a calendar year for dhgebt tree of each specit
demonstrate both shaerm fluctuations in water storage status and lc-term growth
of the tree boles (Figure 27The two similar-sized. heterophylla demonstrate almo
identical curves of stem increment chansuggestinghat species plays a vital role
water storage and growibatterns. The largT. plicata shows the greatest sr-term
fluctuation in bole water status, while st-term fluctuation is minimal in the larcP.
menziesii. Onset of springime growth and/o stem recharge occurs earliest T.
heterophylla and latest ifT. plicata. Stem circumference of the domindntplicata dips
sharply at approximately the same time iT. heterophylla initiates growthin late Ma..
The overall trend is for an increain circumference, and while this is greatest duting

summer, surprisingly, there appears to be a smpémsion during the winter as we
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Figure 27. Stem increment changes for dominant trees acragdbkyaar.

These patterns are mirrored, although evidently, in Figure 28which depicts i
calendar year of stem increment change for the sivaller treesHere the stronge:
similarities are between the two larcT. plicata. The 25.9 cml. plicata shows little
shortterm fluctuation and little lor-term growth, reflecting its status as a suppre
tree in a closedanopy system. The 3¢ cm T. heterophylla demonstrates a shallow
spring growth curve than the larger trees in Fi¢27, likely a result of carpy position-
induced growth limitations. Despite drasticallyfdient sizes and canopy positions,

two P. menziesii demonstrate patterns of similar magniti(Figures 26 and 2.
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Figure 28. Stem increment changes for intermediate and sugpguldsees across a full ye

Overall length of growing season appears to beiémted both by tree spec
and canopy positiorT.. heterophylla onset of growth occurs earliest in the year regss
of tree heightNext to initiate growth are the suppressed to maatiateT. plicata and
the suppresse®®. menziesii, followed by the dominanP. menziesii and finally the
dominantT. plicata. Cessation of summer stem growth is more variablg, dzcurs
earliest inT. plicata, with the exception of the 65-cm tree, and latest in the-dominant

T. heterophylla. These esults are summarized in Tab.
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Table 3. Approximate start and end dates of seasonal stgansion for all study trees based on
dendrometer band data.

Height Days in Growing

Tree Class* Start Date End Date Season
143.3-cmT. plicata 3 5/21 7129 69
98.6-cmP. menziesii 3 5/19 8/3 76
64-cmT. heterophylla 3 517 8/11 96
25.9-cmT. plicata 1 5/16 7121 66
36.6-cmT. plicata 1 5/16 8/3 79
65.5-cmT. plicata 2 5/17 8/26 101
24.9-cmP. menziesi 2 5/16 8/3 79
39.6-cmT. heterophylla 2 4/20 8/3 105
58.4-cmT. heterophylla 3 4/27 8/14 109

*Height class 1<30m; class 2 30-35m; class 3 > 35m

| used stem increment data to determine overatupiference growth of all the
study trees during the time period from July 204 @ecember 2012, and then calculated
BAI. Overall BAI during this period was highest tine 143.3-cnfl. plicata (181.85 cm
BAI), the 65.5-cniT. plicata (155.01 crfi BAI), and the 58.4-cni. heterophylla (122.58
cn’ BAI). The lowest recorded overall BAI occurredtie 25.9-cnil. plicata (3.22 cnf

BAI), followed by the 24.9-cnP. menziesii (44.19 cni BAI).

Total Stand Transpiration

| calculated total stand transpiration by multiptythe mean total daily sap flow
rates per study tree across all 46 trees in theysplot, converting to kilograms per
hectare, and then converting to mm per day (!@en hectare per day). | approximated
the total stand transpiration per hectare for gpreummer and fall (Table 4). Although
only six of the 46 trees were over 50 cm in diameéteese trees accounted for nearly half

of transpiration across all three seasons. Traaspir rates were much higher in the
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summer than in the fall or winter, and were apprately twice as high in the fall as in

the winter.

Table 4. Approximate stand-level transpiration rates, pestdme, based on extrapolating daily
sap flow rates for the study trees across all tnethsn the study plot.

Total Average Daily Stand Transpiration

(mm)
Tree DBH (cm) Spring Early Summer Late Summer Fall Winter
> 50 0.26 0.45 0.48 0.19 0.05
25-50 0.22 0.28 0.36 0.09 0.06
<25 0.24 0.25 0.39 0.09 0.07
Totals 0.56 0.98 1.23 0.37 0.18

Water Use Efficiency

Monthly WUE of each study tree was calculated Aogust through October of
2010, August through October of 2011, and May tglo8eptember of 2012 (Figure 29).
WUE is highest irT. plicata throughout most of the growing season, and WUR kaies
more in the smaller trees than in the dominant @mdominant trees. No other strong
patterns are evident across study years. In 2010 W the dominanT. plicata andP.
menziesii increased from August through October (greatesfT.implicata), while it
decreased somewhat in the lafgdeterophylla. In 2011, WUE of all trees dipped from
August into September and then increased again atob@r. This effect was most
strongly seen in the three larg@r plicata. Solar radiation was lower in mid-late
September 2011 than during the same time peri@d@10 (see Appendix). In 2012, WUE
of the mid-sizedT. plicata showed a bell-shaped curve from May through Septemb
while the WUE of all the other study trees eithecr@ased or maintained constant over

the same time period.
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Figure 29. Estimates of water use efficiency (WUE) for all @ing season months for which
both sap flow and stem increment data are avaifablgome or all of the study trees.

| used measurements of tree rings to estimate WAHE longer time periods —
two years for the five smaller trees and three ydar the three largest trees — by
calculating the ratio of growth ring BAI to estiredtannual transpiration (Table 5). WUE
was highest in the 65.5-cih plicata, followed by the dominant. plicata and the co-
dominantT. heterophylla. It was lowest in the smallé€t. menziesii and T. heterophylila.
When calculated using normalized (per cm DBH) dap frates rather than whole-tree
sap flow, the ranking of WUE is the same, but tifeeence between the 65.5-cm and

the 143.3-cnT. plicata is smaller (see Figure D in Appendix).
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Table 5. BAl measurements and WUE estimates over three y#amse largest trees of es
species) and two years (five smaller trees). WUE walculated as the ratio of BAI to ann
transpiration.

Study Tree BAI (mm?)  WUE
143.3-cmlT. plicata 4819.¢ 0.55
98.6-cmP. menziesii 1246.« 0.19
64-cmT. heterophylla 1187.( 0.52
25.9-cmT. plicata 160.¢ 0.12
36.6-cmT. plicata 675.¢ 0.29
65.5-cmT. plicata 1673. 1.99
24.9-cmP. menziesii 166.( 0.05
39.6-cmT. heterophylla  498.t 0.07
Tree Vigor

Tree vigorwas calculated as the ratio of the basal areaeo2@12 growth ring t
the 2012 sapwood area (Figi30). Tree vigor was highest ih plicata and lowest irP.
menziesii. There did not appear to be a strong relationbleifgveen stem diameter a

tree vigor.

39.6-cm T. heterophylla
24.9-cm P. menziesii
65.5-cm T. plicata
36.6-cm T. plicata
25.9-cm T. plicata
64-cm T. heterophylla
98.6-cm P. menziesii
143.3-cm T. plicata

0 0.004 0.008 0.012

Figure 30. Tree vigor calculated ethe ratio of tree ring basal area to sapwood gvel the
method described iWaring et al. (19€). T. plicata, T. heterophylla, andP. menziesii are shown
in red, green, and blue, respective
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Discussion
Bole Variation in Sap Flow of Dominant P. menziesii and T. plicata

Differences were greater between the two sap floeters on the largé.
menziesii than on theT. plicata, which is most likely because of the greater défee in
sunlight between north and south than betweenasaktvest, although some of it may be
attributable to traits specific to the species e individual trees (Figures 11 and 12).
These two species also have different water-comydystems. Vite and Rudinsky
(1959) describd®. menziesii and T. heterophylla as having a sectorial, winding ascent,
whereasT. plicata has a sectorial, straight ascent. A sectorial, imgnéscent permits a
more adaptive means of water distribution thanctéosial, straight ascent (Rudinsky and
Vite 1959), which may partly explain the greateffatence in flow between the two
modules on thé®. menziesii than on theT. plicata. Although differences may have been
less substantial in the co-dominant and suppressed, a single sap flow meter on the
south side of the trees likely represents a higimase of sap flow across the entire tree,
particularly when the tree is exposed to varyingimmmental conditions according to its

position and microsite.

Diurnal Patterns

Daily sap flow patterns differ by species and anapy position. On warm
summer days, all but the smallest trees demondt@teimilar curve, but the sap flow
curve of T. plicata was much more bell-shaped than the others (mdtesKewed)
regardless of tree size, especially on cloudiesdkigures 13 and 14). Although all three

species initiate photosynthetic activity at appnoaiely the same time of day in the
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summer P. menziesii andT. heterophylla reach peak transpiration earlier in the day than
T. plicata. Becausedl. plicata is considered to be less drought-tolerant tRamenziesii
(Minore 1979), it may regulate water loss through stomata less well. This could
explain why the sap flow curves df. plicata appear to approximate the curve of
available solar radiation rather than respondingtesngly to elevated VPD. However,
Minore (1979) also ranked. heterophylla even lower thanT. plicata on drought
tolerance. And previous research has found thatasing VPD does decrease foliage
conductance and net photosynthesisTirplicata seedlings (Grossnickle et al. 2005).
Additionally, VPD was found to explain more varildlyiin sapflux of T. plicata than in
P. menziesii or T. heterophylla (Kavanagh et al. 20075ap flow of P. menziesii dips
earliest in the day, perhaps indicating a supealality to regulate water loss, in turn
reflecting its status as a drought-tolerant speditsckley and Scott (1971) found that
when soil moisture is low, there is no correlatlmetween temperature and sap flow in
young P. menziesii, demonstrating that plant processes (i.e. stomdtaure) can
override the expected results based purely on bysigal gradient and indicating an
adaptation to reduce water loss. B&thmenziesii andT. heterophylla are considered to
be conservative with regard to stomatal contrakater loss (Bond and Kavanagh 1999).
Summer sap flow oP. menziesii andT. heterophylla reached its peak earlier in
the day thar. plicata (Figure 13), indicating that they may be closingitistomata to
conserve water during the hottest part of the déme dominantP. menziesii is able to
maintain a high sap flow rate for a longer portajrthe day than the other two dominant
trees, reaching its peak sap flow earliest and ao¢sdecline sharply until 2000 h in

midsummer.T. plicata maintains measurable sap flow later into the exggribut at low
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levels. Xylem morphology may play a role in thisspbmenon, if tracheids dt plicata
are smaller and have higher capacitance than tier ¢tvo species. Tracheids Bf
menziesii are elongate and 1-4 mm in length and 10:65in diameter (Domec et al.
2008). Another source approximates the tracheidheliiar range from 35-5pm in P.
menziesii, 30-50um in T. heterophylla, and 30-45um in T. plicata (Hoadley 1990Q)

A study of hydraulic capacitance and xylem hydmaskfety by McCulloh et al.
(2013) helps to explain patterns in diurnal sapvfllurves observed in our trees. In that
study, it was found that small branchesToplicata can withstand more negative water
potentials tharP. menziesii or T. heterophylla. In the early part of the summer, | found
that T. plicata sap flow was higher than that of the other twodyeehich reflects the
findings of McCulloh et al. (2013) that. plicata is less conservative with regard to
stomatal closure thail. heterophylla or P. menziesii. The more pronounced midday
depression | observed ih menziesii andT. heterophylla sap flow rates may be explained
by the lower hydraulic safety margins observedha branches of these two species
relative toT. plicata (McCulloh et al. 2013).

Winter diurnal sap flow curves were much less smmooverall, and distinct
patterns were more difficult to discern (Figuresat@l 17). Overall, sap flow rates of the
dominantT. plicata were lower than those of the other two dominaeédr despite a
larger tree size. This finding is consistent withnWér et al. (2004), who found that
plicata is less able to photosynthesize during occasiaam, sunny winter days than
the other two specied. plicata undergoes cold hardening during low temperatures,

resulting in a concurrent decrease in photosyrghi®geger et al. 1993).
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Seasonal Patterns

Patterns emerged in sap flow and stem incrementesabcross seasons. The
dominantT. plicata has higher sap flow rates in the middle of the mem even per
centimeter DBH, than the other two dominant trées,its sap flow rate begins to decline
much more rapidly in late summer and early falg(ffes 16 and 17Y.. heterophylla and
P. menziesii maintain slightly lower sap flow rates through AsgthanT. plicata, but
maintain those rates steadily through late Octolwben they drop substantially for the
winter. It is likely thatT. plicata is demonstrating a drought response at the erbeof
summer, whileT. heterophylla and P. menziesii, better able to maintain photosynthetic
activity in drier conditions, remain active untéhyight and temperature become limiting
factors. A study of water stress Bnmenziesii found no evidence of osmotic adjustment
in response to water deficit, but did find thatulybt resulted in large, reversible changes
in cell-wall water content and elasticity (Joly adderr 1987). There is some evidence
that ectomycorrhizal relationships reduce the éftgcdrought onP. menziesii as well
(Parke et al. 1983).

Throughout the wintefT. heterophylla andP. menziesii maintain higher levels of
sap flow, indicating that they are better abletibze low levels of light in the winterT.
plicata winter photosynthesis is limited by minimum amlbiair temperatures and shoot
growth does not occur below@ (Grossnickle and Russell 2006). Although our féap
data for springtime is patchy, it appears that flates ofT. plicata increase later in the
year and more slowly than the other two speciedicating a shorter overall growing
season. This is contrary to the findings of presistudies (Hawkins et al. 1995; Minore

1979; Mitchell 1965; Williams 1968), which foundathof the three specie$, plicata

45



had the longest growing season &hanenziesii the shortest. It is possible that this trend
is a result of drier site conditions in our stuthan in the previous studies. Long-term
dendrometer data demonstrate that onset of sprimgy-growth occurs earliest if.
heterophylla and latest inP. menziesii. Initiation of growth occurs at slightly different
times for the three tree specid@s.heterophylla appears to initiate growth the earliest, in
late May.T. plicata circumference dips sharply at approximately thmesdime thafT.
heterophylla initiates growth, which may indicate a sharp iase in transpiration and
concurrent loss of stored water.

Interactions between tree size and species beeaident in the graphs of total
daily sap flow by cm DBH for the five smaller stuttges (Figure 19). The tree with the
consistently highest sap flow per cm DBH was Theplicata with the smallest DBH,
while the lowest rates were found in the 36.6-Crplicata (the shortest of its species in
the study) and the 24.9-cih menziesii. All five trees recorded very low rates of sapnlo
in the winter, although here the highest rates noftlen occurred if. plicata. Similar to
the dominant treeg,. plicata demonstrated a drop in sap flow activity earlietha year,
in August, and an increase in rates later in trer ylganT. heterophylla. The suppressed
P. menziesii maintained consistently low rates throughout tharyencreasing only
gradually in the spring, indicating that it is matongly impacted by light availability
due to canopy position than the other two spe@egardless of seasoR. menziesii is
known to have lower shade tolerance tHarplicata and T. heterophylla (Carter and
Klinka 1992), and our results support that undexditag. Additionally, tracheid diameter
is significantly greater in releasd®l menziesii than in suppressed trees of the same

species, which likely effects magnitude of sap flates (Renninger et al. 2006).
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Comparison of the effects of tree height and sgecies on total daily sap flow
vary by season. During summer and fall months, ispeand height both significantly
impact total daily sap flow by cm DBH, with sapJidhighest inT. heterophylla. The
tallest trees also had higher sap flow rates, stmgofindings by previous researchers
(Jung et al. 2011; Unsworth et al. 2004). In thaten, when total daily sap flow was
uniformly low, species and height effect were soimawdiminished though still yielded
significant differences. Canopy position is likéggs important in the winter when light
levels are low for all trees regardless of heidiite overall higher sap flow rates Tn
heterophylla may be explained by the higher trunk conductantaive to P. menzesii
andT. plicata, particularly when water is abundant (McCullolakt2013)

Comparing sap flow of the dominant trees and thie-canopy trees as groups
shows contrasting results. In the dominant trems,f®w was highest iii. heterophylla
throughout summer, fall, and early winter (Figui®).2Sap flow ofT. plicata and P.
menziesii were not significantly different in the summer rtims) butT. plicata sap flow is
significantly lower in the fall. Because light islikely to be a limiting factor for the
dominantT. plicata, it is probable that the tree’s photosynthetic aitidecreases in the
late summer and early fall as a result of limitemtev availability. Interestingly, no such
drought response was apparentimeterophylla, considered by some to be less drought-
resistant tharT. plicata (Lassoie et al. 1985). Among the smallest-diam&tss, sap
flow was lowest inP. menziesii in the spring, summer, and fall, and in the summas
highest inT. plicata (Figure 24). Thi. menziesii, despite being five meters taller than
the T. plicata in this test, is showing clear signs of light lations, unsurprising

considering the higher light requirements of thecsgs (Carter and Klinka 1992; Minore
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1979). Because lower sap flow rates were seenarBéh6-cmT. plicata, it is possible
that the high rates in the smallest-diam@&teplicata are a result of something unique to
that tree. The recorded high sap flow rates cowdab artifact of sap flow module
placement on the tree. The module was moved tdfereht location on the bole each
season, and recorded much higher values in 20h2nithe two years preceding.

Yearly graphs of stem circumference change pralviddditional information
about tree water use and length of growing sedsath, by species and by tree size. In
Figure 20, the twol. heterophylla expand and contract synchronously, indicating a
strong effect of species on tree incremeht.plicata demonstrated larger short-term
fluctuations than the other dominant trees, indicathat it may do less to regulate water
loss than the other two species below a threshottlaught stress. In the dominant trees,
T. heterophylla experienced the greatest overall stem expansidnie W?. menziesii
demonstrated the least. The small circumferencagehanP. menziesii may be in part
because the much thicker bark on these trees pgezl’enntact with the extensible tissue;
an increase in growth in the second season likeflgats better contact following bark
compression in year one. Among the smaller treegu(é 22), stem expansion and
contraction occurred at nearly identical times &F the study trees, although the
magnitude of change was smallest for the 25.9Fcpticata.

An examination of stem increment by month showed tree boles continued to
expand into the fall fof. plicata, despite a substantial drop in sap flow ratek@aend of
the summer. It is likely that the trees are utigistored carbon in order to continue
growing when water is limiting. Both water storaayed carbon storage serve as buffers in

times of seasonal stress in conifer species (Hayckhd Lassoie 1981).
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Overall stem expansion across the study period losasst in the smallest.
plicata. Although T. plicata has a high shade tolerance and can survive welhen
understory, when this species is in a suppresssitiggoit may focus its development on
new root growth (Eis 1973). It is possible thatdese this tree was conducting so much
sap per cm DBH, as shown in Figure 18, its wateragie status did not change
substantially as any water taken up by its roots wanediately utilized for transpiration
and new growth occurred primarily belowground. @¥lestem growth was also low in
the dominantP. menziesii. This was a surprising finding, sin€e menziesii is a fast-
growing species and can maintain rapid height gndat more than 200 years (Curtis et
al. 1974). This study did not examine height grqvéh it is possible that this tree did
grow substantially in height during the study pdrimut that its growth was not reflected
in its bole size. Most likely, however, stem expansf the twoP. menziesii was masked
by the very thick, corky bark. The dendrometer lsawere not in direct contact with the
trees’ extensible tissue. However, examination refe trings from 2010-2012 also

demonstrates little growth . menziesii.

Stand Transpiration

Although | found no previous studies that have usag flow data to calculate
total stand transpiration fdr. plicata-dominatedorests, the values calculated within this
study for summer stand transpiration fall withire trange of other studies on conifer
forests. No comparable studies were performedarfat and winter, so it is unclear how
our calculations compare to other forests durirgs¢htime periods. In a 24-year-did

menziesii forest stand, mean daily transpiration was 0.17 foma study period from
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June 1 to September 24 (Granier 1987). In a sap stody of pine-spruce forest, stand
mean daily transpiration was 0.77 mm for a dry quiin the summer(ermak et al.
1995). A study extrapolating sap flow to stand $maration in anAbies amabilis forest
found mean daily transpiration rates ranging fr@mhto 3.37 mm in the summer (Martin
et al. 2001). And in an eddy-covariance studyafenziesii forests, a 58-year-old stand
had mean daily transpiration of 1.09 mm over theree of a calendar year (Jassal et al.
2009). When extrapolating to the stand level | tbahat the largest trees account for
much of the total stand transpiration. Of the 4@s$rwithin the study plot, the six largest
trees were calculated to be conducting almostdfalfie stand transpiration regardless of

season.

Water Use Efficiency

In an analysis of monthly growing season WUE, ooststent patterns emerged
by species or tree siz€&. plicata seedlings have been shown to have fairly stable WUE
across a range of VPD condition (Grossnickle eR@05), in contrast to our study, in
which the species demonstrated considerable vatyadhiring the growing season. WUE
dips for all the study trees in September of 20012011, there is a large drop in daily
solar radiation from August to September, wherag0il0 this decrease is more gradual
(see Appendix Figure 1 and 2). This may indicaeatgr rainfall during September 2011,
and decreasing WUE in response. In the WUE anabfsig/o- and three-year tree ring
basal area, WUE was approximately three times highthe 65.5-cn. plicata than in
the next two-highest trees, which were the domin&anplicata and the dominant.

heterophylla. Long-term WUE was lowest in the smBIll menziesii andT. heterophylla.
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Higher WUE inT. plicata is consistent with previous findings that WUE igler in
water-stressed conifer seedlings (Zhang and Mdr488l4). In order to gain a clearer
understanding of WUE in the study site, isotopdymmsto measure carbon partitioning

within the tree rings from the study period shdoddconducted as well.

Tree Vigor

Tree vigor was universally highestTnplicata and lowest irP. menziesii without
regard to tree height. The tree vigor values catedl in this study were substantially
lower than previous results forRa menziesii stand, in which one-year tree vigor ranged
from 0.049 to 0.075 (Waring et al. 1980). Howeue trees in our study were all
significantly larger than those in the previousdgtuand conifer growth slows as trees
age (Tappeiner et al. 1997). The low vigor demeanstt by the smalP. menziesii was
unexpected, as it is a shade-intolerant tree gmwira suppressed position, but the low
vigor of the dominanf. menziesii was surprising. The codominant trees appeared to
have the highest vigor, a finding also seen in Waret al. (1980); perhaps because
codominant trees receive sufficient light but exgrece lower VPD and water stress than
dominant trees. Tree vigor indices of individualsai stand have been used to determine

the relationship of mean tree vigor to total stgnalvth (Hinckley and Lassoie 1981).

Impacts of Climate Change
Studies of tree water relations such as this omebeauseful in determining the
potential impacts future climate change on forestsgstems. Because Pacific Northwest

summers are predicted to become both hotter awed, driis likely thatP. menziesii will
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increasingly outperform the other two species,ipaldrly in dominant and co-dominant
canopy positions. Although. heterophylla is considered to be less drought-tolerant than
T. plicata (Marshall 1931; Minore 1979), in our study a seasairought effect was
apparent inl. plicata but not inT. heterophylla. These results suggest that the growing
season off. plicata may be shortened by drier summers. Both heat amafytit result in
higher seedling mortality i. plicata than in the other two study species (Gashwiler
1971), so establishment of the species may deaknthe climate gets hotter and drier.
However, T. plicata seedlings across multiple populations have alsa s®wn to
increase their drought tolerance in response togihi(Grossnickle and Russell 2010;
Major et al. 1994), so the species may prove toabaptable to a drier climate.
Additionally, our data suggest that since tempeeatand soil moisture are the most
limiting factors forT. plicata, it may be able to take advantage of warmer winters and

springs, when neither heat nor drought are proliiema

Sudy Limitations

The greatest challenge associated with this stvat/keeping complex electronic
equipment properly functioning at a remote siteatmn in often-adverse weather
conditions. For frequent and sometimes large psriofl time, one or more of the
dataloggers was not functioning. The P2 datalofmkd early in 2010, causing the loss
of almost a year of data as repair attempts orsylseem failed and it was then shipped
back to the manufacturer for repair. Frequent gapshe data made analysis more

difficult as well.
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An additional limitation was the small number @fidy trees. For quantitative
analyses such as the ANOVA tests performed, it dibel preferable to have repetition in
the form of multiple individuals (trees) rather thaultiple days. However, the study was
limited to a small number of trees within a smélidy site by the number of data loggers

and length of wiring.

Future Work

Additional analysis could be done using the datd bas already been collected.
Much of this analysis would involve more intensise of the weather data collected on-
site. Although the weather station sensors expegperiodic equipment failure as well,
much of the missing data was filled in using regi@s analysis to another nearby
weather station (Miller 2013). Reconstruction cédld weather variables created a robust
dataset of daily and seasonal climate conditiorthastudy site. An excellent objective
for future work would be to further explore theesfs of these various environmental
conditions (VPD, temperature, precipitation, soibisture, wind speed, and solar
radiation) on sap flow and water storage patteBavdrd et al. 2005; O'Brien et al. 2004;
Price and Black 1990). The evaporative demandeftimosphere, which is impacted by
temperature, wind speed, and VPD, can affect tieatgm rates. In general, transpiration
rates are positively correlated with temperaturenydwVPD, solar radiation, and soil
moisture content (Leopold and Langbein 1960). Adgtaf two deciduous tree species
found that stomatal conductance and transpiratia@sr increased with increasing
photosynthetically active radiation (PAR) and VRIDd decreased with depletion of soil

moisture (Oren and Pataki 2001). When soil moistsineot a limiting factor, light and
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VPD have the strongest effect on transpirationsrafedeciduous trees (Jung et al. 2011).
Microclimatic data, sap flow data, and daily demdeter band fluctuations could be
compared using regression analysis and generarlmedels to determine the relative
influence of the weather variables on sap flow aater storage of the study trees.

Although some analysis was done to determine tfextsf of canopy position /
height and tree species on sap flow rates, mor& would be done to determine the
relative effect of each. Using a scalable sap fioeasurement, such as sap flow per cm
DBH or sap flow per unit sapwood, regression anglgsuld be applied to determine
how much variability in daily sap flow can be expkd by tree canopy position relative
to species (Jung et al. 2011), and what interactasts, if any, between the two factors.
To determine the differential effects of height aspkcies on water storage, one could
compare length of stem expansion period to can@gitipn and tree species, also using
regression analysis.

More precise estimates of WUE could be calculag@dgicarbon isotope analysis

of the tree rings from within the study period.

Conclusions

In some cases, our results reflect findings of joewv studies. For instance, it has
been established that matitemenziesii has greater winter photosynthetic capacity than
T. plicata (Nippert et al. 2004), and this was the case instudy as well. Additionally,
T. plicata showed what appeared to be a strong drought respanthe end of the

summer and into early fall, with sap flow dippingadhatically while temperatures and
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light levels were still high. This is consistenittwprevious studies, which found that
plicata is a drought-intolerant species (Carter and KlihR82).

Other results, however, were unexpectbdheterophylla is often described as a
drought-intolerant species (Brix 1979; Lassoie let1885), but we found little to no
drought response in this speci€sheterophylla maintained high sap flow rates and grew
both earlier and later than the other species. ithaglly, previous studies found thit
menziesii has a shorter growing season tharplicata (Hawkins et al. 1995; Mitchell
1965; Williams 1968), the opposite of what was fdun our study. Those studies,
however, were conducted in different regions: Idahe United Kingdom, and upper-
slope regions of Oregon and Washington, respegtiVieis possible that in the maritime
climate of the Pacific Northwest, decreasing falt avinter light conditions are more
important in affecting seasonal water use changdhese species than decreasing
temperatures.

Our study indicates that. heterophylla andT. plicata have higher transpiration
rates thanP. menziesii when trees are in a suppressed to intermediatéiquo# the
canopy. Although the smallest diameferplicata did not appear to grow substantially
during the study period, it had higher sap flowesaduring the summer than the
suppressed trees of the other two species. In atlest cases, sap flow rates were highest
in T. heterophylla in all canopy positions.

Overall, this study provides insight into the egpbal and physiological
differences and similarities among three commorifeoispecies. Comparisons of tree
hydraulics performed in this study indicate thasmite their co-occurrence, these trees

demonstrate clear differences in seasonal and aliwsap flow and stem increment
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patterns by species. Most research into maturenyr@eulics has thus far focused largely
on growing-season sap flow and water storage, utlklerassumption that winter
transpiration is too low to be of interest. Howew#e results of this study indicate that
although differences and patterns by species aree megident in growing season
measurements, they do appear throughout the yeaelasdemonstrating the value of
non-growing season monitoring. By examining sapvfind water storage patterns over
multiple years, we were able to gain a deeper waleding of complex stand dynamics
in a multi-species, mixed-age stand, and in pdeicgained insight into the water

relations of the under-studied specieglicata andT. heterophylla.
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Appendix

Table 1. Means,p-values, and post-hoc tests from ANOVA tests commgatotal daily sap flow per cm
DBH between the three study species and betweea tigight classes for three seasons.

T. plicata P. menziesii T. heterophylla

(1) (2) 3) <30m(x) 30-35m(y) >35m(2)
Summer (June 1 — Sept 15)
Means 0.32 0.31 0.58 0.17 0.30 0.60
p-value <.0001 <.0001
post-hoc 1 vs Ponsig, 1 vs 3p<.01, 2 vs J<.01 X Vs yp<.01, x vs p<.01, y vs 2<.01
Fall (Sept 16 — Nov 15)
Means 0.09 0.14 0.21 0.11 0.06 0.23
p-value <.0001 <.0001
post-hoc 1 vs Ponsig, 1 vs 3p<.01, 2 vs J<.01 X VS yp<.05, x vs p<.01, y vs 2<.01

Winter (Nov 16 — Mar 31)
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Means 0.05 0.09 0.09 0.08 0.05 0.10

p-value 0.003303 0.000207
post-hoc 1 vs p<.05, 1 vs 3<.05, 2 vs onsig X VS yp<.05, X vs nonsig, y vs zp<.01

Table 2. Means p-values, and post-hoc tests from ANOVA tests conmggiotal daily sap flow per cm
DBH between the three largest trees of each species

T. plicata (1) P. menziesii (2) T. heterophylla (3)

Early Summer (June 1 — July 14)

Means 0.23 0.22 0.49
p-value <.0001
post-hoc 1 vs 2onsig, 1 vs 3p<.01, 2 vs J<.01

Late Summer (July 15 — Sept 15)

Means 0.51 0.49 0.67
p-value <.0001
post-hoc 1 vs 2onsig, 1 vs 3p<.01, 2 vs J<.01

Fall (Sept 16 — Nov 15)

Means 0.19 0.33 0.45
p-value <.0001
post-hoc 1vs p<.01, 1 vs J<.01, 2 vs 3<.01

Early Winter (Nov 16 — Feb 15)

Means 0.05 0.081 0.13
p-value <.0001
post-hoc 1vs p<.05, 1 vs 3<.01, 2 vs P<.01

Late Winter (Feb 16 — Mar 31)

Means 0.06 0.16 0.17
p-value 0.000157
post-hoc 1vs p<.01, 1 vs J<.01, 2 vs 3onsig

Table 3. Means,p-values, and post-hoc tests from ANOVA tests commgatotal daily sap flow per cm
DBH between the three smallest trees of each specie
T. plicata P. menziesi T. heterophylla

1) 2 ©)
Spring (Apr 1 — May 31)
Means 0.27 0.045 0.24
p-value <.0001
post-hoc 1vs 2 p<.01, 1 veBnsig, 2 vs 3p<.01
Summer (June 1 — Sept 15)
Means 0.63 0.18 0.39
p-value <.0001
post-hoc 1vs p<.01, 1 vs J<.01, 2 vs 3<.01
Fall (Sept 16 — Nov 15)
Means 0.13 0.06 0.08
p-value <.0001
post-hoc 1vs p<.01, 1 vs 3<.01, 2 vs 3onsig
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Early Winter (Nov 16 — Feb 15)

Means 0.06 0.07 0.03
p-value <.0001
post-hoc 1 vs 2onsig, 1 vs 3p<.01, 2 vs <.01
Late Winter (Feb 16 — Mar 31)
Means 0.10 0.08 0.03
p-value <.0001
post-hoc 1 vs Ponsig, 1 vs 3p<.01, 2 vs 3<.01
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Figure A. Temperature and solar radiation recodtatie ground-level weather station
for August through October, 2010.
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Figure D. WUE estimates over three years (thregekirtrees of each species) and
years (five smaller trees). WUE was calculatechagatio of BAIl to annual normalize
(per cm DBH) transpiratior
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