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Abstract In Mediterranean climates, the season of water availability (winter) is out of phase with the season
of light availability and atmospheric moisture demand (summer). We investigate the seasonality of evergreen
tree transpiration in a Mediterranean climate, using observations from a small (4000 m2), forested, steep (32�)
hillslope, in the northern California Coast Range. We analyze 3 years of half-hourly measurements from 39 sap
flow sensors in 26 trees, six depth profiles of soil moisture measured by TDR, and spatially distributed measure-
ments of micrometeorology from five locations. The sap flow measurements show that two common evergreen
tree species have different seasons of peak transpiration. Douglas-firs (Pseudotsuga menziesii) maintain signifi-
cant transpiration through the winter rainy season and transpire maximally in the spring, followed by a sharp
decline in transpiration in the summer dry season. Pacific madrones (Arbutus menziesii), and to a lesser extent
other broadleaf evergreen species (Quercus wislizeni, Notholithocarpus densiflorus, Umbellularia californica), in
contrast, transpire maximally in the summer dry season. The seasonal patterns are quantified using principal
component analysis. Markov chain Monte Carlo estimation of response to environmental variables shows that
the difference in transpiration seasonality arises from different sensitivities to atmospheric evaporative demand
and root-zone moisture. The different sensitivities to atmospheric evaporative demand also create species differ-
ences in transpiration variability at synoptic time scales. Using the sap flow measurements and a regional forest
inventory, a bottom-up regional transpiration estimate is constructed. The estimate suggests that sensitivity of
Douglas-fir transpiration to water stress suppresses dry season evapotranspiration at the regional scale.

1. Introduction

In forested regions, the response of trees to solar irradiance, temperature, humidity, and subsurface mois-
ture influences the timing of water flux to the atmosphere, of energy partitioning at the land surface, and of
fixation of carbon [Bonan, 2002]. In a Mediterranean climate, the season of high water supply is offset from
the season of high atmospheric evaporative demand and high solar irradiance [Baldocchi and Xu, 2007]. For
forested landscapes in these climates, such as much of the Northern California Coast Range, the dominant
tree species are evergreen [Woudenberg et al., 2010], yet their transpiration is not constant through the year
[e.g., Vinukollu et al., 2011]. In this study, we demonstrate differences in transpiration seasonality between
needleleaf and broadleaf evergreen trees, and we show that these differences are due to different
responses to surface soil moisture and atmospheric evaporative demand.

Water supply limitation can reduce evapotranspiration (ET) from the whole-plant scale (specific references
are discussed below) up to the regional scale [Jung et al., 2010]. The root-zone moisture value at which dif-
ferent species become water stressed can determine which species thrive in different hydrologic regimes
[Rodriguez-Iturbe et al., 2001; Kumagai and Porporato, 2012]. Some species, such as Douglas-fir [Granier,
1987; Tan and Black, 1976; Black, 1979; Humphreys et al., 2003; Jassal et al., 2009], juniper [McDowell et al.,
2008], lodgepole pine, limber pine, and subalpine fir [Pataki et al., 2000], Aleppo pine [Baquedano and Cas-
tillo, 2006; Chirino et al., 2011], and many species in the Pinaceae family [Mart�ınez-Vilalta et al., 2004] reduce
transpiration in response to relatively moderate soil water deficits. This drought response strategy may pro-
tect the trees from hydraulic failure but reduce carbon uptake [McDowell et al., 2008]. In contrast, some spe-
cies maintain high rates of transpiration even as the subsurface dries (e.g., pi~non [McDowell et al., 2008],
Kermes oak and Holm oak [Baquedano and Castillo, 2006; Chirino et al., 2011; David et al., 2007], and a eucalyptus
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species (E. gomphocephala) [Franks et al., 2007]); this drought response strategy may expose the trees to hydrau-
lic failure if the drought is severe enough but allow them to continue fixing carbon [McDowell et al., 2008].

Transpiration also depends on the rate of stomatal closure in response to increasing atmospheric evapora-
tive demand, and tree species differ in this response. Maximum stomatal conductance correlates with sto-
matal sensitivity to vapor pressure deficit (VPD, kPa) [Oren et al., 1999]. This means that a species with high
stomatal conductance at low and moderate VPD (e.g., 1 kPa) also rapidly closes its stomata as VPD increases,
limiting the increase of transpiration at higher atmospheric evaporative demand. In contrast, other species
that have low maximum stomatal conductance, and thus lower transpiration at low VPD, also have less sto-
matal closure with increasing VPD. In the Pacific northwestern U.S., two common conifers (Pseudotsuga men-
ziesii and Tsuga heterophylla [Marshall and Waring, 1984; Bond and Kavanagh, 1999]) close their stomata
more rapidly in response to increasing VPD than do certain cooccurring broadleaf species (Acer circinatum
Pursh, Berberis nervosa Pursh, Ceanothus velutinus Dougl. ex Hook, Gaultheria shallon Pursh, Rhododendron
macrophyllum G. Don, Castanopsis chrysophylla (Dougl.) A.D.C., and Cornus nuttallii Aud. ex T. and G. [Mar-
shall and Waring, 1984]; Populus trichocarpa Torr. and Gray., and Alnus rubra Bong. [Bond and Kavanagh,
1999]). Other cases of species differences in response to atmospheric evaporative demand have also been
documented [Aranda et al., 2000; Mart�ınez-Vilalta et al., 2003]. Such differences in the relationship between
stomatal conductance and atmospheric evaporative demand are not captured in common land surface
models such as CLM [Oleson et al., 2010], which applies a simple linear relationship between relative humid-
ity and stomatal conductance for all plant functional types.

The seasonality of transpiration is known to vary between climatic and ecosystem types. Tropical forest ET
has relatively little seasonality, while deciduous forests’ ET seasonality is largely determined by leaf phenol-
ogy, savanna woodlands’ ET peaks in the spring after the soil has been moistened by winter rains, and ever-
green midlatitude forests’ ET tends to follow the seasonal cycle of solar radiation [Baldocchi and Ryu, 2011,
and references therein]. There is a large range among Mediterranean ecosystems in warm-season partition-
ing between latent and sensible heat, and there is large between-year variation in this partitioning in ever-
green conifer ecosystems [Wilson et al., 2002]. The Northern California Coast Range forest has a
Mediterranean climate but also is composed of evergreen species. We seek to understand whether the sea-
sonality of transpiration in this system resembles more closely the Mediterranean savanna, peaking in
spring, or the midlatitude evergreen forest, peaking in summer.

In this paper, we investigate the seasonality of transpiration of five common evergreen tree species in a Mediter-
ranean climate, and the dependence of transpiration on root-zone water supply and atmospheric evaporative
demand. We use intensive half-hourly observations of sap flow, meteorological conditions, and soil moisture to:

1. Demonstrate differences in seasonal patterns of transpiration among evergreen species located on the
same hillslope.

2. Quantify the species differences in sensitivities to water supply and atmospheric demand that drive the
differences in seasonal timing.

3. Show how these different sensitivities create species differences in synoptic-scale (daily to weekly) vari-
ability in transpiration.

4. Estimate the contributions of different species to regional transpiration in different seasons, and compare
this estimate to remote sensing-based (Moderate Resolution Imaging Spectroradiometer (MODIS))
estimates.

Moreover, we apply statistical techniques that are not generally used in the sap flow literature (PCA/EOF,
Markov chain Monte Carlo parameter estimation) to find patterns in a large, multiyear data set. We hope
that these new ways of analyzing large volumes of sap flow observations can serve as a template for future
analysis of large ecological data sets.

2. Methods

2.1. Site Description
The study site (39.729�N, 123.644�W) is located in the University of California Angelo Coast Range Reserve
(ACRR) in Mendocino County, northern California, about 260 km north of San Francisco (Figure 1 inset). The
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Figure 1. Site map, showing topography, weather stations (R1, R2, R3, TB, AM), TDR profiles, and trees instrumented with sap flow sensors.
Symbols for instrumented trees are scaled by the tree diameter. Tree numbers correspond with those in Table 1. Light gray numbers show
elevation above sea level, in meter. Large inset: regional topography near the Angelo Coast Range Reserve (white star) [GLOBE Task Team
et al., 1999]. Small inset: California, with gray box outlining the region displayed in the large inset, and red dot showing San Francisco.
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ACRR sits in the Eel River watershed about 16 km east of the Pacific coast, just outside the coastal fog belt
in the complex topography of the California Coast Range. The highest point in the ACRR, Cahto Peak, has
an elevation of 1300 m above sea level, and the base elevation of the reserve is 400 m above sea level.

The field site, known as ‘‘Rivendell,’’ is a small (4000 m2), north-facing hillslope that drains to Elder Creek, a
tributary of the South Fork Eel River (Figure 1). Rivendell is the subject of an interdisciplinary collaborative
project to study the lifecycle of water through a steep hillslope, and over 700 separate instruments have col-
lected over 100 million data points between 2007 and May 2012. The site has an average slope of approxi-
mately 32�. The subsurface structure consists of a thin soil mantle over a layer of highly fractured
sedimentary rock, underlain by unweathered bedrock with very low permeability. The fractured, weathered
bedrock zone transitions with depth from relatively soil-like granular material to low-permeability bedrock
bounded by fractures. Both the soil mantle and the weathered rock layer are thicker at the hill crest (60 cm
soil and 20 m weathered rock) and thinner at the base of the hill (0–30 cm soil and 5 m weathered rock)
[Rempe et al., 2010].

The old-growth forest in the ACRR consists primarily of Douglas-fir (Pseudotsuga menziesii), coast redwood
(Sequoia sempervirens), interior live oak (Quercus wislizeni), tanoak (Notholithocarpus densiflorus), Pacific
madrone (Arbutus menziesii), and California bay (Umbellularia californica). In the Eel River watershed,
Douglas-fir constitutes approximately 40% of tree basal area [Woudenberg et al., 2010] and is commonly
associated with Pacific madrone, tanoak, live oak, and other species in the Pacific Douglas-fir alliance in
coastal northern California [USDA, 2005]. At the study site, Douglas-firs form the overstorey, with heights up
to 55–60 m, while live oaks, bays, Pacific madrones, and tanoaks form the lower canopy, reaching heights of
approximately 20 m. Below the lower canopy, there are smaller (5–10 m) trees of all species. There is no
dense ground cover. Douglas-firs, live oaks, tanoaks, and bays are evenly distributed across the hillslope,
while Pacific madrones occur more frequently upslope. Douglas-fir is a needleleaf tree, while live oaks,
tanoaks, Pacific madrones, and bays are broadleaf trees, but all of these species are evergreen. The rooting
depths of trees at this site have not been determined, but during drilling of wells at the site, roots of
unidentified species were observed most densely in the top several meters and with decreasing density to
a depth of 15.2 m.

Climatic variables, including air temperature (T, �C), relative humidity (RH, %), solar radiation (I, W/m2), and
precipitation (P, mm), are measured at five weather stations at the site (Figure 1). One weather station (TB)
is located approximately 30 m above ground in the tree canopy, three weather stations (R1, R2, and R3) are
located 1 m above the ground in an along-slope transect, and one weather station (AM) is located in an
open meadow with full clearance, across the stream from the site. The weather stations on the site (TB, R1,
R2, and R3) are used here to characterize the VPD at the site (T and RH from Vaisala HMP45C-L sensors at
R1, R2, R3, and from a Vaisala WXT510 sensor at TB; Vaisala, Helsinki, Finland), while the meadow weather
station (AM) is used for unobstructed I and gross P (Li-Cor LI200X-L pyranometer, Li-Cor, Lincoln, NE, USA;
and Campbell Scientific TE525 tipping bucket rain gauge, Campbell Scientific, Logan, UT, USA). All meteoro-
logical and soil moisture measurements were recorded with CR1000 data loggers (Campbell Scientific) at
intervals of 15 min until 2010 and 5 min beginning in 2010, and transmitted wirelessly and automatically to
an online server; the entire system is powered only by solar cells.

Both shallow soil moisture and groundwater level are measured at Rivendell. Depth profiles of h (with a sen-
sor placed every 5–10 cm down to a depth of 50–70 cm) are measured continuously with time domain
reflectometer sensors (TDR; TDR100, Campbell Scientific) at six locations on the hillslope (Figure 1). The TDR
sensors are 7.5 cm long and are located in in situ material: small trenches were dug in order to insert the
probes horizontally into the soil or soil-like material in rock fractures, after which the trenches were back-
filled with excavated material. Measured dielectric values are converted to volumetric h (m3 water/m3 total)
using the standard Topp equation [Topp et al., 1980]. Groundwater level is monitored at 12 on-site wells.

Volumetric h measurements are filtered to exclude values outside the sensor’s valid range and averaged
over each day to reduce noise (no diurnal cycle is evident at this site, in contrast to other Douglas-fir sites
[Brooks et al., 2006; Warren et al., 2007]). The daily average values are then averaged across all depths for
each profile; each profile average is normalized by its maximum to convert to relative h (%); and the six pro-
files on the slope are then averaged to produce a site-averaged h time series. The conversion to relative soil
moisture is performed because no site-specific TDR calibration was performed. We explain our reasoning
for the site averaging in section 4.5.1.
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2.2. Sap Flow Measurement
Sap velocity, the velocity of water through the xylem parallel to the axis of the tree trunk, is measured in 26
trees using 39 heat ratio method sensors (ICT International, Armidale, Australia) [Burgess et al., 2001]
installed 1 m above the ground in the tree trunks. The tree locations, species, and diameters at breast
height are shown in Figure 1, with the symbol size scaled by tree diameter, and the properties of each sen-
sor are listed in Table 1. The trees were chosen to represent the distribution of tree species and sizes on the
hillslope, within the constraints of accessibility on the steep slope and a limited number of sensors. Multiple
trees were instrumented for each species except tanoak (1 tree), which was sparse on this hillslope (unchar-
acteristically for this region.) Before installing the sensors, bark was removed to the cambium from an
approximately 5 cm 3 5 cm area. Each sensor measures the velocity of a heat pulse emitted by the sensor
at two radial depths in the xylem: 12.5 and 27.5 mm. These depths are not precise because of minor errors
in sensor placement; errors in probe spacing are corrected using the procedure in Burgess et al. [2001]. For
this procedure, we assume zero flow at times when water stress is expected to be minimal: predawn (within
3 h before sunrise), high relative humidity (between 92 and 95%), no solar radiation, no daily rain, and
between January and March. Sensors were moved in late 2010 to minimize wounding, creating two stages
of deployment (2009–2010 and 2011.) Because we did not measure wound diameters around the probes
(as that would be destructive), we assume a wound diameter of 0.2 mm (a central value from Table 1 in Bur-
gess et al. [2001]) for all sensors; the wound correction is a linear factor and is thus removed by the normal-
ization described below (section 2.3). Heat pulse velocity was recorded on ICT SL5 Smart Loggers (ICT
International, Armidale, Australia) at 30 min intervals.

Wood density and water content were measured by taking cores with an increment borer in October 2010
and October 2012, and these properties are used to convert heat pulse velocity to sap velocity [Burgess
et al., 2001]. For several sensors, wood density and water content were not measured (Table 1); for these
sensors, the species-averaged values were used. Because water content was only measured once at the end
of each stage, we used a constant value throughout the year. Uncertainties associated with this assumption
are discussed in section 4.5.2.

For the following analyses, for each sensor, the depth with the larger magnitude of velocity (i.e., the most
‘‘active’’ depth) is chosen. Sap velocity is known to vary radially through the sapwood [Cohen et al., 1985;
�Cerm�ak et al., 1992; Nadezhdina et al., 2002; Ford et al., 2004]; in our measurements, the velocities at 12.5
and 27.5 mm differed in magnitude but were highly correlated for almost all sensors (R2 values listed in
Table 1); as such, we include only one depth per sensor in order to avoid redundancy.

Finally, we add the caveat that we treat sap velocity as proportional to transpiration. We discuss this
assumption in section 4.5.2.

2.3. Normalization
For most of our analyses, we use normalized sap velocities. Normalizing allows us to compare temporal
dynamics and environmental responses between sensors with very different absolute magnitudes, and
eliminates the time-invariant differences in absolute velocity due to azimuthal, radial, or between-tree varia-
tion in wood properties. We employ normalization on two time scales. The first normalizes instantaneous
(30 min frequency) measurements by dividing by the 99.5th percentile value of that sensor (to avoid nor-
malizing by an outlier); this normalization is used for analyzing responses to environmental drivers (sections
2.5 and 3.2). In the second, daily integrals of sap velocity are normalized by dividing by the 99.5th percentile
daily integral for each sensor; the normalized daily integrals are used for analyzing seasonal dynamics (sec-
tions 2.4 and 3.1), since the diurnal cycle is removed. Sensors are normalized separately for each stage of
deployment, because azimuthal variations in wood properties caused differences in absolute magnitude of
velocity when sensors were moved within a tree.

2.4. Principal Component Analysis
We use principal component analysis (PCA) to find the dominant spatial and, importantly, temporal sap
flow patterns in the sap flow data set, and to compare the dominant seasonality patterns between trees,
across space and between species. PCA, also known as empirical orthogonal function analysis [Lorenz,
1956], reduces a data set with many points in space and time to a few orthogonal patterns that explain
most of the variance. These orthogonal patterns are determined empirically from the data, as the
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Table 1. Sap Flow Sensor Properties, Including Tree, Sensor ID, Stage of Deployment, Species, DBH (Diameter at Breast Height), Nearest Weather Station, Active Depth (Radial Sensor
Position With Larger Sap Velocity), 99.5th Percentile Instantaneous Sap Velocity for Each Sensor Position, 12.5–27.5 mm Sensor Correlation (r2 Coefficient Comparing Velocities at the
Two Measured Radial Positions), 99.5th Percentile Daily Integral Sap Velocity for the Active Sensor Depth, Lag Time of Sap Velocity Relative to Radiation, Lag Time of Sap Velocity Rela-
tive to VPD, Wood Dry Density at the Two Sensor Positions, and Wood Water Content at the Two Sensor Positions

Tree Sensor Stage Species
DBH
(cm)

Weather
Station

Active
Depth

99.5th Percentile
Instantaneous
Velocity (cm/h)

12.5–27.5 mm
Sensor

Correlation

99.5th Pctile
Daily Integral

Velocitya (cm/d)
Lag Relative

to Radiation (h)
Lag Relative
to VPD (h)

Wood Dry Density
(12.5 mm/27.5 mm)
(g dry wood/cm3)

Wood Water
Content

(12.5 mm/27.5 mm)
(g water/g dry wood)

12.5 mm
Depth

27.5 mm
Depth

1 1.1a 1 bay 10 R1 12.5 mm 1.8 Inactive n/a 15.5 3.5 1.0 0.61/0.54 0.50/0.49
2 2.1a 1 bay 10 R1 12.5 mm 9.6 5.6 0.89 83.1 3.0 0.5 0.56/0.59 0.48/0.52
3 3.1a 1 liveb 12.9 R1 27.5 mm 15.4 12.2 0.96 113.4 2.5 0.5 0.73/0.70 0.65/0.56
4 4.1a 1 live 18.2 R1 12.5 mm 14.8 3.3 0.84 132.2 2.5 0.0 0.74/0.78 0.60/0.59
4 4.2a 2 live 18.2 R1 12.5 mm 11.2 8.6 0.99 99.4 2.5 0.0 0.68/n.m.c 0.68/n.m.
5 5.1a 1 doug 140 TB 27.5 mm 9.9 17.8 0.98 224.4 2.5 0.5 0.38/0.42 1.54/0.86
5 5.1b 1 doug 140 TB 27.5 mm 16.0 12.3 0.88 188.2 2.5 1.0 n.m./n.m. n.m./n.m.
5 5.1c 1 doug 140 TB 27.5 mm 17.3 23.6 0.94 334.3 3.0 1.0 0.37/0.35 1.77/1.87
5 5.2a 2 doug 140 TB 12.5 mm 23.2 8.3 0.99 287.3 2.5 0.5 0.44/n.m. 1.25/n.m.
5 5.2b 2 doug 140 TB 27.5 mm 10.5 15.8 0.98 232.9 2.5 1.0 0.38/n.m. 1.53/n.m.
5 5.2c 2 doug 140 TB 27.5 mm 5.3 8.7 0.91 117.0 3.0 1.0 0.42/n.m. 0.39/n.m.
6 6.1a 1 live 18.2 R1 12.5 mm 16.8 13.8 0.98 147.7 2.5 0.0 0.70/0.68 0.70/0.68
6 6.2a 2 live 18.2 R1 12.5 mm 4.4 2.7 0.89 42.1 2.5 0.0 0.72/n.m. 0.63/n.m.
7 7.1a 1 live 9.7 R2 12.5 mm 15.4 2.6 0.84 144.2 2.5 0.5 0.76/0.75 0.51/0.46
7 7.2a 2 live 9.7 R2 12.5 mm 8.9 5.0 0.93 83.9 2.5 0.5 n.m./n.m. n.m./n.m.
8 8.1a 1 doug 133 TB 27.5 mm 16.7 29.9 0.97 386.4 3.0 1.0 n.m./n.m. n.m./n.m.
8 8.1b 1 doug 133 TB 27.5 mm 10.8 22.4 0.98 284.0 2.5 0.5 0.47/0.45 0.77/1.07
8 8.2a 2 doug 133 TB 27.5 mm 8.3 19.2 0.99 303.4 2.0 0.5 0.49/n.m. 0.91/n.m.
8 8.2b 2 doug 133 TB 27.5 mm 2.3 9.3 0.88 118.0 2.5 0.5 0.42/n.m. 1.01/n.m.
9 9.1a 1 doug 114 TB 12.5 mm 15.3 7.9 0.95 201.2 2.5 0.5 0.57/0.67 0.81/0.31
9 9.1b 1 doug 114 TB 27.5 mm 17.8 21.3 0.99 279.5 2.0 0.5 n.m./n.m. n.m./n.m.
9 9.2a 2 doug 114 TB 27.5 mm 10.4 15.8 0.99 196.5 2.0 0.5 0.50/n.m. 1.04/n.m.
10 10.1a 1 live 15.8 R2 12.5 mm 15.0 10.9 0.98 160.2 2.5 0.5 0.70/0.69 0.57/0.59
10 10.2a 2 live 15.8 R2 12.5 mm 11.6 12.1 0.97 152.2 2.5 0.5 0.69/n.m. 0.66/n.m.
11 11.1a 1 madr 8.9 R2 12.5 mm 4.1 3.5 0.80 38.1 2.0 0.0 0.57/0.57 0.78/0.74
11 11.2a 2 madr 8.9 R2 12.5 mm 12.3 Inactive n/a 116.1 2.0 0.0 0.58/n.m. 0.89/n.m.
12 12.1a 1 doug 102 TB 27.5 mm 12.5 12.2 0.99 140.9 2.0 0.5 0.57/0.52 0.61/0.72
12 12.1b 1 doug 102 TB 12.5 mm 16.3 11.7 0.99 204.1 2.0 0.5 0.58/0.54 0.52/0.59
13 13.1a 1 bay 13.7 R2 12.5 mm 4.7 Inactive n/a 56.1 3.0 0.5 0.68/0.67 0.42/0.42
13 13.2a 2 bay 13.7 R2 12.5 mm 5.6 Inactive n/a 60.1 3.0 0.5 0.70/n.m. 0.49/n.m.
14 14.1a 1 bay 15 R2 12.5 mm 18.9 9.5 0.99 199.1 2.0 0.0 0.66/0.60 0.63/0.49
14 14.2a 2 bay 15 R2 12.5 mm 19.0 8.9 0.99 202.1 2.0 0.0 n.m./n.m. n.m./n.m.
15 15.1a 1 doug 66.3 R3 12.5 mm 16.5 2.3 0.93 216.0 2.0 0.0 0.48/0.52 0.72/0.52
15 15.1b 1 doug 66.3 R3 27.5 mm 35.4 39.6 0.99 524.8 2.0 0.0 n.m./n.m. n.m./n.m.
15 15.1c 1 doug 66.3 R3 27.5 mm 21.4 13.4 0.97 204.0 3.0 0.5 0.52/0.51 0.63/0.41
15 15.2a 2 doug 66.3 R3 12.5 mm 12.3 7.6 0.98 144.5 2.0 0.0 0.52/n.m. 0.55/n.m.
15 15.2b 2 doug 66.3 R3 27.5 mm 10.3 11.8 0.93 133.9 2.0 0.0 0.52/n.m. 0.86/n.m.
16 16.1a 1 madr 31.5 R3 12.5 mm 17.7 10.5 1.00 173.0 2.0 0.0 0.58/0.58 0.78/0.78
16 16.1b 1 madr 31.5 R3 12.5 mm 20.7 23.4 0.99 193.8 2.0 0.0 0.55/0.58 0.87/0.88
16 16.2a 2 madr 31.5 R3 12.5 mm 19.8 12.2 0.99 182.0 2.0 0.0 n.m./n.m. n.m./n.m.
16 16.2b 2 madr 31.5 R3 12.5 mm 19.3 12.2 0.99 155.8 2.0 0.0 0.55/n.m. 1.01/n.m.
17 17.1a 1 live 40 R3 27.5 mm 14.8 28.3 0.96 281.8 2.5 0.5 0.73/0.71 0.58/0.56
17 17.2a 2 live 40 R3 12.5 mm 19.7 16.8 0.97 202.4 2.5 0.5 0.72/n.m. 0.64/n.m.
18 18.1a 1 bay 29.9 R3 12.5 mm 10.9 4.3 0.77 118.9 3.0 0.5 0.64/0.64 0.46/0.51
18 18.2a 2 bay 29.9 R3 12.5 mm 10.5 6.2 0.80 114.6 3.0 0.5 0.56/n.m. 0.60/n.m.
19 19.1a 1 madr 51.7 R3 12.5 mm 29.5 6.6 0.97 322.0 3.0 0.5 0.56/0.55 0.78/0.80
19 19.2a 2 madr 51.7 R3 27.5 mm Inactive 21.6 n/a 217.8 3.0 0.5 0.60/n.m. 0.82/n.m.
20 20.1a 1 tan 17.8 R3 12.5 mm 17.4 12.1 0.78 172.4 2.5 0.0 0.63/0.63 0.66/0.66
20 20.2a 2 tan 17.8 R3 12.5 mm 12.5 4.2 0.53 118.9 2.5 0.0 0.66/n.m. 0.70/n.m.
21 21.1a 1 doug 29.5 R3 12.5 mm 14.1 1.0 0.94 177.4 2.5 0.0 0.47/0.43 0.71/0.36
22 22.1a 1 doug 19.4 R3 12.5 mm 1.4 Inactive n/a 15.4 2.5 0.5 0.61/0.44 0.25/0.30
23 23.1a 1 doug 20 R3 12.5 mm 8.9 Inactive n/a 97.4 2.0 0.0 0.65/0.64 0.23/0.26
24 24.1a 1 madr 36.4 R3 12.5 mm 16.6 8.0 0.99 147.8 3.0 0.5 n.m./n.m. n.m./n.m.
24 24.1b 1 madr 36.4 R3 27.5 mm 15.1 26.4 0.98 244.3 3.0 0.5 0.53/0.57 0.77/0.87
24 24.2a 2 madr 36.4 R3 12.5 mm 26.0 18.8 0.99 231.5 3.0 0.5 0.55/n.m. 0.88/n.m.
25 25.1a 1 doug 119 TB 27.5 mm 10.3 19.3 0.97 217.9 2.0 0.5 n.m./n.m. n.m./n.m.
25 25.1b 1 doug 119 TB 12.5 mm 23.9 24.7 0.99 293.6 2.0 0.5 n.m./n.m. n.m./n.m.
25 25.1c 1 doug 119 TB 12.5 mm 15.7 15.4 0.98 187.8 2.0 0.5 0.57/0.54 0.69/0.57
25 25.1d 1 doug 119 TB 27.5 mm 12.7 20.0 0.98 261.9 2.5 1.0 0.55/0.48 0.65/0.71
25 25.2a 2 doug 119 TB 27.5 mm 10.5 21.9 0.96 229.9 2.0 0.5 0.53/n.m. 0.86/n.m.
25 25.2b 2 doug 119 TB 27.5 mm 9.6 24.6 0.98 279.0 2.0 0.5 0.41/n.m. 0.99/n.m.
25 25.2c 2 doug 119 TB 27.5 mm 18.8 29.7 0.93 363.5 2.0 0.5 0.53/n.m. 0.88/n.m.
25 25.2d 2 doug 119 TB 27.5 mm 11.7 24.4 0.95 296.2 2.5 1.0 0.54/n.m. 0.85/n.m.
26 26.2a 2 live 69.5 TB 12.5 mm 9.6 7.8 0.99 102.8 2.5 0.5 0.74/n.m. 0.64/n.m.

a99.5th percentile daily integral velocity from the ‘‘active’’ sensor depth.
bSpecies codes: doug 5 Douglas-fir, madr 5 Pacific madrone, live 5 live oak, tan 5 tanoak
cn.m. 5 not measured.
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eigenvectors of the covariance matrix. PCA yields a series of temporal functions (PCs), with a corresponding
series station weighting factors (EOFs), which represent how strongly each time function (PC) contributes to
the actual time series at a given station. The pairs of time-space functions (PCm and EOFm) are ordered by
the fraction of the total data set variance that each explains.

We perform PCA separately on each of the two stages of sensor deployment (2009–2010 and 2011), because
many of the time series were discontinuous across the sensor move; many sensors failed after the move or
were placed in roots, which were not analyzed in the present study. In order to maximize the amount of
data included in the analysis, we performed PCA on the two stages separately. Performing PCA on the two
stages also has the advantage of providing replication of the dominant patterns of variability; similarity
between results from the two stages would indicate interannual robustness of the seasonal patterns.

Days with missing data are excluded. The analyses are performed on normalized daily integral values, sub-
tracting each sensor’s mean for the analysis period to focus on the temporal variability. The analysis is per-
formed in Python, using the NumPy linalg function eig. In the following, we focus on the first two PC-EOF
pairs for each analysis, as they together explain over 90% of the variance.

2.5. MCMC Estimation of Environmental Response Parameters
We quantify the relationship between each sensor’s instantaneous sap flow and environmental drivers
using the Jarvis model [Jarvis, 1976], which parameterizes stomatal conductance in terms of empirical func-
tions of VPD, I, and h.

We begin with the assumption that each sensor’s instantaneous normalized sap velocity (vn, unitless) is pro-
portional to the tree’s transpiration (E, L/d), scaled by a multiplier, a (L/d), the product of maximum sap
velocity, sap wood cross-sectional area, and the profile of sap velocity as a function of radius:

E5a � vn: (1)

Transpiration also equals the product of the tree’s bulk canopy conductance (gc, L/d/kPa) and the leaf-to-air
vapor pressure difference (which we approximate with the air VPD). Thus,

E5gc � VPD: (2)

Following the Jarvis model, canopy conductance (gc) is modeled as a maximum conductance (gcmax, L/d/
kPa), reduced by empirical multiplicative functions, ranging from 0 to 1, of important environmental modi-
fiers: VPD, h, and I [Jarvis, 1976; Oren et al., 1999; Waring and Landsberg, 2011].

gc5gcmax � fVPDðVPDÞ � fhðhÞ � fIðIÞ: (3)

The functions of environmental modifiers are analytical parameterizations based on previous empirical
observations. For the atmospheric evaporative demand function, f(VPD), we use an asymptotic function
[Lohammar et al., 1980; Lindroth and Halldin, 1986; Dang et al., 1997],

fVPDðVPDÞ5 1
11VPD=Do

; (4)

where Do (kPa) describes the sensitivity of gc to VPD.

The water supply function, f(h), is modeled as a sigmoid function, chosen because it is a continuous function
that represents the threshold limitation of transpiration by h in very dry soils; this is a continuous functional
form that approximates the piecewise-linear Feddes model [Feddes et al., 1978; Chen et al., 2008]:

fhðhÞ5
1

11exp ð2bðh2hoÞÞ
; (5)

where b (unitless) measures the rate of decrease of transpiration at low h, and ho (unitless) is the value of h
at which the transpiration decline is centered. These parameters can be related to the more standard stress
point and wilting point of the Feddes model by estimating the h at which the sigmoid function begins to
decline (the stress point) and the h at which the sigmoid function is approximately zero (the wilting point).
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The radiation function, f(I), is modeled as a linear function, after Waring and Landsberg [2011]:

fIðIÞ5c � ðI21000W=m 2Þ11; (6)

where c ((W/m2)21) is the sensitivity of transpiration to I, and f(I) is prescribed to be maximum (equal to 1)
at maximum I (1000 W/m2).

Thus, we model normalized sap velocity as a function of VPD, h, I, and five parameters (considering gcmax/a
(kPa21) as a single parameter):

vn 5
gcmax

a
� VPD � fVPDðVPDÞ � fhðhÞ � fIðIÞ

5
gcmax

a
� VPD

11
VPD
Do

� 1
11exp ð2bðh2hoÞÞ

� ðc � ðI21000Þ11Þ: (7)

We estimate these five parameters for each sensor using a Markov chain Monte Carlo (MCMC) method,
described in Appendix A. The MCMC method allows us to quantify uncertainty in the parameters and avoid
local minima traps on the complex v2 surface that might hinder optimization algorithms. Each sap flow sen-
sor is matched with the nearest weather station: the canopy weather station (TB) is used for the overstorey
trees, while the nearest ground station (R1, R2, or R3) is used for the understorey canopy trees, including
small Douglas-firs. Incoming I measured in the open meadow (station AM, Figure 1) is used for all sensors,
because I was only measured at station AM. VPD, I, and h were subsampled to the 30 min frequency of sap
flow measurements. For each tree, sap velocity is lagged relative to I and VPD by a lag time determined by
the maximum lag correlation for that tree’s average time series, similar to the procedure in Dragoni et al.
[2009]; lag times are listed in Table 1. The analysis is performed using times when I was greater than zero
(i.e., daytime observations) and VPD was greater than 0.1 kPa. Days with more than 2 mm of rain were
excluded, because on those days leaves were probably covered with water and sap velocity thus was prob-
ably not controlled by stomatal response to the environment. The site-averaged, daily averaged h is used
for all sensors, as described in section 2.1. Parameters are also estimated for each species as a whole, using
the average vn at each measurement from all sensors from a given species; these are referred to as the
‘‘species-averaged time series’’ parameters.

2.6. Estimates of Regional Transpiration
We use the species-averaged time series of normalized sap velocity, along with Forest Inventory and Analy-
sis (FIA) [Woudenberg et al., 2010] observations of tree size and species distributions in the Eel River water-
shed, to estimate the contribution of each species to regional transpiration. We estimate regional
transpiration, rather than hillslope transpiration at our particular site, because regional distributions of trees
by species and diameter are available from the FIA inventory, but no species-diameter inventory has been
conducted at our particular site. This scale jump requires simplifications and assumptions (described below),
and as such, our calculations are a rough best estimate and an attempt to bound the range of possible for-
est transpiration in this region from a bottom-up perspective.

Transpiration was estimated using equation (1), with vn calculated using the species-averaged time series
Jarvis parameters, and a disaggregated as follows. Transpiration for a single tree (Etree, cm m2/h) is

Etree 5

ðrouter

rinner

2prvðrÞdr

5

ðrouter

rinner

2prvmax vnfprof ðrÞdr;

(8)

where r is radial position on a cross section of the tree, rinner is the radial position of the sapwood-
heartwood boundary (m), router is the radial position of the sapwood-bark boundary (m, here treated as
approximately equal to half the tree diameter at breast height, d/2), v(r) is the sap velocity as a function of
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radial position in the sapwood (cm/h), and fprof ðrÞ is a linear function between 0 and 1 describing the radial
profile of sap velocity relative to the velocity at the outer edge (described below). In this equation, vn and vmax

can be pulled out of the integral, and the resulting term 2pvmax

ðrouter

rinner

rfprof ðrÞdr is equal to a in equation (1).

The thickness of the sapwood is estimated using two site-specific sapwood thickness-diameter relations,
derived from 21 tree cores taken near Rivendell (15 Douglas-fir samples (R2 5 0.88) and 6 Pacific madrone
samples (R2 5 0.83)):

wsap;Douglas2fir50:12d10:0089; (9)

wsap;madrone50:1d10:0071; (10)

and

rinner5d=22wsap; (11)

where wsap is sapwood thickness (m). Our Douglas-fir relationship is roughly similar to the one found by
Smith et al. [1966] for Douglas-fir.

In addition, for other broadleaf species, we use the ring-porous equation from Wullschleger et al. [2001]:

rinner;Wullschleger5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d
2

� �2

2
1:637d0:56

p

s
: (12)

This equation is used for non-Pacific madrone broadleaf species.

Sap velocity was approximated as a linear function of radial position in the sapwood, based on observations
that sap velocity is often lower in the inner sapwood than in the outer sapwood [Ford et al., 2004; Cohen et al.,
1985; �Cerm�ak et al., 1992; Nadezhdina et al., 2002]. The velocity at the outer edge of the sapwood was estimated
as the product of a time-invariant maximum velocity (vmax, cm/h) and a time-varying normalized velocity (vn,
unitless), approximated as the species-averaged time series of measured normalized sap velocity. vmax values
for each species were treated as independent of tree diameter and were approximated with the species-
averaged maximum instantaneous velocities from Table 2. Sap velocity is assumed to be independent of azi-
muth, or equivalently, we assume that vmax;sp is an average of the maximum velocity around the bole of a tree.

Because the radial profile of sap velocity is not well constrained with our measurements, we test three pos-
sible velocity profiles, with vðrÞ5vmax vnfprof ðrÞ: (1) constant velocity across the sapwood ðfprof ðrÞ51Þ; (2)
velocity decreasing linearly from vmax vn at the outer edge of the sapwood to 0:5vmax vn at the inner edge of
the sapwood fprof ðrÞ511 0:5

wsap
ðr2routerÞ

� �
; and (3) velocity decreasing linearly from vmax vn at the outer edge

of the sapwood to 0 at the inner edge of the sapwood fprof ðrÞ511 1
wsap
ðr2routerÞ

� �
.

Transpiration is scaled from a single tree to the regional scale using distributions of tree species and sizes
measured in the Eel River watershed by the FIA program, binned by diameter in 5 cm bins [Woudenberg
et al., 2010] (locations of FIA plots are intentionally ‘‘fuzzed and swapped’’ for privacy reasons, but the pro-
vided coordinates are ‘‘similar’’ to the true coordinates with an unspecified offset). The FIA surveyed 321 for-
ested plots within the Eel Watershed. Figure 2 shows Ni;sp, the number of trees per km2 in each diameter
bin (i) for major species categories in the watershed (sp), averaged over the 321 FIA plots.

Regional transpiration due to each species (mm/d) is then esti-
mated by summing individual tree transpiration of the species
over all diameter bins (i):

Tsp 5
X

i

Ni;spEtree;i;sp

52pvmax;spvn;sp

X
i

Ni;sp

ðrouter;i

rinner;i

rf ðrÞdr;
(13)

Table 2. Species-Averaged Maximum Sap
Velocities

Species Velocity (cm/h)

Douglas-fir 18.2
Pacific madrone 19.5
Live oak 14.0
Bay 10.1
Tanoak 15.0
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and subsequently applying a
unit conversion factor of

10 mm
cm

� �
24 h

d

� �
1026 km 2

m2

� �
.

Total regional transpiration is
estimated by summing tran-
spiration estimated for all
species, using the averaged
time series of measured species
to represent unmeasured but
similar species. All conifers,
including redwoods, are
assigned the Douglas-fir time
series; all oaks, both evergreen
and deciduous, are assigned
the interior live oak time series;
and all other unmeasured
broadleaf trees are assigned
the Pacific madrone time
series, in order to give an
upper-bound estimate on dry
season transpiration. Thus, we
effectively bin species into cat-
egories of needleleaf evergreen
and broadleaf evergreen; these
assumptions are necessary
because redwoods and major
pine species were not meas-
ured due to their scarcity at our
site. In addition, we calculate
regional transpiration in two
extreme hypothetical cases,

using the FIA total tree size distribution (black line in Figure 2): one case in which all trees are assigned the Douglas-
fir time series, and another case in which all trees are assigned the Pacific madrone time series.

The sap-flow-based regional transpiration estimates are compared with remotely sensed MODIS-derived
estimates of ET [Mu et al., 2007.] The MODIS algorithm uses remotely sensed leaf area index (LAI) and mod-
eled stomatal response based on an assigned plant functional type (which for this region is evergreen nee-
dleleaf forest), combined with meteorology from atmospheric reanalysis, to estimate stomatal conductance
and ET. No soil moisture or subsurface information is explicitly included. Two spatial scales of the MODIS-
derived estimate are presented: the 1 km 3 1 km pixel nearest to Rivendell (pixel centered about 450 m
east of Rivendell), and the average for all pixels in the Eel River watershed. Our goals in comparing our esti-
mated to the MODIS-derived estimate are (a) to confirm that our estimates are the right order of magnitude
and (b) to compare the seasonal timing of transpiration between the methods.

3. Results

3.1. Environmental Conditions
The ACRR has a Mediterranean climate with a marked winter wet season and summer dry season. The wet
season at the ACRR extends from approximately October through April (90% of the annual precipitation fell
in these months in 2009–2011), and very little rain falls during July through September (less than 1% in
2009–2011; Figure 3a). Clear-sky I is maximum in late June (summer solstice) and minimum in late Decem-
ber (winter solstice), and I can be reduced by 50–90% on cloudy days. The annual cycle of T lags behind
that of I, with a peak in July and August and a minimum in January or February. The mean July-September T
for 2009–2011 was 18�C, and the mean December-February T was 5�C (weather station R3). The annual
cycle of VPD follows that of T and also peaks in July or August. T and RH vary somewhat along the hillslope:

Figure 2. Counts of trees per km2 in major species categories, binned diameter; from FIA plots
in the Eel River watershed [Woudenberg et al., 2010]. The category ‘‘other conifer’’ includes
knobcone pine, Jeffrey pine, sugar pine, Western white pine, bishop pine, ponderosa pine, Cal-
ifornia foothill pine, white fir, grand fir, red fir, Pacific yew, western hemlock, incense cedar,
and Sitka spruce. The category ‘‘other oak’’ includes California live oak, canyon live oak, blue
oak, Oregon white oak, California black oak, and California white oak. The category ‘‘other
broadleaf’’ includes bigleaf maple, California buckeye, red alder, white alder, giant chinkapin,
and bitter cherry.

Water Resources Research 10.1002/2013WR014023

LINK ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 1878



on clear days, the air is warmer and drier in the upper canopy and upslope, and the air is cooler and more
humid downslope (up to 10�C cooler at downslope ground level than in the canopy at midday in winter;
Figures 3b and 3c). Mean annual P in the vicinity of the ACRR (National Climatic Data Center Global Histori-
cal Climatology Network (GHCN) precipitation station USC00048490, 18 km NNE of the ACRR; data from
1960–2000) [Williams et al., 2012] is 1800 mm, with significant interannual variability (standard deviation of
500 mm); on average, 3% (63% standard deviation) of annual precipitation falls in July through September.
During the study period, precipitation at Rivendell ranged between a minimum of 1500 mm in water year
2008–2009 and a maximum of 2100 mm in water year 2010–2011.

Water storage below ground is also highly seasonal. The water table, measured by 12 on-site wells, remains near 5
m below ground throughout the year at downslope wells, but upslope it ranges from�10 m below ground in the
wet season to�20 m below ground in the dry season. Soil moisture (h) is high and dynamic during the winter rainy
season but dries to fairly steady and very low values during the summer dry season (Figure 3d) [Salve et al., 2012].

3.2. Sap Velocities
The 99.5th percentile velocities for each sensor and each stage are listed in Table 1, and the time series of
daily maximum normalized instantaneous velocity for each sensor are shown in Figure 4, separated by spe-
cies (only the daily maximum is shown for visibility.) For the following analyses, we constructed tree-
averaged time series for trees with multiple sensors by averaging the normalized velocities at each mea-
surement time for all sensors in a given tree. This tree averaging was performed because sensors within a
tree covaried strongly for all trees (Table A1), and thus sensors in the same tree were not independent.

3.3. Seasonal Patterns: Principal Component Analysis
The time pattern that explains the most variance among all sap flow sensors, PC1, represents the common
annual cycle, with a peak in early July and lower values through the winter, mirroring the annual cycle of

Figure 3. Climatic and hydrologic time series: (a) solar radiation (I, yellow) and daily rainfall (blue), both measured unobstructed in an open field; (b) daily minimum and maximum air
temperature (T) at ground stations (R1, R2, R3) and canopy station (TB); (c) daily minimum and maximum vapor pressure deficit (VPD) at ground stations (R1, R2, R3) and canopy station
(TB); (d) red, green, and gray: daily average relative soil moisture (h), averaged over each of the six profiles shown in Figure 1 (colors indicate the profile’s nearest weather station, as in
Figure 2b legend); black: average of the six profile averages of relative soil moisture.
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solar radiation (Figure 5, left column in each stage). PC1 also contains the abrupt drops in sap flow on rainy
days in winter and spring, when almost all sensors have very low sap velocity. The annual cycle pattern is
evident in PC1 for both stages, and PC1 explains 84% of the variance in stage 1 (2009–2010) and 87% of
the variance in stage 2 (2011). All sensors in both stages have positive weighting factors for PC1, meaning
that all sensors display a component of this annual cycle pattern. In stage 1, downslope trees tend to resem-
ble PC1 more strongly than do upslope trees (i.e., have larger positive weighting factors).

The time pattern that explains the next-largest fraction of the variance, PC2, acts as a phase offset
from the PC1 annual cycle, with a positive peak in the July-October dry season and negative values
for the rest of the year (Figure 5, right column in each stage). Again, the PC2 pattern is similar
between the two stages of deployment. A positive EOF2 weighting factor for PC2 indicates greater
July-October transpiration than PC1 and less November-June transpiration, and thus a shift in the peak
season of transpiration later into the dry season. On the other hand, a negative EOF2 weighting factor
indicates less July-October transpiration compared to PC1 and greater transpiration in the rest of the
year, and thus indicates a shift in peak transpiration earlier toward the wet spring. PC2 explains 8% of
the variance in both stages.

The direction of the transpiration phase shift is species specific. Pacific madrones have the most positive
weighting factors for PC2 in both stages, indicating a phase shift of peak transpiration later into the dry sea-
son (Figure 5, bottom right in each stage). Douglas-firs, in contrast, almost all have negative values, indicat-
ing a phase shift earlier toward the wet spring season. Live oaks, bays, and the tanoak have weighting
factors closer to zero, indicating less phase shift away from the PC1 pattern.

Additionally, the PC2 time pattern shows an abrupt decrease at the onset of the rainy season in October of
each year. Thus, Pacific madrone sap velocities, with positive PC2 amplitudes, decrease sharply at the onset
of the rainy season, while Douglas-fir velocities, with negative PC2 amplitudes, increase sharply.

Figure 4. Daily maximum normalized sap velocities for each sensor, separated by species. Each sensor’s line is slightly transparent, so that overlapping lines create darker blue colors.
Data gaps are due largely to power failure during times of low insolation. Species codes: doug 5 Douglas-fir; madr 5 Pacific madrone; live 5 interior live oak; tan 5 tanoak.
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3.4. Sensitivities to Environmental Drivers
These PC/EOF patterns are empirical, indicating the dominant patterns of variability and demonstrating that
there is a seasonal offset of transpiration between evergreen tree species at this site. In order to investigate
the drivers of this difference, we quantify the response of sap velocity to environmental variables.

Two end-member cases of tree transpiration response to VPD, h, and I are shown in Figure 6, with Douglas-
fir tree 15 in the left column and Pacific madrone tree 16 in the right column. In the Douglas-fir, sap flow
increases sharply with increasing VPD at low VPD and then plateaus at higher VPD; the low value of Do cap-
tures this behavior. In contrast, the Pacific madrone’s sap flow increases more gradually with increasing
VPD, and the higher value of Do quantifies this behavior.

The Douglas-fir’s higher value of ho shows that this Douglas-fir’s sap flow begins to decline at higher values
of h. The lower value of ho for the Pacific madrone reflects that the Pacific madrone’s sap flow does not
decline until lower values of h. The parameter b represents how fast sap flow declines in response to soil
moisture limitation, once the decline starts. Higher b (as with the Pacific madrone in Figure 6) means a
more rapid decline below the threshold, and lower b (as with the Douglas-fir in Figure 6) means a more
gradual decline.

The response of sap velocity to I is captured by the slope c, which describes how quickly the sap flow
increases with increasing I. In Figure 6, the Douglas-fir has a low slope, meaning its sap flow remains high at
low I and increases only slightly with increasing I; while the Pacific madrone has a higher positive slope,
meaning that it has low sap flow at low I and increases more strongly with increasing I.

The Jarvis model parameters for all trees, separated by species, are shown in Figure 7 and summarized in
Table A2. For 25 of the 26 trees, the posterior distributions of all five parameters are sharply peaked and
well within the initial uniform prior chosen (example posterior distributions are shown in Figure A1). One
Pacific madrone tree (tree 16) has a broader distribution for b than other trees (see 95% HPD interval in
Table A2.)

The distributions of the median VPD parameters for all sensors and for the species-averaged time series
parameters (gcmax/a and Do, Figure 7, rows 1 and 2) confirm that sap flow in Douglas-firs across this site
increases quickly at low VPD and plateaus at high VPD (high gcmax/a and low Do). The broadleaf species, in
contrast, respond more gradually with increasing VPD (lower gcmax/a and higher Do).

The fitted soil moisture parameter ho (Figure 7, row 4) also shows a species difference. Douglas-firs have
higher ho values; their decline in response to soil moisture limitation is centered on a relative h value of

Figure 5. PCA results for all sensors, for (left box) stage 1 and (right box) stage 2. Within each stage: (left column) PC/EOF 1 and (right column) PC/EOF 2. (top row) Principal component
time patterns. Circles show days included in the analysis. Gaps represent periods of missing data longer than 4 days. (middle row) Maps of EOF weighting factors for all trees included in
the analysis. Symbol shape indicates species, as in Figure 1. (bottom row) EOF weighting factors, sorted by species. Box plot divides the quartiles of the distribution; red line shows the
median. Both the PCs and EOFs are unitless, because the analysis used normalized velocities.
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0.263 (from species-averaged time series; 22:431024;12:73102495% HPD interval). Pacific madrones, on
the other hand, have lower ho values when fitted to the sigmoid functional form, with declines centered on
0.173 (from species-averaged time series; 21:831023;12:13102395% HPD interval).

The parameter b for individual sensors is more evenly distributed across species, indicating little species dif-
ference in the rate of sap flow decline below each individual tree’s soil moisture threshold (Figure 7, row 3).
Pacific madrone sensors tend to have higher values of b, indicating that once their low ho is reached, their

Figure 6. Sap flow response to environmental drivers, for example, trees. (left column) Tree 15, Douglas-fir. (right column) Tree 16, Pacific madrone. (top row) VPD versus normalized
instantaneous sap velocity, with symbols colored by site-averaged relative h. Lines show the fitted VPD function with different cases of soil moisture. (middle row) Site-averaged relative
h versus normalized instantaneous sap velocity, with symbols colored by VPD. Lines show the fitted soil moisture function with different cases of VPD. (bottom row) Solar radiation I at
station AM versus normalized instantaneous sap velocity, with symbols colored by VPD. Lines show the fitted radiation function, with different cases of VPD.
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transpiration declines sharply; how-
ever, h values below the Pacific
madrone ho values were infre-
quently observed, so their decline
is not well constrained.

The slopes c of the radiation func-
tion (Figure 7, row 5) range from 5
3 1024 to 8 3 1024 (W/m2)21.
Douglas-firs tend to have lower
slopes, indicating relatively high
sap velocity at low I and less sensi-
tivity to I increase. In contrast, the
broadleaf species (Pacific
madrones, live oaks, and bays)
have higher slopes, indicating that
their sap velocity increases more
with increasing I.

In general, the parameters do not
vary systematically by tree diame-
ter or position on the slope. There
is some increase of gcmax/a and
decrease of Do with increasing tree
diameter, but this effect is difficult
to disentangle from species differ-
ences, because all trees larger than
60 cm in diameter are Douglas-firs,
while many of the smaller trees are
broadleaf species. This lack of
diameter and position dependence
is consistent with the PCA results,
which suggest that species differ-
ences represent the largest contri-
bution to the observed sap flow
variability.

The MCMC results show that
Douglas-firs and Pacific madrones
are at opposite ends of the spec-
trum of response to VPD and h.
Douglas-firs increase sharply in
response to VPD and then plateau,
while Pacific madrones increase

gradually and continually with increasing VPD. Douglas-firs decline significantly at low h values, while Pacific
madrones show little to no suppression with low h values. Live oaks and bays fall between these end-
member responses.

3.5. Synoptic-Scale Temporal Variability
The different sensitivity to VPD in Douglas-firs and Pacific madrones translates to different transpiration
response to synoptic-scale (daily to weekly, weather scale) variability in atmospheric evaporative demand.
In the summer dry season, VPD varies around a high seasonal mean, and the daily maximum value is sel-
dom lower than 1.5 kPa (Figure 2c). In this summer range of VPD from 1.5 to more than 5 kPa, Douglas-firs
have already reached their maximum sap velocity (Figure 6a, for example), but the sap velocity of Pacific
madrones, and to a lesser extent live oaks and bays, continues to increase with increasing VPD. Thus, Pacific
madrone transpiration is expected to vary significantly in the dry season between high VPD and low VPD

Figure 7. Estimated Jarvis parameters, sorted by species. Each circle represents the
median of the posterior distribution for an individual tree. Black horizontal lines show
the medians of the posterior distributions for the species-averaged time series param-
eters; vertical black error bars show the 95% HPD interval (for most species-averaged
time series parameters, this interval is smaller than the thickness of the horizontal
line). (row 1) gcmax/a parameter (kPa21), indicating sap velocity at low values of VPD
and radiation. (row 2) Do parameter (kPa), which measures the curvature of the sap
velocity increase with increasing VPD. (row 3) b parameter (unitless), which measures
the rate of sap flow decline around a soil moisture threshold. The black triangle indi-
cates that one madrone tree has a b value higher than 150. (row 4) ho parameter (unit-
less), which measures the soil moisture value at which sap flow decline is centered.
(row 5) c parameter ((W/m2)21), slope of the sap velocity increase with increasing
radiation.
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days, while Douglas-fir transpiration should not. Figure 8a shows the summer (July-September) average dif-
ference in normalized daily integral sap flow between high VPD days (R3 daily max> 2 kPa) and low VPD
days (R3 daily max< 2 kPa) for each species. Douglas-firs show little to no difference between high VPD and
low VPD days in the summer, while Pacific madrones’ sap flow is up to 0.2 normalized units (20%) higher on
high VPD days than low VPD days.

In the rainy winter, in contrast, VPD varies around a much lower seasonal mean, so that the dynamic range
of daily maximum VPD is 0–2 kPa. In this range, Douglas-firs are highly sensitive to VPD, whereas Pacific
madrones, live oaks, and bays are less sensitive. Thus, in the wet winter season, Douglas-firs have greater
variability in response to weather-scale VPD variation. Figure 8b shows the winter (November-February)
average difference in normalized daily integral sap flow between high VPD days (R3 daily max> 0.5 kPa)
and low VPD days (R3 daily max< 0.5 kPa). Douglas-fir sap flow is around 0.2 normalized units (20%) higher
on winter high VPD days than low VPD days. Pacific madrones, live oaks, and bays also have higher sap flow
on high VPD days but by a lesser amount, 0.05–0.15 normalized units (5–15%).

3.6. Interannual Variability
The timing of onset of Douglas-firs’ dry season decline varies between years. Figure 9 shows the date in
each dry season when each Douglas-fir sensor dropped below 50% of its maximum daily integral, using
only high VPD days (R3 daily max> 2.5 kPa, linearly interpolating across gaps), and the box diagrams show
the quartiles of the distribution of all Douglas-fir sensors in each year. The timing of the sap flow decline
varies among the 3 years, occurring approximately 2 weeks earlier in 2009 than in 2010 or 2011. The timing
of soil moisture depletion also varies among the years, with depletion happening earliest in 2009 and latest
in 2011 (yellow triangles in Figure 9), largely due to the timing of the last spring storm. The date of relative
soil moisture decline below 0.27 and the median date of Douglas-fir decline below 50% are close in all 3
years, although there is notable scatter.

3.7. Regional Transpiration Estimates
Our bottom-up estimates of regional transpiration, estimated with the aid of the FIA data, are shown at daily
and monthly time scales in Figure 10 and are compared with a top-down remote sensing estimate of ET

Figure 8. Difference in normalized daily integral sap velocity between high VPD days and low VPD days, by species (D 5 Douglas-fir, M 5 Pacific madrone, L 5 live oak, B 5 bay). Circles
show mean difference across all trees in the species for that season, and error bars show one standard deviation. (a) July to September, where high VPD days are days with maximum
VPD> 2 kPa and low VPD days are days with maximum VPD <2 kPa. (b) November to February, where high VPD days are days with maximum VPD> 0.5 kPa and low VPD days are days
with maximum VPD< 0.5 kPa.
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derived from MODIS through 2010 in
Figure 10, right column. Our estimates
using a realistic species distribution (row
1) show highest transpiration in June
and July and a marked decline in the dry
season. The hypothetical all-Douglas-fir
estimate (row 2) is very similar, which is
not surprising because a large fraction of
trees in the Eel watershed are Douglas-
firs, redwoods, or other conifers, and
thus the estimate in row 1 is strongly
influenced by the Douglas-fir dynamics.
The all-Pacific-madrone hypothetical
case (row 3), in contrast, has lower
spring (February-May) transpiration and
higher dry season (August and Septem-
ber) transpiration than either the realistic
species distribution estimate or the all-
Douglas-fir estimate.

The three radial sap velocity profiles
tested give transpiration estimates that
vary by approximately a factor of two.
The upper end of the range is similar in
magnitude to the average of MODIS-

derived ET for pixels in the Eel watershed (cyan in Figure 10, right column.) The sap-flow-based estimates
are smaller than the MODIS-derived estimate of ET for the pixel nearest the Rivendell site (purple in Figure
10, right column) by a factor of 2–3.

Figure 9. Timing of dry season decline of Douglas-fir trees in each observation
year. Each blue dot represents the date of decline below 50% of a Douglas-fir
tree’s maximum daily integral, using only high VPD days (R3 daily max>2.5 kPa,
linearly interpolating across gaps). The box diagram for each year shows the
quartiles of the distribution of all Douglas-fir sensors, with the red line indicat-
ing the median. The yellow triangles show the date that site-averaged relative h
declined below 0.27.

Figure 10. Estimates of regional transpiration. (left column) Daily average transpiration rate estimated for the three plausible radial functions of sap velocity, using (top) a realistic species
distribution, (middle) assuming all trees are Douglas-fir, and (bottom) assuming all trees are Pacific madrone. (right column) Monthly integrals of transpiration estimates, again for the
three plausible radial velocity profiles and for the same three cases of species distribution. Also shown in the right column are remote sensing estimates of monthly ET at two spatial
scales: nearest MODIS pixel to the field site (purple), and MODIS estimate averaged over the Eel River watershed (cyan).
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With the realistic species distri-
bution, we estimate lower dry
season (August-September)
transpiration relative to peak
(June-July) transpiration than
does MODIS. Figure 11 shows
August plus September transpi-
ration divided by June plus July
transpiration for MODIS-derived
ET from 2000 to 2010, and for
our estimates from 2009 to
2011. In our estimates, the ratio
of dry season transpiration to
peak transpiration is the same
regardless of radial sap velocity
profile (the integral factor in
equation (13) cancels), so only
one sap-flow-based estimate is
shown in Figure 11. The MODIS
ratio of dry season transpiration
to peak transpiration is close to

0.8 for the Eel watershed average and close to 1 for the near-Rivendell pixel for all years and is markedly
higher than the sap-flow-based ratio, which is close to 0.5 in all 3 years.

4. Discussion

4.1. Species Difference in Response to VPD and h

Evergreen tree species that coexist on this small hillslope transpire maximally during different seasons. This
difference in transpiration seasonality is due to the species-specific sensitivities of transpiration to atmos-
pheric evaporative demand and subsurface water supply. Douglas-fir transpiration reaches near-maximum
values on clear-sky days in the rainy spring when relative soil moisture exceeds a threshold of �0.3 even
when VPD is low (around 1 kPa), and Douglas-fir transpiration declines sharply with the low surface soil
moisture conditions of the dry summer. In contrast, Pacific madrone, live oak, bay, and tanoak transpiration
increases continually with increasing VPD, reaching maximal transpiration values when atmospheric evapo-
rative demand is highest in the summer dry season; in addition, the low moisture in the upper 50 cm of soil
in the summer dry season does not suppress Pacific madrone transpiration and suppresses the other broad-
leaf species to a lesser degree than it does Douglas-fir. As a result, Douglas-firs have highest transpiration
on clear days in spring, while broadleaf species, and especially Pacific madrones, have highest transpiration
on summer days with high atmospheric demand (Figure 4). The Douglas-fir seasonal pattern is consistent
with other studies [Jassal et al., 2009; Moore et al., 2004; Granier, 1987]; no studies of Pacific madrone tran-
spiration seasonal patterns were found in the literature.

Sensitivity to I also differed between Douglas-firs and the broadleaf species: broadleaf transpiration showed
a greater relative increase with increasing I than did Douglas-fir transpiration. This species difference might
arise in part because, although the parameters are estimated with open-field I, trees of different heights on
this north-facing slope actually have different access to I. Large Douglas-firs (up to 50–60 m tall) generally
have greater I access than understorey broadleaf trees (20–30 m tall). Thus, during low I times such as morn-
ings or winter days, the large Douglas-firs might have sufficient I for photosynthesis and transpiration, while
understorey trees might not.

4.2. Species Difference in Water Access
It remains uncertain how the broadleaf species and especially Pacific madrones, unlike Douglas-firs, are able
to maintain high rates of transpiration during the summer dry period. In order to maintain these high tran-
spiration rates, Pacific madrones must rely either on a more readily available source of water (by placing
roots in areas with more moisture, e.g., deeper, or in areas that have higher hydraulic conductivity), or on

Figure 11. Ratio of dry season to peak season ET (MODIS) or transpiration (sap flow); dry
season is defined as August 1 September, and peak season is defined as June 1 July.
Two spatial scales are shown for MODIS: the pixel nearest to the Rivendell site (purple)
and the average for all pixels in the Eel watershed (cyan).
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more tightly bound water (by maintaining hydraulic function at lower xylem and leaf water potentials).
There is evidence that Pacific madrones may use both of these mechanisms: at a similar site in southwest
Oregon, Douglas-fir roots were confined mainly to the upper 1.5 m of the subsurface, with no roots found
below 2.5 m, while Pacific madrones in the same area had notably deeper roots, extending to 2–3.5 m
below the surface into rock fissures [Wang et al., 1995; Zwieniecki and Newton, 1995, 1996], and Pacific
madrones at the Oregon site used water across a greater depth than Douglas-firs [Zwieniecki and Newton,
1996]. Moisture in weathered rock can be an important plant water source [Schwinning, 2010, 2013], and
the saprolite zone at our site has significant seasonal variation in water storage and could be an important
source for some or all species here [Salve et al., 2012]. Additionally, previous research has shown that Pacific
madrones have minimum leaf water potentials of about 23.0 MPa [Morrow and Mooney, 1974; Wang et al.,
1995], versus 22.0 MPa in Douglas-firs [Running, 1976; Wang et al., 1995]; Pacific madrones’ lower minimum
leaf water potential suggests that Pacific madrones are less vulnerable to hydraulic failure as soil moisture
declines [Choat et al., 2012] and thus might be able to access water bound at low matric potential that is
inaccessible to Douglas-fir. Our aboveground sap flow observations cannot distinguish between these two
possible mechanisms of water access, but other researchers are using stable isotopes to investigate the
water sources for different trees at the site [Oshun et al., 2012], and preliminary results suggest that needle-
leaf species and broadleaf species use isotopically distinct water sources within the unsaturated zone. Thus,
Douglas-fir (sensitive stomatal control, shallow rooted, and vulnerable to hydraulic failure) and Pacific
madrone (less sensitive stomatal control, deeper rooted, and less vulnerable to hydraulic failure) employ
contrasting stomatal strategies that are logically connected to hydraulic vulnerability and rooting depth.

We speculate that Pacific madrones may also have higher leaf area during the summer. Pacific madrone
leaves have a lifespan of 14.7 months [Ackerly, 2004], meaning that if new leaves emerge at approximately
the same time, then for a 2–3 month period each year, the trees might have twice their normal leaf area.
Informal observations at our site indicate that Pacific madrones drop leaves in late summer, so midsummer
may be the high-leaf-area period. When the leaf area is higher, whole-tree transpiration could increase even
if transpiration per leaf stayed the same or declined, provided that water stress were not extreme.

Interestingly, Douglas-fir trees at our site do not seem to use groundwater to alleviate water stress during the
dry season. Tree 5, a large Douglas-fir downslope where the water table is �5 m below ground year round,
declined at a similar rate to upslope Douglas-firs in the dry season (similar soil moisture parameters in Table
A2). Like the instrumented upslope Douglas-firs, tree 5 rebounded strongly with the onset of the rainy season,
suggesting water limitation during the dry season until unsaturated zone moisture was replenished by rains.

4.3. Implications of Douglas-Fir Water Stress
Douglas-firs’ sap flow declined through the dry season in all 3 years, but the timing of onset of the decline
varied between years, corresponding to the timing of moisture decline in the top 50 cm of soil (Figure 9).
The timing of surface soil moisture decline, in turn, seems to depend on the timing of late spring precipita-
tion (Figure 3). Excess rain during the winter and early spring that exceeds the storage capacity of the soil
will run off and have little influence on summer soil moisture availability, but rain in the late spring has the
potential to refill a partially empty upper soil reservoir and sustain soil moisture further into the dry season.
Thus, the timing of late spring precipitation is important for sustaining Douglas-fir transpiration through the
dry season. As long as late spring storms meet a certain threshold quantity, their timing may matter more
than total wet season precipitation for Douglas-fir function in the dry season.

Douglas-firs may be encroaching on areas formerly dominated by Pacific madrone and other broadleafs in
the ACRR, due to a fire-regime shift from controlled burning by indigenous people and early European set-
tlers, to fire suppression in the 20th century [Johnson, 1979]. If Douglas-firs become more prevalent, their
suppressed transpiration in the dry season could decrease the regional summertime evapotranspiration
(Figure 10) and might increase the land surface temperature in the dry season (Link et al., 2014 manuscript
in preparation). California Coast Range forests with a greater proportion of Douglas-fir might also be less
resilient to drought, if the Douglas-firs’ decline in stomatal conductance reduced whole-tree carbon balance
and thus increased sensitivity to subsequent drought events [McDowell et al., 2008].

4.4. Comparison With Previous Observations
Our bottom-up estimate of transpiration agrees generally with the MODIS-derived top-down estimates at
the scale of the Eel River watershed (Figure 10). However, there are important differences in the dry season:
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we estimate notably lower transpiration in August and September than does the MODIS remote sensing
method (Figure 11). It is unlikely that the difference could be due to soil evaporation unaccounted for in the
sap flow method, because surface soils are very dry in the late dry season. It is possible that other conifer
species in the watershed, such as redwood and pine species, have less stomatal closure than Douglas-fir at
low soil moisture values, and that our method underestimates transpiration by these other species. How-
ever, Pinaceae tend to use water conservatively because they are vulnerable to embolism [Mart�ınez-Vilalta
et al., 2004], suggesting that pine species in this region, which make up much of the ‘‘other conifer’’ cate-
gory in Figure 4, would be likely to close their stomata under dry soil conditions like Douglas-firs do. It is
also possible that the FIA inventory underestimates the contribution of broadleaf species like Pacific
madrone that transpire heavily in the dry season. Certainly, broadleaf evergreens dominate transpiration
locally on certain hillslopes: the species distribution is highly spatially patterned in the Elder Creek and Eel
River watersheds, with broadleaf evergreen trees predominant on south-facing slopes and ridges, and
Douglas-firs predominant on north-facing slopes and in valleys (C. Bode and W. Dietrich, personal communi-
cation, 2013). As such, south-facing slopes may have higher dry season transpiration than north-facing
slopes, creating structured spatial variability in dry season transpiration. Finally, the MODIS algorithm, which
uses remotely sensed LAI and reanalysis meteorology to drive a Penman-Monteith model [Mu et al., 2007],
may not accurately account for Douglas-fir stomatal closure when soils are dry, because the MODIS algo-
rithm does not incorporate soil moisture information. Comparison with ET measured by flux towers sug-
gests that the MODIS-derived annual cycle of ET for Mediterranean sites contains large errors [Vinukollu
et al., 2011] (one flux tower located in the Sierra Nevada foothills oak savanna and one on the western slope
of the Sierra Nevada in a mixed-evergreen coniferous forest).

We note that our estimates also agree with measurements of similar sites made with a variety of methods.
Salve et al. [2012] used a water balance to calculate an annual ET at Rivendell (excluding interception losses)
of 300–500 mm and summer (June-September) ET of up to 200 mm. Our estimate using the realistic species
distribution and the first radial velocity profile (blue line in Figure 10, top row) gives annual transpiration of
350–410 mm and June-September transpiration of 150–180 mm. At a wetter Douglas-fir site in British
Columbia using the eddy flux method, Jassal et al. [2009] measured similar spring and early summer
monthly ET (50–70 mm/month), although late summer ET was greater at the wetter British Columbia site
than at Rivendell. At a Douglas-fir site in western Oregon, Moore et al. [2004] used sap flow scaling to esti-
mate Douglas-fir dry season transpiration of 0.5–2.5 mm/d, depending on tree age and time within the dry
season; these rates bracket our dry season estimates (top left plot of Figure 10.) In addition, measurements
of oak transpiration at a Mediterranean site agree with the oak sap velocities we measured (Fisher et al.
[2007] measured peak sap velocities around 6 cm/h) and the transpiration rates we estimate (Chen et al.
[2008] report oak tree transpiration of 2–4 mm/d in early to midsummer.)

4.5. Uncertainties and Limitations
4.5.1. Soil Moisture
In this study, we aggregate measurements of soil moisture from across the hillslope into a single site aver-
age. A spatial pattern in h has been observed at this site, with downslope profiles maintaining higher mois-
ture content longer into the dry season [Salve et al., 2012]. However, we choose to compare sap flow to a
single, site-averaged value of soil moisture for two reasons: (1) a moisture content–matric potential calibra-
tion has not been performed, and the variation of material properties along the slope means that the spatial
pattern of moisture content might not directly translate to a spatial pattern of matric potential and (2) the
location of roots is uncertain, especially for large trees, which, on this steep slope, have root systems extend-
ing great lateral distances and deeply into the hillside, and it is thus difficult to constrain where trees are
accessing water (i.e., we cannot weight our average by root density [Chen et al., 2008]). Thus, we use a single
averaged relative h as an index of water availability, with the recognition that it imperfectly represents the
water available to each individual tree.

The TDR measurements of the top 50–70 cm do not measure the water content of the saprolite zone
between 1 and 3 m below the surface, which may be an important reservoir of plant-available moisture
[Salve et al., 2012]. Unfortunately, the measurements used by Salve et al. [2012] to explore the saprolite
moisture dynamics are not suited to our analyses in this study because of as-yet-undetermined calibration
to moisture content Electrical Resistance Sensory Array System (ERSAS) or low temporal resolution (neutron
probe). We compare tree water use to surface (top 50–70 cm) soil moisture because it is readily measured

Water Resources Research 10.1002/2013WR014023

LINK ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 1888



at present; as techniques for quantifying moisture in saprolite and weathered rock advance, tree water use
should be compared to those observations as well.

4.5.2. Sap Velocity Versus Transpiration
In treating sap velocity as proportional to transpiration, we assume that (1) the radial profile of sap velocity
in the sapwood is constant in time and (2) the change in storage between the measurement point and the
leaves is small. The first assumption is a reasonable [Cohen et al., 1985; Nadezhdina et al., 2002; Dragoni
et al., 2009] but not perfect [Ford et al., 2004] approximation. The second assumption introduces more error
at subdiurnal time scales, when storage changes and temporal lags in velocity between stem and leaf can
be significant [e.g., Waring and Running, 1978; Buckley et al., 2011], but in the daily integral, the storage
change is less than 5% in Douglas-fir [Waring and Running, 1978]; the daily storage change in other species
varies but also tends to be small (negligible in Larix and Picea [Schulze et al., 1985], and up to 3% in Juglans
regia [Constantz and Murphy, 1990]). We neglect this storage contribution to transpiration for simplicity.

Similarly, in converting heat pulse velocity to sap velocity, we treat xylem water content as constant
through the year, but xylem water content, especially in Douglas-fir [Waring and Running, 1978], may
decline during long dry periods. Our water content measurements were made at the end of the dry season
and were thus probably a lower bound. According to equation (7) in Burgess et al. [2001], an underestima-
tion of water content in the wet season would result in an underestimation of sap velocity during the wet
season.

4.5.3. Regional Estimate of Transpiration
We have estimated regional transpiration in order to demonstrate the potential for species differences in
response to VPD and h to influence transpiration at a regional scale. The estimate required several simplify-
ing assumptions. First, species recorded in the FIA data set were grouped into broad categories of needle-
leaf and broadleaf, both in order to estimate the maximum potential impact of Pacific madrone-like
behavior in broadleafs and also to accommodate species not measured at the Rivendell site. This coarse cat-
egorization could and should be improved if additional species (especially the common conifers) are instru-
mented in the future. Second, the sapwood thickness—DBH relationship is poorly constrained for species
other than Douglas-fir (our Pacific madrone relationship was based on only six samples, and samples were
not collected from other broadleaf species at the site because the hardness of the wood made it prohibi-
tively difficult with the available equipment). This allometric relationship is expected to vary between sites,
species, and trees of different ages [Eamus et al., 2006, p. 42]; as such, this relationship is a significant source
of uncertainty in our regional estimate. Similarly, the radial profile of sap velocity is another significant
source of uncertainty, and we attempt to quantify this uncertainty by producing three regional estimates,
using three reasonable radial velocity profiles (Figure 10.) However, any errors due to sapwood thickness
and radial velocity profile would not change the seasonality of the transpiration estimates, only the
magnitude.

Table A1. Covariation of Sap Velocities Within the Same Tree

Tree

Stage 1 Stage 2

Pair of Sensors R2 Pair of Sensors R2

5 5.1a, 5.1b 0.96 5.2a, 5.2b 0.96
5.1b, 5.1c 0.97 5.2b, 5.2c 0.94
5.1a, 5.1c 0.94 5.2a, 5.2c 0.96

8 8.1a, 8.1b 0.94 8.2a, 8.2b 0.96
9 9.1a, 9.1b 0.95 - -
12 12.1a, 12.1b 0.98 - -
15 15.1a, 15.1b 0.83 15.2a, 15.2b 0.91

15.1b, 15.1c 0.91 - -
15.1a, 15.1c 0.78 - -

16 16.1a, 16.1b 0.97 16.2a, 16.2b 0.98
24 24.1a, 24.1b 0.89 - -
25 25.1a, 25.1b 0.99 25.2a, 25.2b 0.97

25.1a, 25.1c 0.98 25.2a, 25.2c 0.68
25.1a, 25.1d 0.84 25.2a, 25.2d 0.74
25.1b, 25.1c 0.99 25.2b, 25.2c 0.77
25.1b, 25.1d 0.87 25.2b, 25.2d 0.82
25.1c, 25.1d 0.89 25.2c, 25.2d 0.97
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Finally, in using small-scale measurements to estimate the behavior of trees at the regional scale, we
neglect heterogeneity among hillslopes. Our regional estimate does not account for heterogeneous mete-
orology and water availability, or for variation in response between trees in different locations due to, for
instance, genetics, climate during growth, or age distribution. More sap flow and micrometeorological
measurements at different sites within the Eel River watershed, as well remotely sensed observations of
vegetation, could integrate such heterogeneity and improve the accuracy of the regional estimate.

5. Conclusions

Two evergreen tree species common to forests of the northern Pacific US coast have different seasons of
peak transpiration, due to their different responses to atmospheric evaporative demand and soil water limi-
tation. Douglas-fir transpiration is phase shifted from the annual cycle of solar radiation toward an earlier
season of transpiration, with higher transpiration in the wet spring; this is because Douglas-firs’ stomatal
conductance is sensitive to water availability and VPD and their transpiration thus declines through the dry
season. Pacific madrone transpiration, in contrast, is phase shifted toward a later season of transpiration,
with higher transpiration in the dry
summer; this is because broadleaf
tree species at this site, especially
Pacific madrones, are less sensitive
to water stress and maintain greater
stomatal conductance at high VPD.

The observations of sap flow were
combined with a regional forest
inventory to construct a bottom-up

Table A2. Median Values of Estimated Jarvis Parameter Distributions for Each Tree, With Uncertainties Calculated From the 95% HPD Interval

Tree gcmax/a (kPa21) Do (kPa) b (unitless) h0 (unitless) c ((W/m2)21)

Douglas-fir
5 4.12 (28.5e-02;19.0e-02) 0.28 (27.0e-03;17.0e-03) 46 (26.3e-01;17.7e-01) 0.252 (23.7e-04;13.2e-04) 5.54e-04 (24.1e-06;14.2e-06)
8 3.90 (28.0e-02;16.9e-02) 0.29 (25.6e-03;16.4e-03) 49 (27.3e-01;16.2e-01) 0.259 (24.0e-04;13.1e-04) 4.89e-04 (24.4e-06;14.6e-06)
9 3.35 (25.7e-02;16.1e-02) 0.34 (26.9e-03;16.6e-03) 40 (25.4e-01;16.1e-01) 0.255 (23.6e-04;14.3e-04) 5.32e-04 (24.4e-06;14.2e-06)
12 4.10 (21.3e-01;11.4e-01) 0.26 (29.0e-03;19.5e-03) 54 (21.2e100;11.3e100) 0.253 (24.2e-04;15.0e-04) 6.00e-04 (25.6e-06;14.9e-06)
15 6.75 (21.6e-01;11.5e-01) 0.15 (23.4e-03;14.0e-03) 20 (23.6e-01;14.3e-01) 0.250 (26.9e-04;15.6e-04) 4.57e-04 (24.7e-06;15.1e-06)
21 4.42 (21.2e-01;11.5e-01) 0.22 (28.0e-03;16.7e-03) 44 (28.3e-01;19.9e-01) 0.247 (24.2e-04;14.7e-04) 5.40e-04 (26.4e-06;16.8e-06)
22 3.82 (21.3e-01;11.3e-01) 0.25 (21.1e-02;11.0e-02) 15 (23.7e-01;12.9e-01) 0.339 (21.8e-03;11.8e-03) 5.78e-04 (28.9e-06;17.9e-06)
23 1.76 (24.8e-02;13.9e-02) 0.59 (21.7e-02;12.0e-02) 83 (21.4e101;11.8e101) 0.190 (26.1e-03;14.9e-03) 8.07e-04 (25.5e-06;15.8e-06)
25 4.18 (29.5e-02;18.2e-02) 0.25 (25.6e-03;16.6e-03) 31 (26.4e-01;16.0e-01) 0.234 (25.8e-04;15.4e-04) 5.74e-04 (23.8e-06;13.7e-06)
avga 7.23 (26.1e-02;15.3e-02) 0.14 (21.2e-03;11.3e-03) 30 (23.6e-01;12.9e-01) 0.263 (22.4e-04;12.7e-04) 5.44e-04 (1.7e-06;11.8e-06)
Pacific madrone
11 0.87 (21.4e-02;11.3e-02) 1.45 (23.9e-02;13.9e-02) 29 (22.4e100;13.5e100) 0.152 (27.9e-03;18.5e-03) 6.43e-04 (28.4e-06;17.4e-06)
16 1.44 (22.1e-02;11.9e-02) 0.82 (21.3e-02;11.6e-02) 249 (27.3e101;11.4e102) 0.203 (23.7e-03;12.4e-03) 7.99e-04 (24.2e-06;13.5e-06)
19 1.44 (22.0e-02;11.8e-02) 0.87 (21.6e-02;11.8e-02) 49 (22.9e100;13.3e100) 0.187 (22.7e-03;12.6e-03) 7.15e-04 (24.6e-06;14.2e-06)
24 1.35 (22.3e-02;12.2e-02) 0.85 (22.0e-02;11.7e-02) 94 (29.5e100;17.3e100) 0.199 (22.4e-03;11.6e-03) 8.25e-04 (24.5e-06;14.9e-06)
avga 1.02 (24.5e-03;14.5e-03) 1.23 (29.7e-03;19.2e-03) 42 (21.3e100;11.4e100) 0.173 (21.8e-03;12.1e-03) 7.20e-04 (21.6e-06;11.7e-06)
Live oak
3 0.92 (22.1e-02;12.0e-02) 1.50 (26.5e-02;16.8e-02) 66 (22.7e100;12.6e100) 0.233 (24.9e-04;15.8e-04) 7.25e-04 (21.4e-05;11.4e-05)
4 1.42 (21.9e-02;13.0e-02) 0.87 (22.8e-02;11.8e-02) 29 (26.8e-01;15.4e-01) 0.255 (26.7e-04;18.0e-04) 7.40e-04 (28.4e-06;17.4e-06)
6 1.36 (22.0e-02;12.3e-02) 0.88 (22.2e-02;11.9e-02) 50 (21.6e100;11.5e100) 0.223 (25.7e-04;16.5e-04) 6.74e-04 (27.8e-06;19.0e-06)
7 1.52 (22.4e-02;12.4e-02) 0.78 (21.6e-02;11.9e-02) 40 (21.4e100;11.4e100) 0.210 (21.2e-03;17.8e-04) 6.88e-04 (25.5e-06;16.5e-06)
10 1.68 (22.2e-02;12.6e-02) 0.78 (21.6e-02;11.4e-02) 52 (21.4e100;11.5e100) 0.222 (25.0e-04;14.5e-04) 5.26e-04 (26.2e-06;16.4e-06)
17 2.86 (24.3e-02;16.1e-02) 0.43 (21.1e-02;18.4e-03) 20 (26.6e-01;16.5e-01) 0.208 (21.5e-03;11.4e-03) 7.88e-04 (24.6e-06;14.3e-06)
26 1.81 (25.2e-02;14.9e-02) 0.68 (22.3e-02;12.5e-02) 66 (25.0e100;14.9e100) 0.222 (22.0e-03;11.5e-03) 7.70e-04 (27.2e-06;15.6e-06)
avga 1.57 (29.6e-03;17.4e-03) 0.81 (25.8e-03;17.8e-03) 28 (24.3e-01;14.0e-01) 0.208 (26.0e-04;15.4e-04) 8.25e-04 (21.2e-06;11.1e-06)
Bay
1 0.75 (21.7e-02;11.7e-02) 1.82 (27.5e-02;19.0e-02) 26 (21.6e100;11.6e100) 0.199 (22.6e-03;12.5e-03) 7.66e-04 (21.3e-05;11.4e-05)
2 1.19 (22.2e-02;12.1e-02) 1.18 (23.1e-02;13.5e-02) 20 (26.0e-01;17.9e-01) 0.234 (21.3e-03;11.3e-03) 7.80e-04 (29.2e-06;11.0e-05)
13 1.09 (21.9e-02;11.5e-02) 1.10 (22.5e-02;12.8e-02) 20 (24.8e-01;14.8e-01) 0.216 (21.5e-03;11.0e-03) 6.07e-04 (27.9e-06;16.7e-06)
14 1.49 (22.4e-02;12.8e-02) 0.81 (22.0e-02;12.0e-02) 43 (28.1e-01;18.5e-01) 0.259 (25.1e-04;15.0e-04) 6.13e-04 (27.8e-06;18.7e-06)
18 1.52 (22.4e-02;12.4e-02) 0.80 (21.5e-02;11.8e-02) 32 (21.2e100;11.2e100) 0.201 (21.4e-03;11.6e-03) 7.21e-04 (24.9e-06;14.8e-06)
avga 1.16 (26.2e-03;17.2e-03) 1.04 (29.0e-03;19.2e-03) 87 (21.5e100;12.0e100) 0.218 (23.0e-04;13.8e-04) 7.46e-04 (21.8e-06;12.2e-06)
Tanoak
20 0.95 (21.4e-02;11.4e-02) 1.55 (24.3e-02;14.7e-02) 35 (26.6e-01;17.9e-01) 0.250 (26.5e-04;15.1e-04) 8.45e-04 (26.0e-06;16.3e-06)

a‘‘avg’’ refers to parameters estimated from species-averaged time series.

Table A3. Limits of Uniform Prior Distributions for Markov Chain Monte Carlo Esti-
mation of Jarvis Model Parameters (Equation (7))

Parameter Lower Limit Upper Limit

gcmax/a (kPa21) 0 9
Do (kPa) 0 2
b (unitless) 0 400
h0 (unitless) 0 0.35
c ((W/m2)21) 3 3 1024 9 3 1024
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estimate of regional transpiration. This estimate highlights the regional-scale impact of needleleaf ever-
green stomatal sensitivity to water stress. The resulting suppression of dry season transpiration could create
feedbacks from the forest to atmospheric temperature and humidity, and the nature of these feedbacks
would depend on species distribution [Link et al., in preparation]. Better constraints on historical and future
changes in Pacific coast forest species composition are needed in order to understand the resulting impacts
on the land-atmosphere exchange of water and energy.

Tree 15

Tree 16

Figure A1. Plots on the diagonal: posterior distributions of environmental response parameters for (top) the example Douglas-fir sensor
and (bottom) the example Pacific madrone sensor. Plots below the diagonal: covariation of each pair of parameters for each example
sensor.
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Appendix A: Markov Chain Monte Carlo

The MCMC method we adopt computes the likelihood function, assuming that the sap flow measurement
errors are normally distributed, and uses the Metropolis-Hastings algorithm to select new members of the
chain from a proposal distribution [e.g., Sivia and Skilling, 2006]. We used the python PyMC module to exe-
cute this analysis [Patil et al., 2010]. The standard deviation of the measurement error for each sensor was
determined from the noise floor of the sensor’s power spectrum, using Parseval’s theorem; the standard
deviation for most sensors was 1–3%, and the largest standard deviation was 8%. The Metropolis-Hastings
algorithm guarantees convergence of the Markov chains, but convergence is slow when a high rate of rejec-
tion (>>50%) of the proposed values occurs, a common circumstance for problems with a large number of
parameters. We investigated marginalization over errors in the environmental variables (temperature, rela-
tive humidity, radiation, and soil moisture) adopting a single test sensor for which this problem was compu-
tational tractable. The most likely parameter values for this test sensor were slightly different from those
derived assuming the environmental parameters are perfectly known, but the differences were small com-
pared to the differences between sensors and compared to the range of the parameter space. The 95% con-
fidence intervals did not widen noticeably in this test, but the slight differences in median values suggest
that the 95% confidence intervals quoted here underestimate the parameter uncertainties by up to a factor
of 3. However, all parameter distribution widths remained a small fraction of the spread in most likely
parameters values derived for each species as a whole. Thus, while the confidence intervals listed in Table
A2 should be viewed as lower limits to the true error for a given tree’s parameters, we do not expect
unaccounted-for uncertainties in environmental variables to significantly impact our species-wide
conclusions.

We adopt uniform priors for the proposal distributions of the unknowns, and each chain is initialized with a
random value within the prior range. The adopted priors for the free parameters are given in Table A3, and
we imposed them after exploration of the full range of parameters. Following an initial ‘‘burn in’’ period, we
establish convergence and independence following Raftery and Lewis [1995]. Figure A1 shows typical results
from this analysis for two example trees. For both trees, gcmax/a and Do are correlated, consistent with the
results of Oren et al. [1999]; R2 values for gcmax/a—Do correlation ranged from 0.92 to 0.99 over all trees. For
most madrone trees, b and ho covary in a nonlinear way, as shown in Figure A1 (Tree 16); b and ho did not
covary in this way for other species. Other parameters are minimally correlated, and the degree of parame-
ter independence shown in Figure A1 is typical for all sensors.
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