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Abstract: The results reported in this work are based in part on measurements of sap flow in a few
select trees on a representative riparian forest plot coupled with a forest-wide randomized sampling
of tree sapwood area in a watershed located along the Pacific coast in Santa Cruz County, California.
These measurements were upscaled to estimate evapotranspiration (ET) across the forest and to quantify
groundwater usage by dominant phreatophyte vegetation. Canopy cover in the study area is dominated
by red alder (Alnus rubra) and arroyo willow (Salix lasiolepis), deciduous phreatophyte trees from which
a small sample was selected for instrumentation with sap flow sensors on a single forest plot. These
localized sap flow measurements were then upscaled to the entire riparian forest to estimate forest ET
using data from a survey of sapwood area on six plots scattered randomly across the entire forest. The
estimated canopy-scale ET was compared to reference ET and NDVI based estimates. The results show
positive correlation between sap flow based estimates and those of the other two methods, though over
the winter months, sap flow-based ET values were found to significantly underestimate ET as predicted
by the other two methods. The results illustrate the importance of ground-based measurements of
sap flow for calibrating satellite based methods and for providing site-specific estimates and to better
characterize the ET forcing in groundwater flow models.

Keywords: evapotranspiration; sapflow; phreatophyte; riparian; groundwater

1. Introduction

Prolonged drought conditions in California and the associated increased reliance
on groundwater resources for irrigation in coastal areas, necessitates a re-examination of
agricultural groundwater use in riparian corridors, particularly the impacts of groundwater
pumping on instream flows. Minimum flow requirements in coastal creeks are a source of
serious concern for riparian forest and land managers, fisheries biologists, and agencies
assigned to evaluate sustainable instream flow requirements. Prior works in coastal riparian
systems (e.g., [1]) have focused entirely on groundwater pumping for irrigation, with only
cursory attention given to consumptive groundwater use by riparian vegetation. An
accurate understanding of the impacts of groundwater pumping for irrigation, requires a
consideration and characterization of all the components (inputs, outputs, and storage) of
watershed-scale water budgets, including the poorly understood consumptive groundwater
use by phreatophytic vegetation.

Riparian forests are among the most productive natural ecosystems and perform
such ecological functions as filtering agricultural runoff of sediment, nutrients, and other
solutes, thereby minimizing non-point source contamination of streams and groundwater.
They help maintain the stability of stream banks as well as the quality and quantity of
groundwater recharge [2–4]. In addition to ecological functions, riparian forests also play a
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central role in the earth’s strongly coupled energy and hydrologic cycles through consump-
tive water use from evapotranspiration (ET) and effects on surface roughness and surface
reflectivity (albedo). Direct measurement of tree sap flow to better characterize the ET
forcing on groundwater flow could lead to improved understanding of the ET component
of the hydrologic cycle attributable to consumptive groundwater use by phreatophytic
vegetation. Water requirements of riparian vegetation are usually fulfilled by soil moisture
and groundwater [5]. However, riparian forests also often contain phreatophytic species,
which depend primarily on groundwater for long-term survival [6,7]. The root systems of
such species extend to the capillary fringe, the water-table and the underlying saturated
zone [7,8]. In groundwater models of diurnal groundwater fluctuations, the water use by
phreatophytic vegetation can be characterized by a diurnal ET water-table flux boundary
condition (forcing function) or as a volumetric sink within the saturated zone (unconfined
aquifer) [9].

Although direct measurement of ET from riparian forests is key to understanding
regional and local water and energy balances in hydroclimatological modeling, there remain
high uncertainties in seasonal and long-term (decadal scale) riparian forest ET data due
to the focus on diurnal fluctuations [10,11]. This limits the ability of models to accurately
estimate the groundwater component of water budgets consumed by vegetation in such
forests [11]. Riparian zones in semiarid regions often exhibit high rates of ET in spite of
low-soil wetness due to the presence of phreatophytic vegetation [12,13], which is reflected
in diurnal water-table fluctuations [5,9,12] and can be measured by direct monitoring of
vadose zone soil moisture and groundwater levels. In most long-term ET and groundwater
studies, the amount of water used by phreatophytes is estimated by empirical formulae
that rely on climatic and weather variables or by extrapolation and interpolation of remote
sensing measurements. This can be problematic given the uncertainties associated with the
subsurface sources of the water [10,11].

Direct ground-based measurements of ET include eddy covariance and sap flow
monitoring. There are three common sap flow techniques: (1) thermal dissipation probes
(TDP), (2) heat pulse velocity (HPV), and (3) tissue heat balance (THB). Thermal dissipation
probes (TDP) proposed by [14] comprise two cylindrical probes that are inserted into the tree
stem and separated by a fixed vertical distance. There is some uncertainty on the accuracy
of TDP sensing of sap flow taking in fixed position on trees over long periods [15,16]. The
workers [17] continuously measured sap flow for 1.2 years, and reported that the mean
sap flux density declined by 30% during the second growing season. In a fast-growing
tree, the probes become embedded as the vascular cambium produces new phloem and
xylem tissue [18,19]. Prior work of [16] reported declines in sap flow as probes became
lodged deeper into the sapwood over time, leading to underestimation of the volume sap
flow rate.

In the present study, sap flow was measured using thermal dissipation probes in
four trees, continuously, for two years with the objectives of (1) comparing up-scaled
ground-based sap flow estimates of ET to satellite-based measurements and (2) evaluat-
ing groundwater usage by phreatophytes in comparison to pumping for irrigation. The
approach involved installation of thermal dissipation probes (sap flow probes) in select
phreatophytes, vegetation surveys focusing on phreatophytes, measurement of sapwood
area, and up-scaling of plot-scale sap flow measurements to forest-scale ET estimates.

2. Materials and Methods
2.1. Study Site

The study was conducted at Swanton Pacific Ranch, located along the Pacific coast in
Santa Cruz County, California, about 84 km south-southeast of San Francisco. A map of the
watershed and study area is shown in Figure 1. The climate of the region is Mediterranean,
with warm, mostly dry summers and cool, wet winters. The mean summer air temperature
highs are 24 ◦C and mean winter air temperature lows are 5 ◦C. The rainy season is typically
from October to April, with an average yearly precipitation of 975 mm, with an average of
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193 mm occurring in January. Even during the recent prolonged drought in California from
December 2011 to March 2019, the average yearly precipitation was 945 mm. The average
yearly precipitation over the duration of this study (August 2017 through August 2019)
was 855 mm. Streamflow in main stream in the watershed, Scotts Creek, is typically very
low in the summer (≤0.1 m3/s). During the winter, peak flows typically are 20–70 m3/s,
based on data from a Scotts Creek stream gauge.
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Figure 1. A map (adapted from [20]) of the Scotts Creek watershed, Swanton Pacific Ranch, and the
riparian forest study area. The map shows the location of the instrumented phreatophytes, survey
plots, and piezometers.

The riparian corridor within the study area is about 70–140 m wide with a canopy
cover that often approaches 100% during the growing season [21]. The dominant trees along
the lower portion of the Scotts Creek watershed are red alders (Alnus rubra Bong.), arroyo
willows (Salix lasiolepis Benth.), and pacific willows (Salix lasiandra Benth. var. lasiandra).
Other trees include box elder (Acer negundo L.), bigleaf maple (Acer macrophyllum Pursh.),
California bay laurel (Umbellularia californica (Hook. & Arn.) Nutt.), and coastal redwoods
(Sequoia sempervirens (D. Don) Endl.) Common understory vegetation includes California
blackberry (Rubus ursinus Cham. & Schltdl.), stinging nettle (Urtica dioica subsp. gracilis L.),
poison hemlock (Conium maculatum L.), Cape ivy (Delairea odorata Lem.), and Italian thistle
(Carduus pycnocephalus L. subsp. pycnocephalus) [21–23]. The phreatophytes documented
within the study area, including red alders, arroyo willows, pacific willows, box elders, and
bigleaf maples, are all deciduous. They typically lose their leaves in November/December
and their leaf buds burst in early March. They maintain maximum leafage for most of
the spring, summer, and fall growing seasons. The typical site vegetation is shown in
Figure 2, which shows (a) the dominant phreatophytic trees (b) understory vegetation,
and (c) deciduous vegetation during winter dormancy. Red alders are fast-growing, rela-
tively short-lived, shade intolerant, and tend to favor sites with bare mineral soil and high
sun exposure that were disturbed by floods, windthrows, logging, or fires.
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(a) (b) (c)

Figure 2. Typical vegetation, including (a) phreatophytic trees (b) understory vegetation, and (c) de-
ciduous vegetation during winter dormancy in the study area within the lower Scotts Creek riparian
corridor in June 2017, June 2018, and January 2019, respectively.

2.2. Sap Flow Measurements

Four trees of the dominant phreatophytes at the study site were selected for mon-
itoring based on their stem diameters (7.6–12.7 cm) and proximity (less than 33 m) to
the data acquisition station. The location of the sap flow probe area is shown on the site
map in Figure 1. A pair of probes was installed in each tree. The installation procedure
involved removal of the outer bark at 1.22–1.45 m above the ground to minimize radiative
temperature effects from land surface. Two pilot holes, 40 mm apart vertically, were then
bored into the tree stem to a depth of 30 mm using a 1.5-mm diameter drill bit. The pilot
holes and drill bit were flushed with 10% chlorine bleach prior to and after boring the
holes in each tree to minimize the introduction and spread of pathogens. The probes were
then carefully inserted into the bores and adhesive putty applied around the base of each
probe to provide a water-tight seal. Foam covers were placed over the probes for thermal
insulation and to protect the electrical wiring. Reflective bubble insulation was wrapped
around the probes, foam, and tree stem to minimize thermal gradients caused by direct
solar radiation. Saran wrap was wrapped around the tree stem and upper portion of the
reflective bubble insulation to prevent water from flowing down the stem surface and into
the probes. Figure 3 depicts the probe installation steps (a)–(d) and the aftermath of tree
healing that occurred over the study period (e).

(a) (b) (c) (d) (e)

Figure 3. Pictures of the probe installation and insulation procedure. (a) the dual probe after insertion
into stem drill holes and sealing with putty, (b) foam insulation cover over probes, (c) reflective
blanket, (d) saran wrapped installation, and (e) post-study period probe condition shown growth
over probe.

The probes were part of the FLGS-TDP XM1000 sap velocity system (Dynamax Inc.,
Huston, TX, USA), which includes a CR1000 measurement and control data logger with
a AM16/32 relay multiplexer (Campbell Scientific, Logan, UT, USA) housed in a rugged
weather-resistant instrument enclosure. Communication, programming, and data extrac-
tion between the data logger and a computer were facilitated using the PC400 data logger
support software (Campbell Scientific). The data logger and solar panel were mounted
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on a 10-ft UT10 aluminum tower in a forest canopy gap. The tower was secured in an
8-ft3 concrete pad with a J-bolt kit for stability during rough weather and flooding. Probe
cords were placed inside 1.0-inch diameter schedule 40 PVC conduit pipes and installed
approximately 30 cm underground for protection against weather, flooding, and wildlife.
The conduit pipe openings were covered with duct seal putty to keep out moisture. Upon
completion of probe installation and mounting the data logger to the tower, sap tempera-
ture differentials were recorded at one-minute intervals and their averages were recorded
every 15 min. The data were downloaded from the data logger every two months. A sap
flow computation spreadsheet, provided by Dynamax Inc., and modified appropriately to
implement the theoretical equations of [14], was used to calculate the volumetric rate of
sap flow.

2.3. Measurement and Estimation of Tree Diameter and Sapwood Depth

Determination of the sapwood area, SA, requires knowledge of tree stem diameters,
d, and sapwood depth, Dsap. Hence, for this work, tree stem diameter, d, at breast height
(herein d = DBH) was measured for all woody vegetation greater than 0.025 m in diameter
in each of the six representative sample plots. For this work, the breast height used was
1.37 m. The stem diameters were measured manually with a standard English diameter
tape. The tree diameter tape is based on the assumption that tree stems are perfect circles
such that d = C/π, where C is tree stem circumference. Within each plot, the number of
species, and number of trees for each species were also recorded.

Whereas tree stem diameter was measured for all woody vegetation in each of the
sample plots, sapwood depths, Dsap, were measured from cores extracted from a small
representative subset of the riparian phreatophytic trees within each plot. A stratified
random sampling design was used to estimate phreatophytic vegetation composition.
Woody vegetation was sampled in six random plots, each of area 400 m2, within the
riparian corridor. Environmental Systems Research Institute’s (ESRI) ArcMap 10.7 was
used to determine the locations of these random plots. First, a fishnet with 20 m × 20 m
sections was laid over the study area in ArcMap. Then, random sections were chosen on
the grid. The coordinates of the northwest corner of each plot were programmed into a
Trimble Geo 7X handheld GPS for locating in the field. The locations of the remaining three
corners for each plot were determined with an open reel measuring tape and a compass.

To measure Dsap, wood cores were extracted at breast height (1.37 m) from select
phreatophytes using an increment borer (Haglöf Sweden AB) within each plot. The bark
thickness, sapwood depth, and heartwood/pith radius of each core were measured in the
field with a ruler. In most trees, the sapwood’s lighter color made it simple to distinguish
from the heartwood. However, in some trees (e.g., red alders and arroyo willows), there
was very little color difference between the sapwood and heartwood [24]. In order to
determine the sapwood depth, Dsap, wood cores were first stained with a 0.2% safranin
dye by applying the dye to each core in a series of continuous drops using a small pipette.
The dye was applied immediately after extracting the cores because the vessels of vascular
system lose uptake pressure [25]. Because the dye is absorbed more easily by sapwood
than by heartwood [26], it allows one to locate the sapwood and heartwood boundaries
from which Dsap could then be estimated. Figure 4 depicts (a) the bore from which a core
sample was retrieved, (b) an example of a retrieved tree core stained with dye, and (c) a
close-up of the core showing sap wood to heartwood transition.
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(a) (b) (c)

Figure 4. Core sampling to measure of sap wood and heartwood depth. (a) tree bore after core retrieval,
(b) retrieved tree core, and (c) a close-up of the core showing sap wood to heartwood transition.

The sapwood depth, Dsap, of phreatophytic trees in each plot was measured in only a
subset of the trees on the plot. Here, we outline the approach used to estimate Dsap, and
the sapwood areas, SA, of the non-sampled trees. Sapwood depth is defined as

Dsap =
d
2
− DB − DH , (1)

where d is tree diameter at breast height (DBH), DB is bark thickness, and DH heart-
wood/pith radius. Estimates of bark thickness DB for non-cored trees of known diameter,
d, were estimated using the relation of [27], namely

DB = a1eβ1d, (2)

where a1 and β1 are empirical parameters determined using data from cored trees. Esti-
mates of heartwood/pith radii were obtained using the relation

DH = a2eβ2d, (3)

for red alders, and
DH = a2d + β2, (4)

for willows, where a2 and β2 are empirical parameters determined using data from cored
trees. For cored trees, the measured bark thicknesses and heartwood/pith radii were
plotted against the measured stem diameters and best fits of the models given in above
were obtained to determine the values of the empirical parameters. With the empirical
constants thus determined, Equations (2)–(4) were then used to estimate values of DB and
DH for the non-cored trees given their measured diameter d.

For cored samples, the dye droplet method was used to determine the boundary
between sapwood and heartwood. The dye was applied to every core immediately after
extraction from the tree but yielded mixed results depending on the quality of the wood
cores and the tree. On some cores, especially those from small trees, the sapwood absorbed
the dye immediately. Heartwood in cores from older trees absorbed the dye at very slow
rates, making it challenging to make the distinction between heartwood and sapwood in
a timely manner. There were multiple instances where sapwood and heartwood could
not be distinguished from each other based on dye absorption. In these cases, changes in
color and/or texture were used to determine the sapwood/heartwood boundary. Overall,
determining the boundary between sapwood and heartwood was very difficult, even with
the dye droplet method.

2.4. Upscaling Plot Measurements to Forest Scale

Sapwood area is a measure of the actual tree stem area through which water extracted
from the subsurface flows on its way to be transpired to the atmosphere from the canopy.
The sapwood areas of all phreatophytic trees in six sample plots of the riparian forest
were used to estimate the fractional sapwood basal area, αk (expressed in m2/ha), for each
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phreatophytic species over the riparian forest within the study area using the following
relation adapted from [28]:

αk =
1
M

M

∑
p=1

(
1

Ap

Np

∑
n=1

A(k)
n,p

)
(5)

where M is the number of sample plots, Np is the number of trees of kth species in the pth

sample plot, Ap is the forest floor area of the pth sample plot, and A(k)
n,p is the sapwood area

of the nth tree of the kth species in the pth plot. In this work, the area of each of the six
(M = 6) sample plots in which trees were counted and core samples collected, was fixed
at Ap = 400 m2. The total sapwood area, As,k, of a given phreatophytic species over the
entire riparian forest within the study area was then estimated as simply

As,k = αk Arf, (6)

where Arf is the measured total ground area of the forest. For this study, Arf = 9.2 ha.
The total riparian forest sapwood area determined with this equation was then with

sap flow data from the four instrumented trees to upscale measured sap flow to the riparian
forest ET. First, the ET from each instrumented tree was calculated based on the areal extent
of its canopy [29]. The canopy extent of each instrumented tree was determined with a
Trimble Geo 7x GNSS handheld. In ArcMap, the GPS points of each tree were connected to
create a polygon that represented the areal extent of the canopy. A modified version of an
equation from [16] was used to calculate ET above the riparian corridor canopy viz.,

ET =
1

Acp

N

∑
k=1

uk As,k =
Arf
Acp

N

∑
k=1

ukαk (7)

where N is the number of tree species, uk is the mean sap flux density of the kth phreato-
phytic species and Acp is the combined canopy areal extent of the riparian forest. For
simplicity, arroyo and pacific willows are treated as one species for this study such that the
number of species was N = 2 (red alders and willows). This was necessitated by the fact
that only one willow was instrumented.

2.5. Validation Method

The upscaled results will be validated by comparison to two common methods to
estimate ET, namely the Modified Penman Equation for computing reference evapotran-
spiration (ETo) and an equation utilizing normalized difference vegetation index (NDVI)
data and meteorological data. The original Penman Equation comprises two terms: energy
(radiation) and aerodynamic (wind and humidity) [30]. The Modified Penman Equation
includes an amended wind function [31]. According to [32], the Modified Penman Equation
has been shown to overestimate ETo in conditions with high winds and low evaporation,
but it offers the best ETo estimates for grass surfaces. The ETo (mm/d) was calculated using

ETo = c[WRn + (1−W) f (u)(VPD)] (8)

where c [-] is an adjustment factor compensating for difference in day and night weather
conditions, W [-] is a temperature related weighting factor, Rn (mm/d) is the net solar
radiation in equivalent ET, f (u) [-] is a wind-related function, and VPD (mbar) is the vapor
pressure deficit.

The second method for estimating ET is via satellite remote sensing and meteorological
data. Remote sensing provides spatial and temporal coverage of the land surface [33]. NDVI
is one of the many products that comes from remote sensing and it quantifies the density of
green vegetation on a plot of land. Comprising imagery with near-infrared and red spectral
bands, NDVI data are useful for monitoring changes in vegetation [34]. Due to chlorophyll
in the leaves, vegetated areas absorb visible light and have high near-infrared reflectance.
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In contrast, non-vegetated features have high visible light reflectance and low near-infrared
reflectance, namely rocks, bare soil, water, snow, and clouds. Using an equation by [35], the
ET of the riparian forest can be calculated with

ET =
Rnφ∆

ρλ(∆ + γ)

(
1− 0.583e−2.13NDVI

)
(9)

where Rn (W/m2) is the net solar radiation, φ [-] is the aerodynamic and canopy resistance
parameter, ∆ is the slope of the saturated vapor pressure curve, ρ (kg/m3) is the density of
water, λ (J/kg) is the latent heat of vaporization of water, and γ (kPa/K) is a psychrometric
constant. The parameter φ ∈ (0, φmax) was estimated from a scatter plot of site surface
temperature To and NDVI data using the linear interpolation scheme described in [35],
where φmax = (∆ + γ)/∆ = 1.26.

The ETo data set consisted of hourly ET data reported by a California Irrigation Man-
agement Information System (CIMIS) automated weather station located 21 km from the
study area, in Santa Cruz. The station uses the CIMIS version of the modified Penman-
Monteith Equation [30] given by [31] to calculate ET from a standardized grass surface
that is well-irrigated and closely cut, while completely shading the soil. NDVI and meteo-
rological data were used to calculate the ET of the riparian forest with Equation (9). The
NDVI data were taken from weekly EROS Moderate Resolution Imaging Spectroradiometer
(eMODIS) composite sets at 250× 250 m2 spatial resolution [36]. The weighted average
NDVI value of the entire study area each week was calculated in ArcMap by determining
the percentage of study area within each pixel. The NDVI values were calculated using
NDVI = (IR− R)/(IR + R), where IR and R represents pixel values from the infrared
and red bands, respectively. This yielded NDVI values in the range −1 to +1 for use in
Equation (9). Required meteorological data comprised air pressure, air temperature, and
solar radiation. Two sets of these data were taken from two separate weather stations
(CIMIS and Weather Underground) within the general vicinity of the study area in order
to compare sap flow based-ET to separate areas with slightly different weather patterns.
The second station was a nearby Weather Underground (WU) station, located 5 km from
the study area in Davenport, CA. The meteorological data of each weather station were
averaged over the same weeks as the eMODIS composite sets.

3. Results

As stated previously, the objective of the work was to estimate riparian forest ET from
sap flow measurements collected in a small sample of the predominant vegetation. The ET
estimates are based on estimates of the total sapwood area for the entire riparian forest as
well as its canopy areal extent. The results are presented in the following.

3.1. Phreatophytic Vegetation Survey and Sapwood Area

A total of 159 trees were surveyed in the six sample plots, with 153 of them being
phreatophytes. They comprised 83 red alders, 61 arroyo willows, 9 pacific willows, and
6 coastal redwoods. The survey comprised direct measurement of DBH using diameter
tape. Sapwood depth was measured directly in a subset of the surveyed phreatophytes
by wood coring. The coastal redwoods are not considered phreatophytes, and thus were
excluded from the calculations for the total sapwood area of the riparian forest. The
survey results, including averages and standard deviations of DBH and sapwood area,
are summarized in Table 1. The values in parentheses are for the subsamples that were
selected for coring to obtain direct measurements of bark thickness and heartwood/pith
radius for sapwood area estimation. Multiple cores were extracted on some trees because
the heartwood and/or piths were difficult to sample. Larger trees were especially difficult
to sample due to irregularities in radial growth of tree stems. The poor surface quality
of the cores and the small difference in color between early wood and late wood made
determining the age of trees challenging. Wood cores from young, small red alders (DBH
of d < 35.6 cm) consistently showed only bark, sapwood, and piths, which agree with [17].
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The histograms of the measured diameters at breast height for all surveyed phreato-
phytes are shown in Figure 5. Theoretical probability density functions are also included
for completeness. The arroyo willows and pacific willows were analyzed as one composite
group due to their small sample sizes (61 and 9, respectively). Weibull (p = 0.090 for willows
and p > 0.250 for red alders) and lognormal (p = 0.079 for willows and p = 0.214 for red
alders) distribution model fits are also included. When the red alders and willows were
analyzed as one composite phreatophytic vegetation group, they appear to follow gamma
(p = 0.182) and Weibull (p = 0.087) distributions based on a 95% confidence interval. All the
probability density functions show positive skewness indicating a sampling bias on the small
tree diameter end of the range. Figure 5 also shows histograms of cored main stem sapwood
areas for red alders, arroyo willows, and pacific willows from the six sample plots.

Table 1. Statistics of surveyed phreatophytes within the six sample plots. The values in parenthe-
ses indicate the subsamples that were selected for coring to obtain direct measurements of bark
thicknesses and heartwood/pith radii for sapwood area estimation.

DBH (cm) Sapwood Area (cm2)
Species

n µdbh σdbh n µsa σsa

Red Alder 83 (24) 20.9 (31.6) 15.0 (17.0) 23 734.0 543.1
Arroyo Willow 61 (16) 11.6 (19.6) 7.5 (6.6) 14 318.4 140.7
Pacific Willow 9 (6) 27.5 (28.6) 10.4 (11.5) 5 526.2 347.7
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Figure 5. Histograms of measured tree stem diameters at breast height (DBH) for (a) all phreatophytes,
(b) red alders, and (c) willows within the six sample plots, and histograms of measured main stem
sapwood areas for (d) all phreatophytes, (e) red alders, and (f) willows within the six sample plots.

Estimates of model parameters in Equations (2)–(4) from tree core data are summarized
in Table 2. These parameters were used to estimate sapwood basal area for the trees on
which cores were not obtained but for which the diameter d at breast height was measured.
Estimates of the fractional sapwood basal area and sapwood area across the entire riparian
forest using Equations (5) and (6), respectively, are also summarized in Table 2.
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Table 2. Model parameters for the best fit developed from wood core data within the six sample plots
to estimate bark thickness and heartwood/pith radius based on DBH. Estimated fractional sapwood
basal area, αk, and total sapwood area, As,k for each phreatophytic species across the riparian forest
within the study area are also included.

Bark Thickness Heartwood/Pith Radius Estimates
Species

n f (x) a1 β1 R2 n f (x) a2 β2 R2 n αk (m2/ha) As,k (m2)

R-Alder 24 Exp 0.220 0.030 0.698 23 Exp 0.067 0.050 0.241 83 16.4 150.5

A-Willow 16 Exp 0.194 0.041 0.674 16 Linear 0.192 −2.214 0.454 61 3.3 30.3

P-Willow 6 Exp 0.331 0.042 0.690 5 Linear 0.045 0.207 0.333 9 2.1 19.3

3.2. Sap Flow Measurements

The four instrumented trees were continuously monitored at one-minute intervals and
the data averaged every 15 min for 618 consecutive days from 18 August 2017 through 26
April 2019. The diurnal sap flow data for selected weekly periods in the growing seasons of
each study year are shown in Figure 6. Several instances of morning peaks were observed
in the data. They were particularly evident during the growing seasons of the study period
for red alders 2 and 3 (Figure 6a), and attributable to direct incident solar radiation on the
reflective shield wrapped around the probes, which served to minimize the occurrence
of morning peaks. It may also indicate problems with installation of the probes. Another
possibility is that they may be as a result of water release in the morning from tree trunk
storage before tree roots uptake water to refill the storage according to [37,38] who found
that tree trunk internal water storage can contribute as much as 28% of the daily water
budget in some tree species. The arroyo willow and red alder 1 also show morning peaks,
but had much lower amplitudes later in the morning. The time lag time between sunrise
and initial sap flow for the arroyo willow and red alder may be due to partial shading
by other trees. All instrumented trees showed some activity during the winter period of
dormancy, with the peak amplitudes of greater than an order of magnitude smaller than
those observed during periods of active growth.
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Figure 6. Example weekly sap flow data of the four instrumented trees collected over the two-year
monitoring period. The graphs show sap flow measured in (a) Fall 2017, (b) Spring 2018, (c) Summer
2018, (d) Fall 2018, (e) Spring 2019, and (f) Summer 2019.
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The time series of the sap flow data for the entire two-year monitoring period of the
four instrumented trees are shown in Figure 7 for (a) arroyo willow, (b) red alder 1, (c)
red alder 2, and (d) red alder 3. The daily maximum air temperatures and daily mean
solar radiation over the same monitoring period are included in Figure 7e to highlight the
seasonality of the observed behavior. Seasonality is clearly evident in the sap flow data
with periods of high sap flow generally coinciding with spring, summer and fall seasons,
interspersed with periods of minimal flow in winter seasons. The spring-fall period is the
period of active growth, with leafage increasing to summer-fall maxima. The instrumented
phreatophytes were deciduous, losing leaves in late fall, with complete leaf loss deep in
the winter months of dormancy. Fall, winter, spring, and summer seasons are marked
clearly on the figures to highlight their correlation to periods of significant sap flow change.
Specifically, the active and dormancy periods of all four trees clearly follow the spring
equinoxes and winter solstices (Figure 7).
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Figure 7. Daily total sap flow measured in (a) arroyo willow, (b) red alder 1, (c) red alder 2, (d) red
alder 3, and (e) the CIMIS daily maximum air temperature and solar radiation over the monitoring
period.
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Sap flow peaked in the arroyo willow in early July 2018 and early June 2019. It was
dormant from early January 2018 to early March 2018, and mid-December 2018 to mid-
March 2019. It also showed a similar sap flow pattern to red alder 1 by mid-December
2018. Its sap flow pattern returned to normal by mid-March 2019. Mean peak sap flow in
red alders occurred in early July 2018 and early June 2019. In general, the red alders were
dormant from December to mid-March. Red alder 1 was dormant from early November
2017 to mid-March 2018 and mid-November 2018 to mid-March 2019. Red alder 2 was
dormant from December 2017 to late March 2018, and late November 2018 to late March
2019. Red alder 3 was dormant from late December 2017 to late March 2018 and from
mid-December 2018 to mid-March 2019. These results generally agree with those of [17],
whose red alders were dormant during the winter period, though the period of dormancy
is appreciably longer in Oregon, extending from October through March.

3.3. Evapotranspiration of Riparian Forest

Sap flow data were first used to estimate the ET of the individual instrumented trees.
The results are shown in Figure 8. The seasonal variation in ET of the individual trees is
clearly evident as one would expect from the sap flow data shown in Figure 7. The ET
data among the four trees appear to show moderate to strong behavioral correlations, with
red alders 2 and 3 consistently showing greater ET than the other two trees during the
peak flow periods. The results obtained here did not show a general decrease in ET over
the period of the study as has been observed by other workers. In fact, two trees (arroyo
willow and red alder 3) appear to show increased ET in the final year (2019) of the study.
The seasonal averages of the computed ET for the four trees are summarized in Table 3.
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Figure 8. Evapotranspiration (mm/d) of the four instrumented trees from 18 August 2017 through 24
August 2019.

The sap flow data collected from the four instrumented trees were upscaled to the
entire riparian forest canopy using Equation (7), and the estimated values are summarized
and included in Table 3. The season averaged values range from a low of 0.5 mm/d during
the winters to a high of 4.1 mm/d over the summer. Daily values show peak values in
excess of 6 mm/d. It should also be noted that the winter average values are within margins
of instrument measurement uncertainty.

The ET of the riparian forest estimated from sap flow data was compared to ET
estimates based on NDVI and meteorological data, and ETo in the general vicinity of
the study area. The seasonal averages of the sap flow-based ET, ETo, and ETndvi are
summarized in Table 4. Generally, there is strong correlation in the observed temporal
behavior, as well as moderate agreement in estimates of ET over the active growing periods
of spring, summer, and fall. This is particularly the case when comparing the sap flow-
based ET to ETo. However, there are notable divergences in the data. In fall of 2017, the sap
flow-based ET appeared to be similar to the ETo and ETndvi based on CIMIS and WU data
(Figure 9a). In winter of 2018, the sap flow-based ET was substantially lower than the ETo
and both ETndvi estimates. In spring of 2018, the sap flow-based ET was marginally lower
than the ETo, but was substantially lower than both ETndvi,wu values. In summer of 2018,
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sap flow-based ET was similar to ETndvi,wu, but it was marginally lower than the ETo and
ETndvi,cimis. This pattern was repeated in the second year of the study period.

Table 3. Seasonal estimates of mean ET (mm/d), and corresponding mean square errors, of the four
instrumented trees and the entire riparian forest over study period.

Arroyo Red Alders Riparian
Season

Willow 1 2 3 Forest
Summer 2017 2 1.15± 0.43 0.93± 0.24 2.0± 0.38 2.68± 0.74 3.74± 0.63
Fall 2017 0.69± 0.33 0.53± 0.28 1.13± 0.64 1.82± 0.78 2.19± 1.07
Winter 2018 0.27± 0.18 0.31± 0.18 0.20± 0.09 0.40± 0.19 0.66± 0.26
Spring 2018 1.12± 0.43 0.90± 0.29 1.97± 0.66 2.96± 1.0 3.47± 1.12
Summer 2018 0.97± 0.48 1.04± 0.28 2.16± 0.41 3.79± 0.80 3.58± 0.90
Fall 2018 0.98± 0.43 0.43± 0.31 1.22± 0.71 2.07± 1.19 2.02± 1.11
Winter 2019 0.26± 0.21 0.28± 0.22 0.12± 0.05 0.38± 0.17 0.49± 0.26
Spring 2019 2 1.41± 0.68 0.73± 0.28 1.83± 0.81 3.45± 1.62 3.02± 1.27
Summer 2019 2 2.00± 0.57 0.97± 0.25 2.53± 0.38 5.21± 1.06 4.08± 0.86

2 Seasons with incomplete or missing data

Table 4. Estimates of seasonal mean ET (mm/d) and corresponding MSE from the different methods
across the entire riparian forest over study period.

Sap CIMIS NDVI
Season Flow ETo CIMIS WU
Summer 2017 2 3.74± 0.63 3.32± 0.99 3.20± 0.62 -
Fall 2017 2.19± 1.07 2.34± 1.07 2.17± 0.87 -
Winter 2018 0.66± 0.26 197± 0.92 2.28± 0.80 -
Spring 2018 3.47± 1.12 4.04± 1.22 5.09± 1.25 4.85± 0.96
Summer 2018 3.58± 0.90 4.11± 1.07 4.32± 0.88 3.42± 1.11
Fall 2018 2.02± 1.1 2.12± 0.94 2.15± 0.64 1.70± 0.58
Winter 2019 0.49± 0.26 1.66± 0.99 2.15± 1.12 1.87± 1.11
Spring 2019 2 3.02± 1.27 3.69± 1.25 5.09± 1.33 4.62± 1.74
Summer 2019 2 4.08± 0.86 4.36± 1.02 4.94± 0.94 4.42± 1.12

2 Seasons with incomplete or missing data.

The residuals of the ET, defined as the differences between the sap flow-based ET and
the other methods, are shown in Figure 9b. The dashed red and blue lines on the graph
in the figure mark ±1.0 and ±2.0 mm/d residual bounds, respectively. The residuals are
highest during winter and early spring, during which periods the exceed 2.0 mm/d. The ET
predicted by the other methods largely exceeds that based on sap flow due to dormancy of
the willows and red alders during the winter seasons. During the mid-summer to late fall
periods, the residuals are mostly within±1.0 mm/d, indicating relatively strong agreement
between sap flow-based ET and the other methods.

Scatter plots of sap flow based ET estimates versus the other three methods mentioned
above are shown in Figure 10. The data show positive correlations between sap flow-based
ET estimates and ETo and the NDVI based estimates, with high variance and some bias as
much of the data scatter is widely distributed above the 1:1 line (dashed red line). Data
points above the 1:1 line indicate that sap flow-based ET was lower than the ETo and the
NDVI based ET. Table 5 shows the slopes and coefficients of determination (R2) of the
scatter plots with and without the winter data. Excluding winter data marginally improved
the slopes and R2 values. The fact that the slopes of the regression lines are higher than
1:1 is an indication of overall bias in the sap flow-based ET prediction of the ETo and
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NDVI/weather-based ET. The excluded winter data are marked in cyan in Figure 10b,
where the data clearly plot above the 1:1 line, which confirms the observation made above
that sap flow-based ET underestimates winter ET predicted by the other methods.
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Figure 9. A plot comparing (a) the sap flow-predicted riparian forest ET to the other methods and
(b) the corresponding residuals over study period. The dashed red and blue lines represent residual
bounds of ±1.0 and ±2.0 mm/d, respectively.
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Figure 10. Scatter plots of ETo and NDVI/weather-based ET versus sap flow-based ET with winter
data in (a), and without winter data in (b) (the removed winter data are highlighted in cyan). The red
line represents the 1:1 slope.
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Table 5. Model parameters for the best fit through the origin (0, 0) to correlate sap flow-based ET
with the ETo and NDVI/weather-based ET.

w/ Winter Data w/o Winter Data
Method

Slope R2 Slope R2

CIMIS ETo 1.103 0.911 1.081 0.953

NDVI/CIMIS 1.260 0.893 1.237 0.932

NDVI/WU 1.135 0.914 1.136 0.938

3.4. Comparison with Groundwater Pumping for Irrigation

Groundwater fluctuations were continuously measured in five piezometers (JFP-1, JFP-2,
PHP-1, PHP-4, and VFDP-4 in Figure 1) and the Pump House irrigation well from 18 August
2017 to 27 April 2019. All piezometers are completed in a thin clay/silt aquitard layer that
sits atop the underlying leaky confined aquifer [39], and all responded to riparian forest ET
as well as to pumping from the Pump House irrigation well. Data from the irrigation well
and the most responsive of the piezometers, PHP-1, are shown in Figures 11 and 12 and are
also reported in [20]. Piezometer and well data are reported here as changes relative to the
respective first water level recorded to facilitate their comparison. Piezometer PHP-1 and the
Pump House irrigation well are about 18 m apart. The data show fluctuations that are clearly
caused by groundwater pumping, ET, recharge primarily from winter-spring precipitation
events, and long-term discharge to the stream and ocean characterized by a period of recession
from the end of spring through the summer and into the fall.
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Figure 11. Groundwater fluctuations observed in piezometer PHP-1 and the Pump House irrigation
well from 18 August 2017 through 26 April 2019. Daily precipitation of Swanton Pacific Ranch and
stage of Scotts Creek are shown over the same period. The gray boxes represent the two zoomed-in
time periods shown in Figure 12.

Diurnal groundwater level fluctuations due to ET forcing are superposed on those
due to pumping from the irrigation well. Fluctuations due to ET are more pronounced
in the piezometer data and are largely imperceptible in the irrigation well data. They
are highlighted in Figure 12, which shows zoomed in plots of the aquifer and aquitard
responses for two monitoring periods (08/2017–11/2017 and 08/2018–11/2018). Ground-
water response to ET is most perceptible during periods of aquifer and aquitard recovery
following a pumping event from the irrigation well. When the pumping frequency is
daily, water-level responses to ET are practically indistinguishable from those attributable
to pumping. In such cases, the amplitude of the aquitard response is much larger than
what can be expected from ET alone. The data clearly show that the riparian corridor
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phreatophytes induce measurable fluctuations in the thin clay/silt aquitard that overlies
the leaky aquifer.
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Figure 12. Groundwater fluctuations observed in piezometer PHP-1 and the Pump House irrigation
well (a) from 18 August 2017 to 1 November 2017, and (b) from 1 August 2018 to 1 November 2018.

The diurnal groundwater fluctuations due to ET discussed above are induced by a
forest-scale ET flux averaging 3.8 mm/d over the summer seasons. When multiplied by
forest area, Arf = 9.2 ha, this flux yields a volume flow rate usage by phreatophytes of
Qet = 350 m3/d = 64.1 gpm. The typical pumping rate from the irrigation at the site is
250 gpm. Hence, ET across the forest amounts to about 25% the pumping rate, which is a
substantial proportion.

4. Discussion

As stated previously, the objective of this work was to estimate riparian forest ET
from sap flow measurements collected in a small sample of phreatophytic trees. Sap flow
measurements were collected in the same four trees over the two-year monitoring period.
For each individual tree, the data were largely repeatable during the growing seasons,
with comparable average seasonal amplitudes. The fact that sap flow probes were left in
the trees for such a prolonged period but continued to yield meaningful measurements
was unexpected because [40] reported that other users of the sap flow probes used the
same drill holes for one growing season, at the most. In addition, ref. [18] reported a
30% decrease in daily average sap flux density during the second growing season for red
alders. The degradation of data quality over prolonged periods of monitoring has been
attributed to tree response to drill-hole wounding by forming tyloses over those vessels,
which affects heat exchange with the probes [41]. The good quality data collected over
two-year study period may be attributable to the fact that the four instrumented trees were
younger, smaller, and of different species than those in other studies. Hence, it may be
argued that younger trees are better suited for prolonged monitoring than are older trees
as long as their diameters and sapwood areas are corrected for from year to year in the
computation of ET.

The ET flux projected across the entire riparian forest correlated strongly with the
CIMIS ETo and ET computed on the basis of NDVI/meteorological data. The sap flow-
based forest ET had consistently lower average magnitudes during the growing seasons
with significant departure from the values computed by the other methods over the winter
seasons. This divergence in winter may be due to vegetation differences among the methods.
Sap flow-based ET was collected on deciduous trees that lost their leaves every winter
leading to values that were consistently lower than those from the other methods. The
CIMIS ETo values are based on a cool-season perennial grass that does not die back during
winter and continues to transpire. Additionally, although most trees lost their leaves along
lower Scotts Creek in winter, there was still plenty of green understory vegetation and some
evergreen overstory vegetation, which were shown by the NDVI data. This may explain
why the ET residuals showed seasonal patterns with peaks being highest and smallest
during winter and fall seasons, respectively.

Long-term passive groundwater monitoring data were analyzed qualitatively to assess
the magnitude of fluctuations in water levels from season to season and year to year. On
average, at the study site, groundwater levels increased every winter before receding and
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reaching their lowest levels in the fall. The steady decrease in water levels during the
summer and fall is largely attributable to ocean and stream discharge, consumption by
phreatophytic vegetation [42], and groundwater withdrawal for crop irrigation. Diurnal
groundwater fluctuations attributable to uptake by phreatophytes across the study forest
are much smaller than fluctuations due to pumping, with sap flow based estimates of ET
over the riparian corridor being about 25% the typical pumping rate for irrigation. Sap
flow based estimates of groundwater fluctuations showed appreciable divergence from
satellite based measurements, which suggests the importance of the former in calibration of
the the latter, especially where site-specific vegetation may have greater control on local ET
and consumptive groundwater use. A well characterized ET forcing function is essential
modeling for groundwater flow and diurnal fluctuations [5,9,43–45].

There are some limitations in this study that may be addressed in future research,
including (1) location and number of instrumented trees, (2) size of instrumented trees,
(3) location and number of sap flow probes on tree stems, (4) instrumentation and mon-
itoring of the minor tree species scattered throughout the riparian corridor such as live
oak and redwoods, (5) accounting for the effect of understory vegetation on total ET and
(6) measurement of sapwood area for individual trees and the entire riparian forest. The
sampling design for this study was partly restricted due to the stem-diameter limitation of
the probes, which biased monitoring to younger trees that are known to be hydraulically
active than older trees. Using a combination of small and large sap flow probes to see the
differences in sap flux density could provide more accurate estimates of ET. Additional
pairs of probes could be installed on each instrumented tree at different depths and the sap
flux densities averaged because the sap flux density is not uniform across sapwood area of
a tree [15,16]. The method of using long-term sap flow measurements to estimate the ET
of a riparian forest may be replicated on other phreatophytic species for similar or longer
periods of time because phreatophytic tree species may react differently to sap flow probes
in terms of sap flow behavior and physical intrusion of the probes.

5. Conclusions

The study presented herein was based on a two-year sapflow monitoring program
on a single riparian forest plot where only a small sample of four trees were instrumented.
The data were used together with a survey of tree sapwood depth in six plots across
the entire forest to upscale the single-plot sapflow measurements to forest canopy-scale
evapotranspiration (ET). The upscaled ET results were compared to ET based on NDVI-
based estimates and were shown to be in good agreement. This indicates that for expensive
ground-based technologies such as sapflow sensing by the heat dissipation models, a
instrumentation of a small sample of a forest may yield reasonable estimates of forest
canopy-scale ET as long as they are also based on sampling of sapwood depth across the
entire forest. The results of the present study, despite the small sample size of sap flow
measurements, illustrate the importance of ground-based measurements of sap flow for
calibrating satellite based methods and for providing site-specific estimates and to better
characterize the ET forcing in groundwater flow models. The small sample size is important
because it is necessitated by the high cost of instrumenting individual trees and it suggests
the potential usefulness of single-plot monitoring stations for ground-based measurement
and estimation of forest ET.

Further research is required to better capture the spatial variability of sapflow across
the forest and would include: (1) a larger sample of instrumented trees to better characterize
sap flow behavior, (2) a sample of instrumented trees with a greater variety of main stem
diameters in order to better characterize the sap flux density for each species, (3) greater
spatial distances between instrumented trees, and (4) long-term monitoring of sap flow
in additional phreatophytic species across the forest. The need for a greater sample size
is clear even from the data from four instrumented trees because they very had different
canopy and sapwood areas. Tree with larger sapwood area tend to have higher volumetric
sap flow rate, which could bias the results based on a small sample size.
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CIMIS California Irrigation Management Information System
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