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A B S T R A C T

Snowmelt is a major source for summer soil water storage that supports tree growth in the Mediterranean
climate of the Sierra Nevada, California. The timing and magnitude of snow-water contributions to soil moisture
are controlled by energy and water availability that varies based on climate (and thus weather) and topography
(i.e. elevation, slope, and aspect). Few studies, thus far, have explored how transpiration rate is affected by
differences in the timing and magnitude of snowmelt across years and locations. Here we used meteorological
and hydrological measurements on north and south aspects in the Sagehen Creek catchment (Sierra Nevada,
California) to investigate the controls on the timing of conifer sap flow, a proxy for transpiration rate, in response
to the timing and magnitude of snowmelt. We found that sap flow prior to its seasonal peak in July was largely
controlled by air temperature and that spring sap flow was reduced by cloudy conditions. Years with earlier
snow disappearance caused earlier peak sap flow, which was nearly coincident with the beginning of soil
moisture limitations than years with later snow disappearance. Because Sagehen Creek receives little summer
rainfall, years with earlier snowmelt and peak sap flow had more total days with soil moisture limitation on sap
flow. Overall, our results suggest that earlier snow disappearance and more spring rain (both expected to result
from climate change) will potentially shift the peak of sap flow earlier in the growing season and increase the
duration of water limitations during summer. These insights about the timing and duration of water limitations
could be used as benchmarks to test physically based models and better constrain predictions of transpiration
rates in snow-dominated landscapes similar to the study site.

1. Introduction

Montane forests rely disproportionately on snowmelt in much of the
Western U.S. (Hu et al., 2010; Trujillo et al., 2012). Spring snowmelt in
the Western U.S. has been starting and ending earlier in the year and
occurring at slower rates over the last several decades (Harpold and
Kohler, 2017; Harpold and Brooks, 2018; Mote et al., 2018;
Musselman et al., 2017). Earlier snow water inputs and shifts from
snow to rain will lead to an earlier peak and earlier seasonal recession
of soil moisture (Harpold, 2016; Harpold and Molotch, 2015). In areas
with limited summer rain, earlier water inputs could increase late-
season soil water stress (Harpold, 2016), which would increase the
susceptibility of forests to disturbance (Hart et al., 2014;

Westerling et al., 2006). The timing and magnitude of snowmelt are
important for early growing season productivity; for example, up to
30% of annual carbon uptake can occur during snowmelt in the Col-
orado Rockies (Winchell et al., 2016). Understanding forests’ ability to
shift their growing seasons earlier and withstand correspondingly
longer dry seasons is critical for developing forest management strate-
gies, but remains challenging to observe and model. Additionally, our
understanding of how snowpack dynamics influence conifer transpira-
tion is insufficient for predicting the effects of climate change on larger-
scale water budgets that provide critical natural resources.

In the higher elevations of the Sierra Nevada, USA, there is little
summer rainfall and high variability in winter snowfall and melt,
causing large variations in transpiration rates (Kelly and
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Goulden, 2016; Goulden et al., 2012; Royce and Barbour 2001;
Tague and Peng, 2013; Trujillo et al., 2012; Urban et al., 2000). Much
of what is known about the impacts of snowmelt on forest water use in
the Western U.S. relies on studying regions with a cold, continental
climate in the Rocky Mountains (Barnard et al., 2017; Bowling et al.,
2018; Hu et al., 2010; Knowles et al., 2018; Winchell et al., 2016).
Research conducted in the Rockies is largely located in forests of the
southern Rockies (Colorado and New Mexico), with a precipitation
regime that consists of both winter snow and summer rain. The dif-
ferent timing of water input between Mediterranean and continental
climates is reflected in differences in soil moisture and thus differences
in the annual patterns of forest productivity or water use (Barnard et al.,
2018). In addition to water limitations, energy input and climate
variables exert controls on transpiration. The onset of snowmelt is a
critical period for vegetation water use because there is sufficient en-
ergy to melt snow and potentially drive photosynthesis (Monson et al.,
2005; Winchell et al., 2016; Woelber et al., 2018). Field observations
suggest that transpiration rates of conifers in a cold, continental climate
are limited by cold air temperatures during the period around snowmelt
(Moore et al., 2008; Scott-Denton et al., 2013; Winchell et al., 2016).
Temperature limitations can be due to a combination of mechanisms,
including frozen tree boles that inhibit water transport (Bowling et al.,
2018), cold soils (soil temperature < 5 °C) that reduce root hydraulic
conductivity (Day et al., 1989; Running and Reid, 1980), and cold
needles < 10 °C that might create suboptimal conditions for photo-
synthesis (Huxman et al., 2003; Monson et al., 2005). Transpiration in
conifer forests in the Sierra Nevada is broadly temperature-limited in
winter when transpiration is low (Owston et al., 1972), and water-
limited in late summer, when transpiration tapers off as stomatal con-
ductance decreases (Royce and Barbour, 2001). Other research suggests
that conifers in the southern Sierra Nevada can maintain transpiration
year-round because the trees are well adapted to low temperatures and
have sufficient sunlight to photosynthesize early in the year, even with
deep snow cover (Kelly and Goulden, 2016). These previous studies

have not continuously measured conifer transpiration, limiting their
identification of energy and water limitations and their dependency on
snowmelt timing and soil moisture drawdown.

In addition to regional differences in water input timing and lim-
itations on transpiration rates, topography further controls water and
energy budgets within a catchment. Elevation can have a profound
influence on the amount of precipitation and the timing and duration of
snowmelt, which are primary controls on ET (Tague and Peng, 2013;
Trujillo et al., 2012). At a given elevation, north-facing aspects accu-
mulate more snow and have later snow disappearance than south-fa-
cing slopes (in the northern hemisphere; Elder et al., 1991;
Kostadinov et al., 2019; Tennant et al., 2017). The effect of aspect-de-
pendent differences in snow accumulation on transpiration is challen-
ging to observe in space and time, particularly in remote areas. Sap flow
systems measure sap flux density (or sap flow) using a variety of
heating-based sensors (Steppe et al., 2010) and can provide estimates of
transpiration that differ from leaf-level estimates of stomatal con-
ductance from water potential measured in branches or ecosystem-scale
ET using eddy-covariance or remote sensing observations. Sap flux
density measurements enable the monitoring of tree-scale transpiration
measurements across topo-climatic gradients, like elevation or aspect
(Barnard et al., 2017; Bowling et al., 2018; Looker et al., 2018). Al-
though the conversion of sap flux density to tree-scale (or stand-scale)
transpiration is fraught with assumptions of sap wood area
(Looker et al., 2016), sap flow measurements remain one of the few
tools capable of making effective measurements in complex terrain
typical of high-elevation conifer forests.

Our research objective was to investigate transpiration rates in a
montane, Mediterranean climate using sap flow in order to better un-
derstand the impact of earlier snowmelt, mediated by topography and
climate variability. We used sap flux, meteorological, and hydrological
measurements on north and south aspects over three years to in-
vestigate controls on the timing and magnitude of transpiration rates in
a montane Conifer forest site in the northern Sierra Nevada, USA. We

Fig. 1. (a) Location of Sagehen Creek
Watershed in California and watershed
boundary showing forest cover in green with
the location of the study site marked in red, (b)
30 m meteorological tower (square) and sap
flow cluster locations (circles) with tree
heights in meters and open diamonds marking
trees used in this study, (c) April 2016
Airborne Snow Observatory (ASO) snow depth,
and (d) May 2016 ASO snow depth (missing
data are shown as white). (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this
article.).

A.E. Cooper, et al. Agricultural and Forest Meteorology 291 (2020) 108089

2



address two questions using empirically focused analyses of our field
observations: 1) What controls early season sap flow? 2) How does
earlier and more episodic snowmelt predispose a site to late-season
water limitations?

2. Methods

2.1. Study site

Sagehen Creek is a 28 km2 snow-dominated watershed in the Sierra
Nevada of eastern California (39˚ 25′ 55″ N, 120˚ 14′ 27″ W; Fig. 1a). It
spans an elevation range of 1877 m – 2663 m and has a Mediterranean
climate with cold, wet winters and hot, dry summers. Sagehen lies just
above the rain-snow transition of the Sierra Nevada and experiences
high interannual variability in the amount of snow it receives during
the wet, winter months between November 1 and May 1. The mean
annual precipitation (calculated between 1981 and 2010) at the upper
elevation boundary of Sagehen (USDA SnoTelemetry, SNOTEL site
#541; 2541 m) was 120.4 cm. This study was conducted across 3 years:
2016 (average year; 135.4 cm precipitation), 2017 (wet year; 230.6 cm
precipitation), and 2018 (drier than average year; 107.7 cm precipita-
tion). Sagehen has a conifer forest of Jeffrey pine (Pinus jeffreyi) and
Lodgepole pine (P. contorta) at lower elevations, and White pine (P.
monticola) and Red fir (Abies magnifica) at higher elevations. Hillslopes
are mantled by shallow, predominantly loamy sand soils developed in
weathered volcanic parent material. Lithology is dominated by Tertiary
volcanic rocks, overlying several hundred meters of Tertiary volcani-
clastic deposits which in turn overlie the granodiorites of the Sierra
Nevada batholith (Sylvester and Raines, 2017). We focused our study at
the highest elevation (2374 m) meteorological station in Sagehen
(called Tower 4 in the basin-wide network). Tower 4 is located on a
ridge and we collected data on the north- and south-facing slopes of the
ridge (hereafter north site and south site). Both sites have pre-
dominantly loamy sand soils except for deeper depths (30 - 50 cm) at
the north site which have sandy loam soil. Soil textures were based on
United States Department of Agriculture classifications and measured
with a hydrometer-based sedimentation method on 2 mm soil. The sites
have similar tree species compositions (Red fir and White pine) but the
north site has greater stand density (79 trees/hectare versus 26 trees/
hectare at the south site, based on data from Xu et al., 2018).

2.2. Meteorological and environmental data

We collected data from November 1, 2015 to November 1, 2018. Air
temperature (8 m and 30 m), relative humidity (8 m and 30 m; HMP50-
L Temperature/Relative Humidity; Vaisala Corporation, Helsinki,
Finland), solar radiation (30 m; LI200X Silicon Pyranometer; LI-COR,
Inc., Lincoln, NE), wind speed (8 m and 30 m; Wind Monitor 05103-L;
R.M. Young Company, Traverse City, MI), barometric pressure (30 m;
PTB110 Barometer; Vaisala Corporation, Helsinki, Finland), and snow
water equivalent (SWE; snow pillow) were recorded every 15 min at a
30 m meteorological tower (called Tower 4 in the basin-wide network)
at 2374 m elevation. We established two nearby sap flow clusters that
recorded data every 15 min, the north and south sites, approximately
100 m laterally distant from and 5 m lower in elevation than, the lo-
cation of Tower 4 on the ridgeline (Fig. 1b). The sap flow clusters
measured sap flux density (TDP30; Dynamax, Inc., Houston, TX) in Red
fir (n = 1 at the north site and n = 1 at the south site) and White pine
(n= 4 at the north site and n= 2 at the south site) which were selected
to represent the site-average size class (based on diameter at breast
height (DBH); 70 cm average DBH at the north site and 83 cm average
DBH at the south site). The number of operational sap flow sensors
varied between years due to challenges in long-term operation: 7 total
sensors in 2016, 7 total sensors in 2017, and 6 total sensors in 2018. At
the center of each sap flow cluster we measured soil moisture and soil
temperature (10 cm, 30 cm, and 50 cm depths; CS655; Campbell

Scientific, Inc., Logan, UT), and snow water equivalent (SWE plates;
Trustman, 2016). We used the 15-minute data from Tower 4 and the
sap flow clusters to calculate multiple linear regressions (see below)
and daily averages for the rest of the analysis. Some short gaps (< 1
day) in data were filled using linear interpolation.

2.3. Sap flux density data and processing

We measured sap flux density with thermal dissipation probes
(TDP30; Dynamax, Inc., Houston, TX) installed at ~ 2 m height for
observing bole water transport. The thermal dissipation probes return a
millivolt difference between the two thermocouples. The millivolt dif-
ference between the probes is converted to a temperature difference
(ΔT). A zero-flow reference (hereafter baseline; ΔTmax) is required to
calculate sap flux density from the recorded temperature differences
(Eq. (1)).

A comprehensive study by Peters et al. (2018) explored four dif-
ferent methods for determining baseline conditions. The daily predawn
method forces every night to baseline conditions; however, some evi-
dence suggests that nighttime sap flux density may be non-zero if the
vapor pressure deficit (VPD) is high enough (Snyder et al., 2003). Other
baseline correction methods allow for nighttime sap flux density. We
chose to use the double regression method, as described by
Lu et al. (2004), instead of the moving window (Rabbel et al., 2016) or
environment dependent (Oishi et al., 2016) methods. The double re-
gression method accounts for nighttime flow and issues with a drifting
zero-flow reference voltage over the growing season.

In the double regression method, ΔTmax is calculated over 10-day
periods and a linear regression against time is calculated through those
values for the entire growing season. If a ΔTmax value is below the
calculated regression line, it is removed, and the linear regression is re-
calculated with the remaining points and used as the ΔTmax for calcu-
lating sap flux density (Lu et al., 2004).

We followed the standard Granier (1985) empirical equation for
determining sap flux density (Fd; cm3 cm−2 h−1; Eq. (1)) and used the
calculated baseline from the double regression for the ΔTmax value:

=F T T
T

0.0119*d
max

1.231

(1)

The sap flow sensors run on 3 V of power supply and we filtered the
data for low power supply voltage (< 2.9 V) because lower voltages can
cause spikes in the data. We also filtered for data that do not follow a
general diurnal pattern (maximum during the day and minimum at
night) that is indicative of transpiration. Sensors were deployed in the
north- and south-facing sides of trees, but we did not observe sub-
stantial differences in sap flow between the different sensor placements.
Sap flow sensors work during cold and low-flow conditions (Chan and
Bowling, 2017) but the magnitudes of the reported sap fluxes are
sometimes questionable. Sap flow sensors are difficult to run for con-
secutive growing seasons (Moore et al., 2010) and require frequent
replacement and repositioning which makes the sensor network ex-
pensive and time consuming to maintain. Scaling sap flux density to
transpiration using sap wood area would allow for water mass balance
calculations and better estimation of water budgets. However, as-
sumptions in sapwood area introduce large errors (up to 130% in
Looker et al., 2016) that would make any resulting water budgets un-
reliable and therefore, raw sap flux densities (units of cm3 cm−2 hr−1)
are used throughout our analysis.

2.4. Boundary line analysis

Boundary line analysis is a method for determining environmental
and physiological limitations on stomatal conductance by finding the
upper envelope of the relationship between explanatory variables and
stomatal conductance (Chambers et al., 1985). We implemented
boundary line analysis on daily average (00:00 – 23:00) sap flux density
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as a function of the daily averages of different environmental variables
(air temperature, vapor pressure deficit, incoming shortwave, and soil
moisture). In our analysis, boundary lines represent the maximum
predicted sap flux density under a certain environmental variable given
optimal conditions of other environmental variables. Unlike a correla-
tion analysis which would reveal the strength of each variable in
driving sap flux density, boundary line analysis tells us which of the
variables are limiting sap flux density under specified environmental
conditions. Due to the proximity of the sites and the height of the tree
canopy relative to the height to the ridgeline (5 - 35 m versus ~5 m,
respectively), we combined the north and south sites for the boundary
line analysis because we use the same meteorological data for both sites
and the only difference in input to the boundary line analysis is soil
moisture. Scatterplots of daily average sap flux densities as functions of
daily average environmental variables were grouped into bins of 50
measurements along their x-axes (the environmental variables). For
each bin, the 95th percentile value was calculated to delimit the upper
envelope. An upper-bound sap flux density value was calculated for
each day using linear interpolation across all observed values of the
environmental variable based on the 95th percentile values from each
bin (see Appendix C for more information). The boundary line for soil
moisture has a negative relationship with sap flow above a threshold
soil moisture value (7 cm of water in the soil column) that is not con-
sistent with the well-drained soils and the lack of anoxic soil conditions
(see Appendix C for further details and sensitivity of this threshold).
Because very wet conditions occur only during the Spring in the Med-
iterranean climate, our boundary line analysis cannot effectively as-
sume all combinations of limiting factors are sampled. The boundary
lines allow us to identify which environmental variable will be most
limiting under specific environmental conditions. To interpret the
boundary lines (see Appendix C), one must first find environmental
conditions on the x-axis, and then determine the associated sap flux
limitation (y-axis) for each environmental variable (e.g., following the
day's x-value to the boundary line and identifying the associated y-axis
value). The environmental variable with the lowest corresponding sap
flux density is interpreted as the most limiting for that set of environ-
mental conditions.

2.5. Statistical analysis

We performed statistical analyses for early- and late-season sap flux
density, as well as the timing of peak sap flux density. Early-season sap
flux density is defined as sap flux occurring from one month before peak
SWE to the day of peak sap flux density, and late-season sap flux density
is defined as sap flux occurring from the day of peak sap flux density to
October 1 (the end of the water year). We chose one month before peak
SWE to define the start of the early season because little sap flow occurs
prior to snowmelt (Fig. 4 and Fig. A5). The dynamic start date to the
early season allows us to account for snowpack controls on timing of
tree phenology. The day of peak sap flux density was calculated as the
midpoint of the 5-day moving window with the highest daily average
sap flux density data for each site and year. For the early season, we
used a multiple linear regression model (StatsModel OLS, Python,
Seabold and Perktold, 2010) on all years of the hourly data for daytime

only (defined as 08:00 - 20:00). Air temperature, VPD, and incoming
shortwave radiation were the inputs into the multiple linear regression
to predict sap flux density at each site. We standardized sap flux density
and all the explanatory variables by subtracting the mean and dividing
by the standard deviation for the entirety of the early season for each
site and year. Standardized values result in standardized regression
coefficients that can be compared between explanatory variables. We
calculated the correlation of the day of peak sap flux density with the
timing of snow disappearance and with the timing of soil moisture
limitations in the boundary line analysis. For the late season, we cal-
culated the duration of soil moisture limitations as the number of days
each site showed soil moisture limitations in the boundary line analysis
prior to October 1 and calculated the correlation of that value with the
timing of snow disappearance and the magnitude of peak SWE.

3. Results

3.1. Snow and soil moisture hydrology

The storage of precipitation as snowpack at peak snow accumula-
tion – which we report as the percentage of annual precipitation
([SWEpeak/Ptotal]*100) – is a measure of the rain and snowpack ablation
occurring over the accumulation season (Harpold et al., 2012). The
storage of precipitation differed between the two aspects. The north site
stored an average of 43% of annual precipitation as snow at maximum
accumulation (SWEpeak) whereas the south site stored an average of
23% of annual precipitation as snow. The south site stored, on average,
20% less of the annual precipitation as snow than the north site. The
sites were most different in the high-snow year, 2017, during which the
snowpack on the south site stored 29% less of the annual precipitation
as snow than the north site did. The north and south sites had large
differences in peak snow water equivalent (SWE), especially in 2017
(difference of 66 cm in SWE), the wettest year of the study. The sites
were most similar in the low-snow year, 2018, during which the south
site stored 7% less of the annual precipitation as snow than the north
site did. 2018 was the lowest-precipitation year (108 cm, Table 1) and
snow cover occurred later in the year than in 2016 or 2017. Ad-
ditionally, 2018 had the warmest DJF average temperature (Table 1)
and ablation was occurring in January at both sites, as indicated by the
decrease in SWE (Fig. 2d) and the increase in soil moisture (Fig. 2e).
Differences in the timing and amount of peak SWE resulted in notable
differences in the timing of snow disappearance (Table 1 and Fig. 1c
and d). For both sites, the day of snow disappearance occurred latest in
2017 (with day of year (DOY) 167 and 180 for the south and north site,
respectively) and earliest in 2018 (41 and 38 days earlier than 2017 for
south and north site, respectively) (Table 1). The difference in timing of
snow disappearance between sites was similar in all years with an
average of 15 days earlier snow disappearance at the south site.

Differences in the percentage of precipitation stored as snow be-
tween the aspects were reflected in soil moisture differences between
the two sites. The south site had more midwinter snowmelt pulses that
were evident in soil moisture in all years, whereas the north site had
more distinct diurnal snowmelt pulses after winter, during the spring
snowmelt (hourly data, not shown). Peak soil moisture at the north site

Table 1
Climate data for the 3 years of the study. Mean annual, winter (DJF) and spring (MAM) temperatures are from Tower 4. Total precipitation (total P) is reported for the
entire site from SNOTEL #541 (2541 m elevation) which experiences comparable totals of precipitation to Tower 4 (see supplemental Fig. A1). Peak snow water
equivalent (peak SWE) data are from the SWE plates at each site at Tower 4. Fraction of annual precipitation represented by the peak snow accumulation is reported
as [SWEpeak/Ptotal]*100%. Day of year (DOY) of snow disappearance is also reported.

Year Avg. annual temperature ( °C) Avg. DJF air temperature ( °C) Avg. MAM air temperature ( °C) Total P (cm) [SWEpeak/Ptotal]*100% Snow disappearance (DOY)
South North South North

2016 6.1 −1.0 3.7 135 23 50 136 153
2017 6.1 −2.3 3.7 231 17 46 167 180
2018 7.1 0.5 2.9 108 25 32 126 142
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was higher than at the south site in all years (difference of 6.81 cm H2O,
on average).

3.2. Early season sap flux and boundary line analysis

Early-season sap flux density (i.e. sap flux occurring from one month
before peak SWE to the annual peak of sap flux density) was highly
variable in all years and ranged from 0.016 cm3 cm−2 h−1 to 5.3 cm3

cm−2 h−1 at the south site and from 0.033 cm3 cm−2 h−1 to 7.5 cm3

cm−2 h−1 at the north site (Fig. 4, Fig. A4). In all years, sap flux density
before its peak was similar between sites in terms of magnitude (Fig. 4)
and variability (Fig. 5a). Spring weather patterns resulted in variable
spring air temperatures. Sap flux density was also variable during this
time period and the coefficient of variation (CV) of sap flux density
correlated with the CV of temperature before peak sap flux density
(r2 = 0.95; Fig. 5a). The multiple linear regression during the early
season had the greatest explanatory power from air temperature at the

south site (standardized regression coefficient = 0.51) and VPD had the
greatest explanatory power at the north site (standardized regression
coefficient = 0.48; Fig. 5b). Limitations on sap flux density, calculated
using the boundary line analysis (Fig. 3), showed general expected re-
lationships with the explanatory variables, with some scatter from a
lack of data under certain environmental conditions (i.e. wet soil con-
ditions with high solar radiation). Sap flux density generally follows a
linear relationship with air temperature and VPD until reaching an
asymptote around 15 C and 1.5 kPa, respectively. The inferred limita-
tion from the boundary line analysis shifted from alternating energy
and temperature limitations before peak sap flux density to largely
water limitations after peak sap flux density (Fig. 4). Both north and
south sites have the same early-season limitations because the same
meteorological data were used for each site and we assumed that soil
moisture was not the limiting variable when storage was greater than
7 cm of water (there is little sensitivity to this threshold decision; see
Fig. C2 in Appendix C).

Fig. 2. Daily average data from the main 30 m meteorological tower and sap flow clusters (north and south). From the main tower: (a) air temperature (8 m) with
0 °C marked by blue dashed line, (b) vapor pressure deficit (VPD) (8 m), and (c) incoming shortwave radiation (8 m). From the sap flow clusters: (d) snow water
equivalent, (e) soil moisture content of top 50 cm of soil (see Appendix B Eqn B.1 for calculation), and (f) site-averaged daily average sap flux density. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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3.3. Late season sap flux and boundary line analysis

For both sites and all years, peak sap flux density occurred between
DOY 176 and 190. Among the three years, peak sap flux density

occurred latest at the north site in 2017 (DOY 190) and occurred ear-
liest at the south site in 2017 (DOY 176; Fig. 6b). After its peak, sap flux
density declined to similar values with no additional rainfall. Sep-
tember and October rainfall supplemented soil moisture and initiated a

Fig. 3. Boundary lines are created by plotting daily average sap flux density as a function of different environmental variables and finding the upper envelope of the
relationship (black lines). The boundary lines used in our analysis are: (a) air temperature, (b) vapor pressure deficit, (c) incoming shortwave radiation, and (d) soil
moisture. We assume that soil moisture does not limit sap flux density when storage is above 7 cm H2O, which only occurs during energy-limited periods (dashed line
in panel d).

Fig. 4. Daily average sap flux density (yellow = south, teal = north). The shaded regions show the 90% confidence interval for sap flux density. The heat maps show
the environmental factor most limiting to sap flow for each day. Peak snow water equivalent (SWE) is marked by a triangle and snow disappearance is marked by a
circle for each site and year. Data are shown for 2016 (top set), 2017 (middle set), and 2018 (bottom set). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).
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resurgence in late season sap flux density, as seen in October 2016
(Fig. 4). The boundary line analysis suggests that during the mid to late
growing season, the south site reached soil moisture limitations prior to
the north site in all years. In 2017, sap flow at both sites experienced
soil moisture limitations less often than in the drier years of 2016 and
2018. The boundary line analysis-derived (BLA-derived) timing of soil
moisture limitations on sap flow was correlated with the timing of snow
disappearance (r2 = 0.72), where the slope of 0.6 days/day represents
soil moisture limitation occurring six days earlier for every 10 days
earlier that snow disappeared (Fig. 6a). The timing of BLA-derived soil
moisture limitations was weakly correlated to the day of peak sap flux
density, where peak sap flux density occurred 2.6 days earlier for a 10-
day earlier shift in the timing of soil moisture limitations on sap flow
(Fig. 6b). The duration of BLA-derived soil moisture limitations also
correlated with peak SWE (r2 = 0.85) and the day of snow dis-
appearance (r2 = 0.79), where the slope of −0.99 days/day represents
an approximately 1 day longer duration of soil moisture limitations for
a 1-day earlier snow disappearance (Fig. 7).

4. Discussion

Seasonal patterns in energy (i.e. incoming solar radiation), climate
(i.e. air temperature and VPD) and water (i.e. soil water availability)
cause a multimodal sap flow regime in high-elevation conifer trees in
the northern Sierra Nevada, California (Fig. 4). The relative scarcity of
observations of year-round transpiration rates in this geographic area
and elevation range (Kelly and Goulden, 2016; Goulden et al., 2012;
Owston et al., 1972; Royce and Barbour, 2001; Trujillo et al., 2012) has
limited our understanding of the controls on early-season sap flow and
the timing and duration of tree-level water limitations. Early in the
year, sap flow is highly modulated by the variability in weather pat-
terns (i.e. cold fronts and weather systems). Our results suggest that
peak sap flow occurs just prior to water limitations, which are regulated
by the timing of snowpack disappearance and the magnitude of snow-
melt (Bales et al., 2011; Harpold, 2016; Harpold and Molotch, 2015).

4.1. What controls early season sap flow?

The north and south sites showed similar early-season sap flow that
was controlled by seasonal air temperature and VPD, and was highly
modulated by spring weather patterns. The control of air temperature
and VPD on early-season sap flow was evident from the multiple linear
regression analysis, where air temperature had the highest explanatory
power at the south site and VPD had the highest explanatory power at
the north site (Fig. 5b, Fig. A2). The difference between the two sites’
sap flow correlation with air temperature and VPD likely results from
differences in the microclimate between the north and south site due to
longer snow cover at the north site and potentially larger diurnal
fluctuations in air temperature at the south site. However, we did not
have the necessary spatial or vertical coverage in data to analyze these
differences. The importance of air temperature is further supported by
the boundary line analysis, which predicts that sap flow is more limited
by air temperature than VPD during most of the early season (Fig. 4).
Our results show the importance of spring weather patterns
(Adams et al., 2002; Kelly and Goulden, 2016; Sevanto et al., 2006;
Verhoeven et al., 1999) as evidenced by reductions of sap flow to near
zero during 2- to 14-day periods of cloudy, cooler temperatures com-
pared to the warmer periods in between (Fig. 4). We see probable in-
terruptions of sap flux (i.e., temporary cessation of water transport in
the boles of trees) at times throughout the spring, with air temperatures
below 5 °C being the suspected limiting factor, which is consistent with
previous research showing that tree water use is low or absent in winter
below air temperatures of 5 °C (Goulden et al., 2012; Royce and
Barbour, 2001; Stephenson, 1998; Urban et al., 2000). Lower sap flux

densities in spring and fall might also be attributable to temperature
limitations that reduce root hydraulic conductivity, as soil temperatures
were sometimes >5 °C but never below freezing (Fig. A3; Day et al.,
1989; Running and Reid, 1980). It is worth noting that the boundary
line analysis is limited by its prediction of a single limiting factor per
day and does not account for the potential of interacting variables, but
does account for daily, rather than seasonal, variations in environ-
mental variables and therefore appears robust for exploring limitations
on sap flow. Air temperature, incoming solar radiation, and VPD are all
related via the land surface energy budget and are thus subject to
covariation which is not accounted for in the boundary line analysis.
However, each variable has important physiological effects and are
often included individually as inputs for stomatal resistance models.
Larger variability in inter-annual climate (i.e. a more extreme dry year)
would have allowed us to investigate differences between sap flow on
the north and south sites that were not readily apparent in this three-
year study (e.g. effects of greater stand density at the north site). More
years of data collection would allow us to test the statistical difference
in soil moisture limitations between wet and dry years and increase the
robustness of the boundary line and correlation analyses.

Consistent with evidence from continental climate locations
(Bowling et al., 2018; Winchell et al., 2016), air temperature limitations
on early season sap flow were dominant over controls from solar irra-
diance. Changes in spring weather, which is likely to become warmer
with an earlier and smaller snowmelt (Karl et al., 1993; Mote et al.,
2018), will have important implications for transpiration rates and
forest health in the Sierra Nevada. Warmer springs and smaller snow-
packs have already been correlated with greater wildfire activity
(Westerling et al., 2006; Westerling, 2016) and more insect-caused tree
mortality (Paz-Kagan et al., 2017), whereas more frequent spring and
summer rainfall would bring cool, cloudy conditions that would reduce
spring transpiration rates. Since most predictions for the Sierra Nevada
suggest an earlier snowmelt initiation and more sporadic winter
snowmelt (Harpold and Brooks, 2018; Musselman et al., 2017), the
degree to which drought stress and mortality will increase will likely
depend on the physiological adaptability of the vegetation (e.g. rooting
depth changes, carbon allocation strategies, etc.; Canadell et al., 1996;
Garcia et al., 2016; Jackson et al., 1996), as well as the amount of
subsurface plant-available water that will vary based on local critical
zone properties (Klos et al., 2018).

4.2. How does earlier and more episodic snowmelt predispose a site to late-
season water limitations?

Our results suggest that earlier snow disappearance led to longer
durations of soil moisture limitations on sap flow and these limitations
were highly variable between sites and among years. Across the western
U.S., the timing of peak soil moisture is highly correlated with snow-
melt (Harpold and Molotch, 2015) and in the Sierra Nevada, the timing
of soil water stress is better explained by snow disappearance than by
total precipitation (Harpold, 2016). Consistent with these previous
studies, the timing of soil water limitations derived from our boundary
line analysis was correlated with the timing of snow disappearance
(Fig. 7a), as well as the magnitude of peak SWE (Fig. 7b). This is be-
cause large snowpacks tend to melt later and faster when solar radiation
is high, in contrast to small snowpacks that have little cold content and
may melt episodically through the winter (more typical of the Sierra
Nevada; Harpold and Brooks, 2018). Our study connects aspect-driven
differences in snow disappearance and the timing soil moisture dry
down to the timing of peak sap flow and duration of soil moisture
limitations on sap flow. The linear relationship between snow dis-
appearance and the timing of soil moisture limitations suggests that a
10-day earlier snow disappearance results in a 6 day earlier initiation of
soil moisture limitations on sap flow, which is similar to the to the 6.2
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day increase in days below wilting point soil moisture (per 10-day
earlier snow disappearance) found by Harpold (2016). Both our results
and Harpold (2016) imply that much of the limitations observed in
transpiration rates are mediated by access to shallow soil moisture. The
moderate correlation (r2 = 0.46) between peak sap flow and BLA-de-
rived soil moisture limitations, although not statistically different from

zero at our limited sample size, suggests that snow phenology (i.e.
maximum SWE and timing of snow disappearance) may exert some
control on the initiation and duration of tree water limitations. This
implies that expected changes in snow phenology are likely to shift sap
flow earlier and subsequently lengthen durations of water limitations,
particularly in drier years. Site differences in soil texture, especially at

Fig. 5. (a) The coefficient of variation (CV) of sap flux density prior to its seasonal peak as a function of the CV of air temperature (AT) prior to peak sap flux density
(r2 = 0.95). Points are labeled by site (S = south, N = north) and year (i.e., 16 = WY 2016). (b) Standardized regression coefficients from the multiple linear
regression show the relative explanatory power of each of the input variables (yellow = south site, teal = north site; AT = air temperature, VPD = vapor pressure
deficit, SW = incoming shortwave radiation). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.).

Fig. 6. (a) First day of soil moisture limitations as a function of the day of snow disappearance (r2 = 0.72; slope = 0.6 day/day). (b) Day of peak sap flux density as a
function of the timing of soil moisture limitations on sap flow calculated from the boundary line analysis (r2 = 0.46; slope = 0.3 day/day).
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depth, and stem density might further affect stand-level transpiration
rates in ways not addressed in this study. Particularly, shifts from snow
to rain will result in more similar timing and magnitude of snowmelt
between the north and south aspects and differences in stand char-
acteristics (finer soils at depth and higher stand density at the north
site) might become more important to the duration of water limitations
during longer growing seasons. Lower-elevation conifers (lodgepole
pine and Jeffrey pine) likely have different water use strategies than
higher-elevation conifers (red fir and white pine) because the lower
elevations of catchments have different water availability (e.g. distance
to groundwater) and different water partitioning (e.g. whether pre-
cipitation is rain or snow). Thus, our results are specific to our study site
and further investigation is needed to determine the robustness of these
results across elevation gradients. The transferability of our results to
other regions is likely to be strongly mediated by both the local micro-
climate (e.g. precipitation and topography-mediated radiation) and the
properties that store water in the subsurface (critical zone). Areas with
greater plant-accessible water storage are likely to be buffered against
changes in peak sap flow timing and changes in the duration and se-
verity of soil moisture limitations later in the year (Anderson et al.,
2014; Broxton et al., 2009; Goulden and Bales, 2019; Hinckley et al.,
2014; Pelletier et al., 2018; Zapata-Rios et al., 2016).

5. Conclusions

Our analysis of sap flow at a snow-dominated site in the Sierra
Nevada, California led to three important findings about how this
montane forest ecosystem might respond to earlier snowmelt and in-
creased winter rainfall. First, hillslopes with identical climates but
north- and south-facing orientations showed similar early-season sap
flow that was primarily controlled by air temperature and vapor pres-
sure deficit. Warmer springs might shift sap flow earlier in the year,
whereas more frequent spring and summer storms (e.g. more frequent
cool, cloudy periods) would sporadically reduce sap flow with unknown
consequences for late-season and total annual transpiration losses.
Second, earlier snow disappearance consistently leads to earlier soil

moisture limitations on sap flow and consequently, earlier peak sap
flow. This relationship suggests that snow disappearance observations
could potentially provide a means for estimating the timing of soil
moisture limitations on tree water use (e.g. Harpold, 2016). Third, a 1-
day earlier snow disappearance timing suggested an additional day of
soil moisture limitation on sap flow. Earlier snow disappearance would
thus cause longer durations of soil moisture limitations that could have
implications for forest carbon budgets and susceptibility to disturbances
from fire, pathogens, and insects in ways that are mediated by the
subsurface (critical zone) water storage properties (Goulden et al.,
2012). The process-based insights from this study can guide future
studies of transpiration across topo-climate gradients and inform land
surface model process representations to better predict the sensitivity of
transpiration to earlier snowmelt.
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Appendix A. Additional figures and tables

Figs. A1–A5, Figs. C1 and C2 and Tables A1–A2

Figure A1. Comparison of accumulated precipitation recorded at SNOTEL #541 (grey dashed line), SWE recorded at SNOTEL #541 (darker blue), and SWE recorded
at Tower 4 (lighter blue). SWE measurements at Tower 4 and SNOTEL #541 correspond closely during winter accumulation, justifying the use of SNOTEL pre-
cipitation in our calculations of the partitioning of precipitation to SWE.

Figure A2. Multiple linear regression beta coefficients of air temperature (AT), vapor pressure deficit (VPD), and incoming shortwave radiation (SW) showing how
much each variable explains sap flow at the south site (yellow) and the north site (teal). The full growing season regression had r2 = 0.47 for the south site and
r2 = 0.30 for the north site. The early season (before peak sap flow) regression had r2 = 0.74 for the south site and r2 = 0.71 for the north site. The late season (after
peak sap flow) regression had r2 = 0.44 for the south site and r2 = 0.19 for the north site.

Figure A3. Shallow soil temperature (10 cm) for north (dark brown) and south (light brown).) sites. Freezing and 5 °C are marked with the blue and grey dashed
lines, respectively.
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Appendix B. soil moisture calculations

Soil moisture was reported as the total depth of water in the soil column and was calculated from volumetric water content (VWC) at 10, 30, and
50 cm depth, following equation B.1:

= + +Soil moisture VWC VWC VWC( *20) ( *20) ( *20)10 30 50 (B.1)

Each VWC measurement is treated as the midpoint of a 20 cm thick layer of soil and VWC10, VWC30, and VWC50 are the VWC for 10 cm, 30 cm,
and 50 cm, respectively. We multiply the thickness of each layer by its VWC and add the values to get the total depth of water in the soil column.

Figure A4. Sap flux density of individual sensors in 2017 (top panel) and 2018 (bottom panel), the two years during which a tree with a significantly smaller
diameter was used at the north site (Table A1). Teal lines are the sensors at the north site and yellow lines are the sensors at the south site. The dashed teal lines show
the smallest tree (diameter at breast height = 21 cm).

Figure A5. Sap flow measurements filtered to remove erroneous data lacking a diurnal pattern indicative of transpiration. grey are data that were removed and
colors are data that were kept. Data show the trees used at the south site in 2016.
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Appendix C. boundary line analysis

The environmental variables are defined as air temperature (AT), vapor pressure deficit (VPD), incoming shortwave radiation (SW), and soil
moisture (SM). For the boundary line analysis, the daily averages of each environmental variable are sorted and grouped into 18 bins, such that each
bin has 50 measurements of the environmental variable and the corresponding sap flux value for that day. We used Python's "describe" function to
calculate the 95th percentile of each bin. To avoid over-smoothing the data, the boundary lines were calculated from interpolation (sci-
py.interpolate.interp1d, Jones et al., 2001) between the 95th percentile values, such that all days had a predicted sap flux density (instead of
referencing a single value per bin or a line fitted to the bin points). The jagged lines result from limitations in the quantity of data collected over 3
years. The negative relationship between sap flow and soil moisture at higher soil moisture values is assumed to result from water inputs being out of
phase with energy demands in Sagehen's Mediterranean climate. This results in high soil moisture values only occurring during winter and spring,
which are energy-limited periods because of low temperatures, low incoming solar radiation, and spring storms. To explore the sensitivity to the
assumption that moisture limitations only occur below 7 cm of water storage (Fig. C2). There is relatively little change in the inferences made about
limitations on water use based on this assumption.

Table A1
Species (WP = white pine, RF = red fir) and diameter at breast height (DBH) of trees used in the analysis.

Site Year Species DBH (cm)

South 2016 WP 88
WP 88
RF 78

2017 WP 88
WP 88
WP 72

2018 WP 88
WP 88
WP 72

North 2016 WP 91
WP 91
RF 70
WP 73

2017 WP 21
WP 91
RF 70
WP 73

2018 WP 21
WP 91
WP 73

Table A2
Site-level tree data from NCALM lidar.

Site Site average max
height (m)

Site average mean
height (m)

Site average mean forest
cover (%)

South 22.64 16.78 59
North 18.31 11.89 57

Figure C1. Example of how to find the limiting variable from the boundary line analysis for April 16 2016, (red) August 8 2016, (blue). The limiting variable is
determined by following the day's value of a given explanatory variable up to the boundary line and over to the predicted sap flow value, such that the lowest
predicted sap flow is the most limiting variable for that day. For April 16 (red) air temperature is most limiting and for August 8 (blue) soil moisture is most limiting
on sap flow.
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