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Abstract Forests play an integral role in the terrestrial water cycle and link exchanges of water between
the land surface and the atmosphere. To examine the effects of an intermediate disturbance on forest water
cycling, we compared vertical profiles of stable water vapor isotopes in two closely located forest sites in
northern lower Michigan. At one site, all canopy‐dominant early successional species were stem girdled to
induce mortality and accelerate senescence. At both sites, we measured the isotopic composition of
atmospheric water vapor at six heights during three seasons (spring, summer, and fall) and paired vertical
isotope profiles with local meteorology and sap flux. Disturbance had a substantial impact on local water
cycling. The undisturbed canopy wasmoister, retainedmore transpired vapor, and at times was poorly mixed
with the free atmosphere above the canopy. Differences between the disturbed and undisturbed sites were
most pronounced in the summer when transpiration was high. Differences in forest structure at the two sites
also led to more isotopically stratified vapor within the undisturbed canopy. Our findings suggest that
intermediate disturbance may increase mixing between the surface layer and above‐canopy atmosphere and
alter ecosystem‐atmosphere gas exchange.

Plain Language Summary Forests play an important role in the climate system and link water
fluxes between the land surface and the atmosphere. Here we compare water vapor isotopes in two
adjacent forest sites in the northern lower peninsula of Michigan to understand the effects of intermediate
disturbance and canopy structure on forest water cycling. One site is dominated by aspen and birch and
has a thick, closed canopy. All of the aspen and birch were killed at the second site. As a result, the disturbed
site has a more open‐canopy structure. From our comparison, we found that both the species of tree
and the spacing around trees are important controls on forest water cycling. With more space between trees,
air mixes more freely into the canopy, which dries the forest air. Alternatively, air may be poorly mixed
within and above thick, closed canopies.

1. Introduction

Forests cover one third of Earth's surface and play important roles regulating carbon storage, freshwater, and
climate (Food and Agriculture Organization, 2015). As part of the terrestrial water cycle, forests promote
rainfall, cool surface temperatures, transport water across vast landscapes, and regulate water supplies
(Ellison et al., 2017). Globally, vegetation recycles a tremendous amount of water to the atmosphere via tran-
spiration; forests account for approximately 50% of this flux (Schlesinger & Jasechko, 2014; Xiao et al., 2018).
However, as the frequency of environmental disturbances from natural and anthropogenic forces accelerate,
forest hydrological cycles may change (Ellison et al., 2017; Pan et al., 2011). Accordingly, changes in forest
cover may affect rainfall and water availability, water transport, and local and global temperatures
(Debortoli et al., 2017; Ellison et al., 2017; Hesslerová et al., 2013; Jasechko et al., 2013). Understanding
the links between forest structure and water cycling is necessary to better predict future temperature and
precipitation patterns and to manage freshwater resources.

Forest disturbances range from complete stand‐clearing events to subtle changes that target select species or
affect the canopy irregularly. Intermediate disturbances, which do not trigger complete stand replacement,
occur naturally though pest infestations (Herms & McCullough, 2014; Logan et al., 2003), ecological
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succession (Gough et al., 2013; Hardiman et al., 2013), or extreme weather events such as fire, ice storms,
strong winds, or drought (Anderegg et al., 2018; He & Mladenoff, 1999; McDowell et al., 2008; Mitchell,
2013; Trugman et al., 2018). Intermediate disturbances can also be anthropogenically driven by selective
logging (Asase et al., 2014; Asner et al., 2004), prescribed fire management (Parsons & DeBenedetti, 1979;
Stephens et al., 2009), arson or accidental human fire ignition (Ganteaume et al., 2013), or human land
use (Schulte et al., 2007). Each of these mechanisms alters forest canopy function through changes in the ver-
tical distribution of solar radiation (Hardiman et al., 2013), soil moisture (He et al., 2013), evapotranspiration
partitioning (Matheny et al., 2014), air temperature, humidity, wind speed, and turbulent mixing (Maurer
et al., 2013) and thus affect the microclimate and water cycle within the canopy (Baldocchi et al., 2002;
Chen et al., 1999).

Forest structure and water cycling are linked through exchanges of mass and energy. Photosynthesis, tran-
spiration, respiration, and stomatal conductance depend on temperature, relative humidity, and light. The
physical arrangement of trees in a forest creates drag and turbulence (Maurer et al., 2013), intercepts and scat-
ters light (Atkins et al., 2018; Hardiman et al., 2018), andmodulates heat received by soil and leaves (Baldocchi
&Meyers, 1998). In turn, energy evaporates water, either from the soil or through transpiration, and generates
sensible heat. Although forests are susceptible to an array of intermediate disturbances, potential changes of
mass and energy exchanges following changes to canopy structure are not completely understood. Here, we
use stable water isotopes to study water cycling at two forest sites, one disturbed and one undisturbed, and
examine the effects of an intermediate disturbance on canopy moisture and forest water cycling.

Stable water isotopes are tracers of hydrologic processes and may be used to better understand ecosystem‐

atmosphere water exchange. Phase changes of water preferentially partition heavy isotopologues into the
liquid or solid phase, while light isotopologues remain in the higher energy vapor phase (Gat, 1996). At
equilibrium, this fractionation is temperature dependent (Horita &Wesolowski, 1994). When the two phases
are not in equilibrium, an additional kinetic fractionation arises due to differences in the diffusivities among
isotopologues. The difference in diffusivity between H2

18O/H2
16O is larger than that for HDO/1H2O,

which results in a stronger kinetic effect on oxygen isotopes than hydrogen isotopes (Cappa, 2003; Luz
et al., 2009; Merlivat, 1978). The degree of kinetic fractionation is often quantified using deuterium excess
(d = δD – 8 * δ18O; Dansgaard, 1964), which is a measure of deviation from the global meteoric water line
(δD = 8 * δ18O + 10‰; Craig, 1961).

Advances in laser‐based, high‐resolution, near‐continuous water isotope analyzers have revolutionized
water vapor isotope monitoring and greatly broadened the scales of hydrologic spatiotemporal variability
that can be studied. At the boundary layer and surface level, isotope ratios of water vapor have been mea-
sured to investigate moisture sources (Delattre et al., 2015; Fiorella, Poulsen, & Matheny, 2018; Galewsky
& Samuels‐Crow, 2015; Noone et al., 2013; Steen‐Larsen et al., 2015), quantify entrainment and evapotran-
spiration (ET; He & Smith, 1999; Huang & Wen, 2014; Lai & Ehleringer, 2011; Simonin et al., 2014; Welp et
al., 2012), and partition the ET flux (Aemisegger et al., 2014; Good et al., 2014; Xiao et al., 2018). Together,
this work demonstrates the utility of water vapor isotope measurements as a tool to study water fluxes
between ecosystems and the atmosphere. The high temporal resolution of vapor isotope measurements from
laser‐based analyzers captures rapid, subdiurnal (minutes to hours) changes in water cycling and links
surface hydrology with biotic cycles and atmospheric conditions.

Isotope ratios of water vapor can expand our current understanding of forest hydrology because the fluxes
and processes that act to dry or moisten canopies—entrainment, evaporation, and transpiration—have
distinct isotopic signatures. During clear conditions, entrainment tends to dry canopy air with vapor that
is isotopically more depleted than air within the canopy (Welp et al., 2012). Evaporation moistens canopy
air with vapor that is relatively depleted in heavy isotopes and has a high d due to the high degree of kinetic
fractionation associated with the phase change from soil water to water vapor (Barnes & Allison, 1984). The
isotopic signature of transpiration is more complicated and depends on time scale, vegetation type, and
microclimates within the canopy. Over time scales greater than leaf water turnover times, the isotopic com-
position of transpired vapor must equal that of source water taken up at the roots since plants generally do
not fractionate soil water during root uptake (Ehleringer & Dawson, 1992). However, on shorter time scales,
the isotopic composition of transpired vapor may deviate from source water (Cernusak et al., 2002; Harwood
et al., 1998; Simonin et al., 2013; Welp et al., 2008).
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In this study, wemeasured vertical profiles of water vapor isotopes in two closely located forest sites in north-
ern Michigan. The control site is representative of forests in the northern Great Lakes region; at the experi-
mental site, an intermediate disturbance was prescribed to test the effects of this disturbance on forest
processes. Our objectives were to (1) quantify the temporal variation of vapor δ18O and δD at the two sites,
(2) use the isotopic composition of water vapor to compare water cycling at disturbed and undisturbed sites,
and (3) identify patterns and controls on canopy moisture. The sites in this study are hydrologically and
meteorologically well studied (e.g., He et al., 2013; Matheny et al., 2014; Maurer et al., 2013). Therefore,
an additional goal is to explore how vapor isotope profiles and flux tower measurements complement each
other or provide similar information about water cycling. This goal may inform future vapor isotope studies
that are not collocated with flux towers or sap flux networks. The addition of isotope measurements at these
field sites improves our understanding of forest hydrologic responses to intermediate disturbance and
expands the use of water vapor isotopes to study land‐atmosphere interactions.

2. Materials and Methods
2.1. Site Description

This study was conducted at two field sites at the University of Michigan Biological Station (UMBS) in north-
ern lower Michigan, USA. Mean annual temperature at UMBS is 6.8 °C, and the site receives an average 805
mm of precipitation annually (Matheny et al., 2014). Soils are well drained Haplorthods of the Rubicon, Blue
Lake, or Cheboygan series and consist of 92.2% sand, 6.5% silt, and 0.6% clay (Nave et al., 2011). Water
isotope measurements were conducted at two adjacent UMBS sites (~1.2 km apart) with collocated eddy
covariance towers. Both flux towers are affiliated with the AmeriFlux network (http://ameriflux.lbl.gov/).

The forest surrounding the control site (45°35′35″N, 84°41′48″W, AmeriFlux database site‐ID US‐UMB),
hereafter referred to as the undisturbed site, is dominated by early successional bigtooth aspen (Populus
grandidentata) and paper birch (Betula papyrifera) but is transitioning to a mixed composition of midsucces-
sional red oak (Quercus rubra), red maple (Acer rubrum), white pine (Piuns strobus), American beech (Fagus
grandifolia), and sugar maple (Acer saccharum). The tight arrangement of trees and closed, broadleaf canopy
cover at this site is representative of many forests in the northern Great Lakes region. This site has remained
undisturbed since the region was extensively logged in the early twentieth century. The tower at the dis-
turbed site (45°33′45″N, 84°41′51″W, AmeriFlux database site‐ID US‐UMd) is located within the Forest
Accelerated Succession ExperimenT (FASET) plot, hereafter referred to as the disturbed site. In 2008, all
aspen and birch in a 39 ha stand around the disturbed site's tower were stem girdled to induce mortality
of early successional species and evaluate the effects of ecologic succession. Additional information about
the FASET experiment and site details are available in Gough et al. (2013).

Prior to the disturbance, forest composition, structure, and meteorological conditions were similar at the
undisturbed and disturbed sites. Persistent differences in forest structure and water cycling (He et al.,
2013; Matheny et al., 2014) have developed since the disturbance as a result of a younger, more open,
structurally complex canopy at the disturbed site (Hardiman et al., 2013; Maurer et al., 2013). As a result
of the girdling treatment, the disturbed canopy has more deep gaps and clumped vegetation than the
undisturbed canopy.

2.2. Water Vapor Isotope Measurements

We deployed cavity ring‐down spectrometers in temperature‐controlled sheds near both eddy covariance
towers. At the undisturbed site, a Picarro L2120‐i was installed on 16 April 2016. A Picarro L2130‐i was
installed at the disturbed site on 25 April 2016. Both analyzers were removed on 1 October 2016. Two liquid
internal laboratory standards (−8.33‰ and −55.86‰ (heavy standard) and −23.81‰ and −181.35‰ (light
standard) for δ18O and δD, respectively) were measured approximately every 12 hr to monitor for drift and
calibrate isotope data to the Vienna Standard Mean Ocean Water‐Standard Light Antarctic Precipitation
scale (Bailey et al., 2015). Standards were introduced as a continuous stream using a Standard Delivery
Module and high precision vaporizer (A0110) maintained at 140 °C and ambient pressure. A Drierite
(26800) column was used to dry ambient air for standards analysis. Laboratory standards were measured
at water vapor concentrations between 10,000 and 30,000 ppmv.
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We used Version 1.2 of the University of Utah vapor processing scripts (Fiorella, Bares, et al., 2018) to cali-
brate ~1‐Hz isotope data and determine instrument precision. We found that isotope values varied with
humidity. As a result, we varied the Standard Delivery Module delivery rate of liquid standards and mea-
sured isotopic compositions from 2,000 to 30,000 ppm to develop equations and correct for this apparent
humidity bias. Wemeasured both internal standards at each injection rate for 20 min but only analyzed mea-
surements from the last 10 min of each humidity level to avoid memory effects between different standards
or injection rates. Within a humidity range (here 15,000–25,000 ppm) where the response between cavity
humidity and isotopic composition was minimal, we calculated the deviation of measured isotopic composi-
tions from the true isotopic composition. We then developed and applied correction equations, determined
by a linear regression of the deviation between measured and true isotopic compositions against the inverse
of cavity humidity within the 15,000‐ to 25,000‐ppm range, to correct isotope data for the dependence on cav-
ity humidity. Additional details on this cavity humidity correction are provided in the supporting informa-
tion. Instrument precision also depended on cavity humidity. We present the 1σ uncertainty at 5,000
ppmv, the lowest measured vapor mixing ratio during our sampling campaign, and 15,000 ppmv, near the
average mixing ratio across all three sampling periods. For d, we assume oxygen and hydrogen errors are
independent. At the undisturbed site, 1σ uncertainty ranged from 0.43‰ for δ18O, 1.51‰ for δD, and
3.73‰ for d at 5,000 ppmv to 0.24‰, 0.74‰, and 2.02‰ (for oxygen, hydrogen, and d, respectively) at
15,000 ppm. At the disturbed site, 1σ uncertainty ranged from 0.20‰, 0.68‰, and 1.73‰ at 5,000 ppmv to
0.11‰, 0.35‰, and 0.94‰ (oxygen, hydrogen, and d, respectively) at 15,000 ppm.

Each eddy covariance tower was equipped with a vapor sampling manifold that included intake lines at five
heights within the canopy and one above the canopy. Within‐canopy vapor was sampled at 2, 5, 10, 15, and
20 m above the forest floor. Above‐canopy vapor was sampled at 32 m (disturbed site) and 34 m (undisturbed
site). The above‐canopy sampling port was collocated with meteorological and flux measurements from
the towers. A diaphragm pump operated at ~5 L/min on each sampling manifold to ensure continual airflow
and minimize memory effects between samples. Sampling lines were constructed with Bev‐A‐Line tubing
to prevent fractionation (Simonin et al., 2013), encased in insulation, and wrapped with a warm wire to
prevent condensation.

Each cavity ring‐down spectrometer was set up to control a multiposition valve (VICI/Valco EMT2SD6MWE)
to switch between sampling heights. Each port was measured for 5 min; we omit the first 2 min of each
measurement to account for memory effects from switching positions and used the mean of the last 3 min
of each measurement for analysis (Aemisegger et al., 2012). We measured 48 vertical profiles of vapor
isotopes each day. Within each profile, the 3‐min average of isotopic measurements from each sampling
port is assumed to represent the isotopic composition at that height for the full 30‐min profile.

We focus on three time periods during the 2016 growing season: 10–31 May (spring, day of year, DOY 131–
151), 7–30 June (summer, DOY 159–182), and 21–30 September (fall, DOY 265–274). For convenience we
refer to the three time periods as spring, summer, and fall, respectively. We do not include winter measure-
ments because we expect canopy structure to have little effect on water fluxes when trees are bare and dor-
mant. Missing records are due to equipment malfunction and electrical problems at the field sites. In August
2016, the analyzer from the disturbed site was temporarily moved to a different location for another study.

2.3. Meteorological, Sap Flux, and Eddy Covariance Measurements

Temperature and relative humidity (HMP45g, Vaisala, Helsinki, Finland) were measured at 2 m and above
the canopy at 32 or 34 m (disturbed and undisturbed sites, respectively) at each site. The 2 m meteorological
towers were located approximately 60 m from each flux tower. Temperature and relative humidity sensors
were removed from the disturbed site in the late summer. Replacement equipment was installed 1 m above
the forest floor near the disturbed site flux tower, but only recorded temperature. Surface pressure (PTB101B,
Vaisala, Helsinki, Finland) was measured at ground level at the undisturbed site. Sap flux, which was mea-
sured as a proxy for transpiration, was continuously measured in 60 trees at each site with Granier‐style
(Granier, 1987) thermal dissipation probes. Additional details about sap flux measurements at UMBS are
available in Matheny et al. (2014). Eddy covariance CO2 and H2O fluxes were measured above the canopies
at 32 and 34 m. The latent heat flux was measured at high resolution (10 Hz) using the eddy covariance
approach: Water vapor and CO2 concentrations were measured using closed‐path infrared gas analyzers
(LI7000, LI‐COR Biosciences, Lincoln, NE, USA); wind velocity and temperature were measured with a
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3‐D ultrasonic anemometer (CSAT3, Campbell Scientific, Logan, UT, USA). Details about eddy flux data
processing are available in Gough et al. (2013) and Matheny et al. (2014). Above‐canopy variables and 1‐m
temperature measurements were reported as 30‐min averages. Sap flux and 2‐m meteorological measure-
ments were collected every minute and averaged to 30‐min time steps to facilitate analysis with isotopic
measurements. Daily precipitation amount was measured approximately 4 miles (6.44 km) east of UMBS
at the Pellston Regional Airport and accessed from the National Oceanic and Atmospheric Administration
Climate Data Online archive (Network ID USW00014841).

3. Results
3.1. Seasonal Variability

All δ18O and δD vapor values are plotted in Figure 1. Isotopic compositions cluster around the global meteo-
ric water line during all three seasons with a consistent, slightly shallower slope than the global meteoric
water line. In general, isotopic trends were similar for oxygen and hydrogen; therefore, we show and discuss
only δ18O throughout this section.

On time scales longer than a day, isotopic and meteorologic trends were similar at the disturbed and undis-
turbed sites (Figures 2, S11, and S12). Seasonal comparisons between the two sites were generally consistent
across the spring, summer, and fall measurement periods, so we focus primarily on summer conditions and
include additional information about spring and fall conditions in the supporting information. Vapor δ18O
varied between−14‰ and−26‰ at both sites and was typically greater at the surface and lower in the upper
canopy (10–20 m; panels a and i in Figures 2, S11, and S12). On average, vapor δ18O, specific humidity (q),
temperature, and vapor pressure deficit (VPD) were highest in the summer and lower in the spring and fall
(panels a, c–e, i, and k–m of Figures 2, S11 and S12). Sap flux increased through the spring sampling period,
was at a maximum in the summer, and was at a minimum in the fall (panels g and o in Figures 2, S11, S12).
The seasonal magnitudes of sap flux are consistent with leaf area index trends as canopies at both sites leafed
out during the spring sampling period, were at their maximum extent during the summer, and were in
decline in the fall. Wind speed did not vary on seasonal time scales but, rather, associated with the passing
of synoptic‐scale weather systems, meandered on a 2‐ to 4‐day time scale with very few excursions beyond a
small range (1–5 m/s; panels f and n in Figures 2, S11, S12).

Despite the general coherence between isotopes, meteorology, and ecohydrology on seasonal time scales at
UMBS, differences emerged between the disturbed and undisturbed sites (Figure 3, Table 1). During the
spring and summer, vapor at the disturbed site was generally more depleted in heavy isotopes than at the
undisturbed site (Figures 3a and 3i). This difference was more pronounced in the summer (1–2‰ difference)
than in the spring (~0.4‰). Within the canopies, mean spring and summer dwas ~0.3‰ greater at the undis-
turbed site (Figures 3b and 3j). Although the magnitude of between‐site d differences was greater in the sum-
mer than in the spring, this difference is not statistically significant. In the fall, the disturbed site was
generally more depleted in heavy isotopes than the undisturbed site (Figure 3q) and d was 4–8‰ greater
at the undisturbed site (Figure 3r). In all three seasons the disturbed site was drier than the undisturbed site
(Figures 3c, 3k, and 3s). Above the canopy, air temperature was ~0.4 °C warmer at the undisturbed site
(Figures 3d, 3l, and 3t), while VPD was nearly identical (<0.04‐kPa difference, Figures 3e, 3m, and 3u).
Near the surface (2 m), air temperature was ~0.6 °C cooler (Figures 3d, 3l, and 3t) and VPD ~0.15 kPa lower
at the undisturbed site (Figures 3e, 3m, and 3u). Mean wind speed was ~1 m/s greater at the undisturbed site
than the disturbed site (Figures 3f, 3n, and 3v), and sap flux was almost always greater at the undisturbed site
than the disturbed site (Figures 3g, 3o, and 3w). Mean seasonal differences of isotopes, meteorology, and sap
flux are presented in Table 1 with significant differences (p < 0.05) between the disturbed and undisturbed
sites highlighted.

The two sites also exhibited isotopic differences with height. While δ18O was generally greater near the sur-
face than in the upper canopy, vertical gradients of δ18O within the canopies were larger at the undisturbed
site than at the disturbed site (Figure 4). Summer and fall δ18O gradients within the undisturbed canopy
(2–20 m) were pronounced at night (0.70‰ and 0.95‰ in the summer and fall, respectively) but dissipated
through the day (Figures 4a–4d). The disturbed site did not exhibit the same stratified nighttime isotopic
compositions and was relatively well mixed with vertical gradients generally less than 0.25‰ (Figures 4e–
4h). Within each season, q ratios exhibited little variation at any of the sampling heights (Figure S13).
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3.2. Synoptic Variability

Passing weather systems drove relatively large shifts of isotopes, meteorology, and sap flux within a few days.
We focus on a summer storm (DOY 166–171) and examine how isotopes, sap flux, and eddy covariance data
reveal information about the hydrologic fluxes associated with this event. Rain (0.69 mm) fell on DOY 167.
We include one day of prestorm conditions (DOY 166) and define the end of the storm as the day during
which VPD at the undisturbed site was at a maximum following the rainfall event. We calculated the isotopic
composition of the ET flux (δ18OET) at 20 m with a Keeling mixing model (Keeling, 1958; Yakir & Sternberg,
2000), and followed the methods described byWilliams et al. (2004) to partition the transpiration component
of ET (defined here as T/ET) from sap flux and eddy covariance measurements.

Prior to the storm, conditions at the disturbed and undisturbed site were similar but reflect the consistent
seasonal differences at the two sites: Sap flux was greater, δ18O higher, and air moister at the undisturbed site
than at the disturbed site (Figure 5). Transpiration accounted for a greater proportion of the ET flux at the
undisturbed site (~70%) than the disturbed site (~50%; Figure 5b). Rain fell from 10:00 to 17:00 on DOY
167. During the event, sap flux and VPD decreased to nearly zero, while q and δ18O increased (Figure 6).
Immediately after the storm (DOY 168) increases in VPD, sap flux, and T/ET drove δ18OET and δ

18O of ambi-
ent vapor to higher values. By DOY 169 and 170, sap flux and VPD returned to prestorm values and were
similar at the disturbed and undisturbed sites (Figures 5c, 5d, 5g, and 5h). At the same time, isotopic differ-
ences emerged at the two sites (Figures 5a, 6a, 6b, 6e, and 6f).

3.3. Diurnal Cycles

Vapor δ18O and d generated clear diurnal cycles at both the disturbed and undisturbed sites (Figure 7).
Diurnal cycles emerged in the spring were most pronounced during the summer and decreased in amplitude
in the fall. Generally, δ18O increased slightly just after sunrise to an early‐morning peak, decreased through
the day to a late afternoon minimum, and increased in the early evening before sunset (Figure 7, top row).
Nighttime δ18O values exhibited little variation. The diurnal d cycle was apparent in all three seasons and
at both sites (Figure 7, second row). At night d was relatively constant, but then decreased briefly just after
sunrise, increased in the morning to a midday maximum, and decreased rapidly in the late afternoon. In all
three seasons, the timing of the diurnal d cycle was consistent between sites but the amplitude and rate of
change differed. Specific humidity (q) exhibited very little diurnal variation (Figure 7, third row).

Diurnal temperature generally peaked in the midafternoon and was at a minimum just before sunrise
(Figure 7, fourth row); relative humidity exhibited the opposite diurnal cycle with the greatest values just
before sunrise and the lowest values in the midafternoon (Figure 7, fifth row). Like temperature, diurnal
VPD increased in the morning and decreased in the afternoon (Figure 7, sixth row). In the spring and sum-
mer, diurnal wind speed exhibited a distinct cycle with maximum values in the midafternoon and minimum
values around sunrise. There was no clear diurnal cycle of wind speed in the fall at either site (Figure 7,
seventh row). At both sites, sap flux began at sunrise, reached a maximum in the early afternoon, and was

Figure 1. δ18O (‰) and δD (‰) of water vapor measured during all three sampling periods at (a) the undisturbed site
(green) and (b) the disturbed site (blue). Color intensity increases for each seasonal period from spring (pale) to fall
(dark). For reference, the global meteoric water line is plotted as a black line.
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nearly zero by sunset (Figure 7, eighth row). The shape of the diurnal sap flux cycle was consistent
throughout all three seasons, but the maximum summer diurnal sap flux was approximately two times
greater than sap flux in the spring or fall periods (Figure 7, eighth row).

Isotopic, meteorologic, and sap flux differences also emerged at the disturbed and undisturbed sites on diur-
nal time scales. In the summer and fall, the early morning δ18O peak was more pronounced at the undis-
turbed site than at the disturbed site (Figures 7q, 7ag, 7y, and 7ao). In addition, although the magnitude of
diurnal d cycles was similar at the two sites (~12‰, 20‰, and 8‰ in the spring, summer, and fall, respec-
tively), daytime patterns differed (Figure 7, second row). In all three seasons, d increased rapidly in the

Figure 2. Time series of moving 24‐hr average of summer isotopic compositions, meteorological data, and sap flux at the
undisturbed (left) and disturbed (right) sites. (a, i) vapor δ18O (‰); (b, j) d (‰); (c, k) specific humidity (q, g/kg); (d, l)
temperature (°C); (e, m) VPD (kPa); (f, n) wind speed (m/s); (g, o) sap flux (W/m2); and (h, p) daily precipitation amount
(mm). Isotopes and specific humidity are shown for all six heights from low (red) to high (blue). Meteorology is shown
at 2 m (red) and above‐canopy (blue). DOY = day of year; VPD = vapor pressure deficit.
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undisturbed canopy in the early morning and maintained a high plateau through the day. In contrast, at the
disturbed site, d increased gradually through the early morning and midafternoon and peaked in the late
afternoon. Vertical gradients of meteorological conditions between the surface and 32/34 m were greater
at the undisturbed site than the disturbed site (Figure 7, fourth and fifth rows). Similarly, diurnal wind
speed and sap flux were greater at the undisturbed site than the disturbed site (Figure 7, rows seven and
eight, respectively).

4. Discussion
4.1. Seasonal Variability

Observed seasonal isotopic shifts reflect changes in large‐scale circulation and seasonal wind patterns, which
we expect to be similar at the disturbed and undisturbed sites (Gat et al., 1994). In northern Michigan, air
advected from the north is drier and has experienced colder temperatures along its trajectory than air from
the south (Rasmusson, 1968). As a result, at UMBS the boundary layer was cooler, drier, and more depleted

Figure 3. Differences (Δ, undisturbed—disturbed) between the undisturbed and disturbed sites in the spring (a–h),
summer (i–p), and fall (q–x). (a, i, and q) vapor δ18O (‰); (b, j, and r) d (‰); (c, k, and s) specific humidity (q, g/kg);
(d, l, and t) temperature (°C); (e, m, and u) VPD (kPa); (f, n, and v) wind speed (m/s); and (g, o, and w) sap flux (W/m2).
Panels (h), (p), and (x) show total daily precipitation amount (mm). Differences of isotopes and specific humidity are
shown for all six heights from low (red) to high (blue). Where measured, meteorological differences are shown at 2 m (red)
and above canopy (blue). DOY = day of year; VPD = vapor pressure deficit.
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in heavy isotopes in the spring and fall than was observed in the summer. Sap flux trends point to seasonal
variability of transpiration at UMBS (panels g and o in Figures 2, S11, S12). Sap flux increased through the
spring as the canopies leafed out and hydrologic cycling intensified during the beginning of the growing
season, was greatest during the summer when the canopies were fully developed, and was low in the fall
when transpiration was in decline at the end of the growing season.

Seasonal δ18O differences between the disturbed and undisturbed site may be explained by canopy structure,
the magnitude of local water fluxes, and different species‐specific ecohydrological strategies that have

Table 1
Isotopic, Meteorologic, and Sap Flux Differences Between the Undisturbed and Disturbed Sites

Season 2 m 5 m 10 m 15 m 20 m 32/34 m

Spring
δ18O (‰) 0.33 0.46 0.36 0.51 0.60 0.45
d (‰) 0.60 0.16 0.34 0.17 0.45 2.47
q (g/kg) 1.26 1.31 1.28 1.35 1.40 2.38
Temperature (°C) −0.68 0.42
VPD (kPa) −0.14 0.04
Wind speed (m/s) 0.77
Sap flux (W/m2) 9.76
Summer
δ18O (‰) 1.48 1.34 1.29 1.19 0.84 2.00
d (‰) −0.13 −0.05 −0.23 0.68 1.19 −2.10
q (g/kg) 3.71 3.56 3.43 3.45 3.01 4.34
Temperature (°C) −0.74 0.40
VPD (kPa) −0.17 0.01
Wind speed (m/s) 0.83
Sap flux (W/m2) 29.36
Fall
δ18O (‰) −0.52 −0.20 0.12 −0.32 −0.44 −0.61
d (‰) 5.75 5.18 4.29 6.31 5.54 8.62
q (g/kg) 2.17 2.08 2.14 2.13 1.78 2.08
Temperature (°C) 0.06 0.42
VPD (kPa) −0.04
Wind speed (m/s) 1.11
Sap flux (W/m2) 9.25

Note. Statistical significance (p < 0.05) is indicated by bolded values. VPD = vapor pressure deficit.

Figure 4. Mean profiles of water vapor δ18O (‰) from the undisturbed (green) and disturbed (blue) sites during the spring,
summer, and fall. Shown here are profiles from four time slices: nighttime (00:00 to 03:00, a and e), sunrise (06:00 to
09:00, b and f), midafternoon (14:00 to 17:00, c and g), and sunset (18:00 to 21:00, d and h). Gray shading indicates heights
above the canopy. Error bars show standard error.
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previously been observed at UMBS (Matheny et al., 2014, 2016; Thomsen et al., 2013). The 2008 girdling
treatment altered the spatial arrangement of vegetation and increased gaps between trees at the disturbed
site. As a result, light reaches deeper (Hardiman et al., 2013), the evaporation flux is greater (Matheny et
al., 2014), and canopy roughness is more variable (Maurer et al., 2013) at the disturbed site than at the undis-
turbed sites. On seasonal time scales, mass balance dictates that the isotopic composition of transpired vapor
must equal that of source water. On this relatively long time scale, we expect that the isotopic composition of

Figure 5. (a) δ18OET and (b) T/ET at the disturbed (blue) and undisturbed (green) sites during the summer storm (DOY
166–171). Rain fell during the day on DOY 167. DOY = day of year; ET = evapotranspiration.

Figure 6. Time series of moving 24‐hr average of summer storm (DOY 166–171). Rain fell on DOY 167. (a, e) vapor
δ18O (‰); (b, f) specific humidity (q, g/kg); (c, g) VPD (kPa); and (d, h) sap flux (W/m2) at the undisturbed (left) and
disturbed (right) sites. Isotopes and specific humidity are shown for all 6 heights from low (red) to high (blue). Meteorology
is shown at 2 m (red) and above canopy (blue). DOY = day of year; VPD = vapor pressure deficit.
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transpired vapor was enriched in heavy isotopes relative to background vapor and that the greater transpira-
tion flux at the undisturbed site pushed δ18O within the canopy to higher values than at the disturbed site.
Due to the fractionation associated with the evaporation of soil water that preferentially partitions lighter iso-
topologues into the vapor phase, more evaporation at the disturbed site depressed vapor δ18O relative to the
undisturbed site. Maurer et al. (2013) demonstrated that the structural rearrangement at the disturbed site
altered the surface roughness parameters and increased surface drag, turbulent eddies, and vertical mixing.
Although analysis of surface roughness did not continue past 2011, the lower observed δ18O at the disturbed
site suggests that between‐site differences in vertical mixing persist at UMBS.

Species‐specific hydrologic strategies may also have contributed to observed isotopic differences. Aspen tran-
spire a majority of the water at the undisturbed site; absent this species at the disturbed site, oak and pine
account for a much larger proportion of sap flux (Matheny et al., 2014). At UMBS, oak have a relatively deep
rooting depth and access a deeper soil water pool that is more depleted in heavy isotopes than near‐surface
soil water (Matheny et al., 2016). Therefore, more transpiration from oak at the disturbed site may have con-
tributed more isotopically negative vapor into the disturbed canopy than the undisturbed canopy.
Differences in stomatal regulation may also control vapor isotopes because oak at UMBS are anisohydric,

Figure 7. Diurnal isotopic, meteorologic, and sap flux cycles at all sampling heights in the spring (a–p), summer (q–af), and fall (ag–av). Diurnal cycles were
calculated by removing the background isotopic composition at 15 m. In each season, diurnal cycles at the undisturbed site are shown on the left (a–h, q–x, and
ag–an) and diurnal cycles from the disturbed site are to the right (i–p, y–af, and ao–av). δ18O (‰), (a, i, q, y, ag, and ao); d (‰), (b, j, r, z, ah, and ap); q (g/kg),
(c, k, s, aa, ai, and aq); temperature (°C), (d, l, t, ab, aj, and ar); relative humidity (%), (e, m, u, ac, ak, and as); vapor pressure deficit (VPD, kPa), (f, n, v, ad, al, and at);
wind speed (m/s), (g, o, w, ae, am, and au); and sap flux (W/m2), (h, p, x, af, an, and av) are shown for both sites and all three seasons. Heights of isotope mea-
surements vary along a spectrum from low (red) to high (blue) height. Meteorological variables were measured near the surface (red) and above the canopy (blue).
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while maple and aspen are isohydric (Matheny et al., 2016; Thomsen et al., 2013). While these species‐specific
hydrologic strategies may affect vapor isotopes, the trees at the two sites generally share much of the same
physiology. Therefore, we focus on structural differences between the disturbed and undisturbed sites because
the differences between the sites are greater.

4.2. Synoptic Variability

Isotope, sap flux, and eddy covariance data from the DOY 166–171 storm reveal synoptic‐scale differences in
water cycling between the disturbed and undisturbed sites. Following the rainfall event, precipitation moved
quickly through the porous sandy UMBS soil, was rapidly taken up by trees, and transpired to the atmo-
sphere (He et al., 2013; Matheny et al., 2014; Nave et al., 2011). At the undisturbed site where transpiration
dominates the ET flux (Figure 5b andMatheny et al., 2014), T/ET, vapor δ18O, and δ18OET increased after the
storm. Due to increased light penetration and a more open‐canopy structure, evaporation played a larger role
in the ET flux at the disturbed site. Accordingly, T/ET remained nearly unchanged immediately after the
storm. At both sites soil evaporation contributed more to the ET flux a few days after the storm and likely
drove T/ET, δ18O, and δ18OET to lower values. δ18OET was most similar at the two sites during (DOY 167)
and immediately after (DOY 168) the storm when evaporation of intercepted precipitation, which was likely
the same at the two sites, contributed to δ18OET (Figure 5a). Following DOY 168 and likely the complete
evaporation of intercepted water, differences in vegetation, canopy structure, and the relative magnitudes
of evaporation and transpiration fluxes caused δ18OET to diverge at the two sites.

Measurements of additional water pools would greatly improve an isotopic understanding of synoptic‐scale
water cycling and are suggested for future studies. We assume that rainwater had a lower d and higher
δ18O than background vapor (Gat, 1996), but without an exact value of the isotopic composition of precipita-
tion, it is difficult to diagnose the shift in vapor δ18O due to transpiration after a rain storm. Similarly, without
knowledge of the isotopic composition of soil water, it is difficult to estimate the decrease in vapor isotopes
from evaporation. Additionally, isotopic measurements of xylem water would clarify questions of rooting
depth and the time scales over which trees access recent precipitation. Matheny et al. (2014, 2016) have
previously reported on the rapid ET response to rain at UMBS. Following a storm, isotopic measurements
of precipitation, soil, and xylemwater would enable a similar assessment of forest water cycling. Future synop-
tic‐scale vapor isotope studies, especially those without sap flux or eddy covariance data, should consider these
additional measurements imperative to fully understand vapor isotope data and forest water cycling.

4.3. Vertical Variability

Vertical isotope gradients within the canopies demonstrate the effects of entrainment and local ET at the dis-
turbed and undisturbed sites (Figure 4). Local above‐canopy temperature, relative humidity, and wind speed
were similar at the two sites (Figures 3 and 7); therefore, we attribute differences in vertical gradients to for-
est structure. To this end, we compared isotope gradients at four time slices through the day (Figure 4): in the
middle of the night (a and e) and midafternoon (c and g) when local meteorological and atmospheric condi-
tions were relatively stable and in the early morning (b and f) and late afternoon (d and h) when conditions
changed rapidly. When transpiration was low at night, atmospheric mixing shifted vapor d (δ18O) to higher
(lower) values. In all three seasons, vertical isotope gradients were larger at the undisturbed site than the dis-
turbed site and more pronounced at night when water fluxes were relatively low. With higher water fluxes
and more turbulence through the day, entrained and transpired vapor was mixed through the canopies so
that by sunset vertical isotopic gradients dissolved away (Figures 4d and 4h). This pattern was most pro-
nounced during the summer sampling period and more distinguishable within the thick, spatially homoge-
nous, undisturbed canopy that is prone to stratification than within the open, disturbed canopy that has
many gaps that promote mixing.

Differences in forest structure at the two sites also contributed to gradients of diurnal temperature, relative
humidity, and VPD between the surface (2 m) and above the canopies (Figure 7). In general, these gradients
were greater at the undisturbed site than at the disturbed site. At the undisturbed site, nighttime conditions
near the surface were generally moister than at 34 m due to the thick canopy that slowed the advection of
moisture from within the canopy to the free atmosphere above. In contrast, during the day at the disturbed
site, the surface was slightly warmer and drier than conditions above the canopy. There, open gaps among
the trees allowed more solar radiation to reach the forest floor and promoted vertical mixing (Hardiman
et al., 2013).
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4.4. Diurnal Isotope Variations

Diurnal water vapor isotope cycles have been widely reported and
generally appear to be independent of continentality or vegetation
type. Diurnal cycles of δ18O and d at UMBS are similar to those
observed in coastal New Haven (Lee et al., 2006; Lee et al., 2007),
above a wheat field (Zhang et al., 2011) and arid oasis cropland
(Huang & Wen, 2014) in North China, in a coniferous forest in the
Pacific Northwest (Lai & Ehleringer, 2011), above a Mediterranean
coastal wetland (Delattre et al., 2015), in an evergreen forest in
Northern California (Simonin et al., 2014), and in an isotope enabled
large‐eddy simulation of the atmospheric boundary layer (Lee et al.,
2012). Welp et al. (2012) reported on water vapor d from six sites in
the United States and China, including a broadleaf deciduous forest
site in Borden, Ontario, near UMBS. While local water fluxes affect
the magnitude of diurnal isotope cycles, characteristic patterns of
diurnal δ18O and d variation emerged in all of these locations.
Taken together, these cycles reflect competing influences of bound-
ary layer entrainment and local ET on near‐surface water vapor.

Generally, entrainment and evaporation mix vapor with high d and
low δ18O into a forest canopy. Specific humidity (q) helps differenti-
ate these two processes as evaporation moistens canopy air and
entrainment dries canopy air. On short (subhourly) time scales,
the isotopic composition of transpired vapor depends on leaf and
xylemwater storage and local meteorological conditions. On diurnal
time scales, relative humidity changes cause vapor d to increase in
the morning and decrease in the evening (Simonin et al., 2014). As
morning relative humidity decreases and evaporation increases,
the degree of kinetic fractionation increases and acts to increase
vapor d. This kinetic effect is driven by the diffusivity difference
between isotopologues during evaporation (Cappa, 2003; Merlivat,
1978). Environmental conditions are the opposite in the evening
and, following the same logic that explains equilibrium and kinetic

fractionation factors in the morning, tend to decrease vapor d late in the day as relative humidity increases.
As a result of daytime transpiration, leaf water undergoes an isotopic enrichment and is expected to have a
low d by the late afternoon. During the late afternoon and evening when relative humidity is high and tran-
spiration likely occurs closer to equilibrium, stored leaf water with low d may also decrease vapor d.

A few features of the diurnal δ18O and d cycles are consistent between sites, seasons, and heights and reflect
the dominant hydrologic processes in the UMBS canopies. In the early morning, transpiration drove a small
increase of δ18O and decrease of d (Figure 7). These isotopic shifts began just after sunrise and coincided with
a VPD increase and the initiation of diurnal sap flux. In the midmorning d increased rapidly as sap flux
increased, temperature increased, and relative humidity decreased. As temperature and relative humidity
changed in the late afternoon and evening, d decreased as expected. At night, when sap flux and VPD were
at minima, entrainment was low and d was generally consistent, the isotopic composition of canopy vapor
was predominantly governed by equilibrium fractionation. We did not observe characteristic isotope
patterns of dew formation at either site, perhaps due to the relatively thick canopy and high leaf area index
(3 m2/m2) of the UMBS forest. Unlike some open‐canopy forests (e.g., a ponderosa pine forest in central
Colorado; Berkelhammer et al., 2013), at UMBS dew formation did not impart a distinct signature on the
isotopic composition of near‐surface water vapor.

At UMBS, transpiration dominates ET at the undisturbed site; evaporation accounts for a larger fraction of
ET at the disturbed site (Matheny et al., 2014). In addition, due to differences in canopy structure, we expect
that more entrained vapor was mixed into the disturbed canopy than into the undisturbed canopy (Maurer
et al., 2013). At the undisturbed site, the early increase of summer q and d suggests that transpiration

Figure 8. The 15‐m interpolated diurnal summer δ18O and δD from the
undisturbed (top) and disturbed (bottom) sites. Each diurnal δ18O and δD value
was interpolated to a 5‐min time step to demonstrate the hysteretic loop of water
vapor δ18O and δD throughout the day. Color indicates time and varies from
midnight (navy) to morning, afternoon, and night (yellow, green, and blue,
respectively). White, gray, and black circles indicate 6 a.m., 12 p.m., and 6 p.m.,
respectively. The red circle indicatesmidnight. Arrows indicate hydrologic processes
that drive the isotopic composition of water vapor within the canopies and point
in the direction that each process pushes isotope values. The GMWL is included for
reference. GMWL = global meteoric water line; ET = evapotranspiration.
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supplied most of the morning vapor within that canopy. The morning q increase was absent at the disturbed
site because there was less transpiration at that site and more entrainment of dry air from above the canopy.
By midday, higher wind speeds and warmer surface temperatures increased mechanical turbulence and
buoyant convection and entrained vapor was mixed into both canopies. Entrainment tended to depress
δ18O of vapor within the disturbed canopy. It is likely that evaporation also decreased δ18O at the disturbed
site, but it is difficult to disentangle evaporation and entrainment because the variations of q were so small.

We further examined the controls on diurnal isotopic compositions with a δ18O‐δD plot of diurnal summer
water vapor measurements (Figure 8). In this dual isotope space, diurnal vapor isotopic measurements pro-
duce a hysteretic loop that readily demonstrates when equilibrium and kinetic fractionation dominated in
the UMBS canopies and highlights hydrologic differences at the disturbed and undisturbed sites. In the early
morning, transpiration briefly drove δ18O and δD higher and likely shifted vapor isotopes toward the isotopic
composition of xylemwater. This feature of the δ18O‐δDhysteric loop is more pronounced at the undisturbed
site where the transpiration flux was greater and the thicker canopy initially retained transpired vapor and
slowed the intrusion of entrained vapor. Through the morning d increased at both sites, but the kinetic effect
was stronger (cf. the slope between ~9 a.m. and just before noon) at the disturbed site, which is consistent
with a greater contribution of evaporated vapor. At noon, δ18O values were ~−19‰ at the two sites.
Through the afternoon, entrainment and ET pushed isotopic compositions to lower values, although this
effect was greater at the disturbed site (−2‰) than at the undisturbed site (−1‰) likely due to differences
in canopy structure. In the late afternoon and evening, transpiration dragged isotopic compositions up to
similar nighttime values (~−19‰). The evening shift from decreasing isotope values to increasing isotope
values occurred approximately 3 hr later at the undisturbed site than at the disturbed site (compare the direc-
tion of the hysteric loop after 6 p.m.). The thick, closed undisturbed canopy was slow to change and retained
daytime characteristics well into the evening. Alternatively, the open, disturbed canopy responded rapidly to
changing atmospheric and meteorological conditions.

4.5. Summertime Surface‐Atmosphere Vapor Mixing

Finally, we focus on summertime meteorological and isotopic differences within and above the disturbed
and undisturbed canopies and examine the implications of intermediate disturbance on forest hydrology.
We concentrate on the summer period because differences in canopy structure at the two sites were most
pronounced during this time. At the disturbed site, summer temperature, VPD, and vapor isotopic composi-
tions were nearly identical within and above the canopy (Figures 2i–2m). Alternatively, when vertical tem-
perature and relative humidity gradients emerged at the undisturbed site, for example, during DOY 161–163,
166–173, and 175–179, isotopic gradients emerged as well (Figures 2a–2f). In particular, above‐canopy d
deviated from within‐canopy d during these times (Figure 2c). The timing of summer vertical meteorological
and isotope gradients suggests that, at times, air above the undisturbed canopy was incompletely mixed with
air within the canopy. During the summer, air at the disturbed site generally remained well mixed from the
surface to at least 32 m.

Diurnal summer isotopes and meteorology at the undisturbed site also point to a decoupling between water
vapor within the canopy and vapor above the canopy. Above the undisturbed canopy, d and q exhibited simi-
lar diurnal patterns and were strongly correlated (Pearson's r > 0.8, Figures 7r and 7s). The coherence
between diurnal d and qwas unique to the 34‐m observations at the undisturbed site and points to a measur-
able influence of canopy structure on forest water cycling. The correlation between d and qwas low (r < 0.5)
at all other sampling locations. In addition, the disturbance muted diurnal vertical meteorological gradients
(Figure 7) and suggests that forest structure affects mixing within the canopy. Broadly, this suggests that the
assumption of well‐coupled canopy‐atmosphere interactions (e.g., Ewers & Oren, 2000) may be violated in
the case of thick, homogeneous forest canopies.

4.6. Implications of Intermediate Disturbance on Forest Hydrology

Since its initiation in 2008, the FASET disturbance has proven to be a fruitful experiment to examine and bet-
ter understand forest biogeochemical responses to intermediate disturbances such as forest thinning man-
agement or rapid ecological succession. Following the treatment, carbon, nitrogen, and water cycles
changed rapidly in the disturbed plot. Carbon (Gough et al., 2013) and nitrogen (Nave et al., 2011) cycles
returned to pretreatment levels within a few years; changes to boundary layer turbulence (Maurer et al.,
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2013), forest structure (Hardiman et al., 2013) and the water cycle (He et al., 2013; Matheny et al., 2014) have
persisted. Here we use water vapor isotopes to demonstrate that intermediate disturbances that open‐canopy
gaps can alter vapor mixing within and above a forest canopy. Our results also show that forest canopy
structure modulates the time scale over which moisture is returned to the atmosphere, as closed canopies
can act like a diffusive boundary layer and return energy and moisture to the atmosphere more slowly
than open canopies. Greater vapor mixing between the surface layer and the above‐canopy layer may
increase moisture transport as surface layer moisture is mixed into the drier above‐canopy air and
advected away and therefore may influence the timing and amount of downstream moisture. At the local
scale, increased surface‐atmosphere water vapor mixing may reduce forest moisture retention and further
influence forest composition (Fotis et al., 2018). Many of these inferences can be made from eddy
covariance, sap flux, or vapor isotope measurements. However, only isotopes offer insights into the
particular processes, both during the day and at night, that generate water fluxes.

Importantly, forest intermediate disturbances do not proceed in isolation. Instead, over the next few decades,
many forests will experience higher atmospheric CO2 and warmer temperatures. It is therefore prudent to
consider disturbance alongside the broad suite of pressures that may affect forests. Independent of atmo-
spheric CO2, changes in vertical mixing modulated by canopy structure can increase VPD and impact stoma-
tal regulation, transpiration, and photosynthesis (Novick et al., 2016). Under higher atmospheric CO2,
decreased stomatal conductance may increase intrinsic water‐use efficiency (Frank et al., 2015). Under
higher CO2 conditions, many climate models suggest that transpiration will decrease or remain stable
(Lemordant et al., 2018; Skinner et al., 2017). Although many changes to forest water cycles, including sto-
matal behavior, forest moisture gradients, and soil wetness, are yet unknown, higher water‐use efficiency
and increased canopy openness may reinforce each other to further dry forest environments. If the transpira-
tion rate remains stable as canopies transition from closed to open, more canopy moisture may be lost to the
atmosphere, which may increase the flux of water from forests to downstream regions.

5. Conclusions

We compared meteorology, sap flux, and vertical profiles of water vapor stable isotopes in two closely located
forest sites in northern Michigan to assess the effects of intermediate disturbance and canopy structure on
local hydrologic cycling. Records from both the disturbed and undisturbed sites reflect seasonality and are
imprinted with storm events. On diurnal time scales, we found that differences in water vapor isotope cycles
reflect differences in canopy structure, the relative influence of entrainment and ET, and the hydrologic mix-
ing both within the canopy and between the surface layer and the atmosphere. These differences were most
pronounced during the summer when the canopies were fully developed and transpiration was high.
Vertical water vapor isotope measurements revealed stratified canopy vapor at night at the undisturbed site
and relatively well mixed canopy air at the disturbed site. Generally, meteorological, sap flux, and isotopic
measurements complement each other: Eddy covariance gives the net water flux, and isotopes reveal the
hydrologic processes that generate that flux. This work helps expand our understanding of water vapor iso-
topes in forests and improves predictions of water fluxes between the land and atmosphere and associated
changes to regional climate and water cycles.
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