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Abstract

Fluxes of water, energy and carbon dioxide (C@ere measured using the eddy covariance technique over a mesquite
(Prosopis velutinawoodland along the San Pedro River in southeastern Arizona for the entire growing seasons of 2001 and
2002, between the last freeze event of spring and the first of fall. Although the general pattern of ecosystem response to climate
forcing was similar in both years, latent heat and,@l0xes showed significant variations between and within the growing
seasons. The main differences between the two years were a consequence of an extended drought that lasted from October 200
to July 2002. Most of the within season variability was attributable to the timing and magnitude of mid-summer precipitation
associated with the North American Monsoon. Following new tree leaf production and prior to the monsoon onset, there was
little precipitation; daytime air temperatures were high and relative humidity low. Evapotranspiration and water level data
indicated that the mesquite trees always had ready access to groundwater, though they were likely supplementing this with
vadose zone soil water when abundant. Nonetheless, decreases in afternoon transpirationugrtdke@uggest stomatal
regulation of leaf gas exchange, possibly in response to the high vapor pressure deficit. Because near-surface soil moisture
was limited prior to the summer rains, ecosystem respiration was low and there was little evapotranspiration from understory
plants and soil. With the arrival of the monsoon rains, understory vegetation activity and, consequently, total ecosystem
evapotranspiration increased. Total ecosystem photosynthesis also increased, but the net uptake of carbon decreased, due 1
enhanced respiration from the abundant carbon sources, stimulated by the precipitation and warm temperatures. The nighttime
measurements of COluxes, although of questionable accuracy, imply the ecosystem was a net sink érGbst of the
two growing seasons.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Riparian corridors are hot spots of biological activ-
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riparian ecosystems maintain high levels of biodi-
versity and production compared to the surrounding
desert Brown, 1982. At the same time, rural and ur-
ban development often impact the vitality of riparian
areas by changing land use and by diverting water
and lowering the water tableldckson et al., 2001
Understanding how climatological factors that drive
eco-hydrological function interact with changing so-
cietal demands and climate variability is important for
improving our management of such vital ecosystems.
The San Pedro River in southeastern Arizona is
a good example of a riparian area facing pressure
from urbanization. Located within the basin and
range physiographic province, the San Pedro River
flows intermittently over 250 km from its headwaters
in Sonora, Mexico to its confluence with the Gila
River in south-central Arizona. The basin is under-
lain by aquifers that are recharged primarily at the
mountain-front pediments. The aquifers support base-
flow in portions of the river and provide water for com-
munities in the basin. The largest community is Sierra
Vista, with a population of approximately 40,000 that
is growing 2.2% per yeadjty of Sierra Vista, 200R
Population growth in the Upper San Pedro valley and
the resulting increase in groundwater pumping have
created concern that the water table may fall below
the rooting zone of the riparian vegetation. Because
surface and ground water are linked, the health of
the riparian ecosystem therefore depends on care-
ful management of water resources within the basin
(Commission for Environmental Cooperation, 1999
Groundwater modeling studies indicate that water
use by riparian vegetation is an important compo-
nent of the water balance in the basin (eGprell
et al., 1998. Recently, knowledge of the functioning
of semiarid riparian ecosystems and their possible
response to changes in climate or water availabil-
ity has improved $tromberg et al., 1996; Unland
et al., 1998; Goodrich et al., 2000; Scott et al., 2000;
Schaeffer et al., 2000; Snyder and Williams, 2000;
Cleverly et al., 2002 Along the San Pedro, ecosys-
tems that contain mesquitéPrpsopis veluting—a
facultative phreatophytic tree—comprise the largest
area.Goodrich et al. (2000)ndicated that groundwa-
ter use by mesquite was likely the largest but most
uncertain component in the total riparian consumptive
groundwater budget in the Upper San Pedro Basin.
Determining the amount of groundwater withdrawal
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by mesquite and how this changes through the year is
therefore important for improved water management
in the basin. Previous studies of riparian mesquite
(Unland et al., 1998; Scott et al., 200@rimarily
focused on the water use of the trees, with little
or no attention given to other aspects of ecosystem
functioning.

This study documents the magnitude and variability
of water vapor and carbon dioxide (Gfluxes from
a mature, dense woodland of mesquite along the San
Pedro River during the 2001 and 2002 growing seasons
in order to:

1. Quantify the growing season energy balance and
evapotranspiration for model development.

. Determine characteristic diurnal cycles of latent
heat flux and net ecosystem exchange of,CO
(NEE) to expand our understanding of these inter-
related processes.

3. Examine how evapotranspiration and NEE are re-

lated and how these are linked to the overstory and

understory primarily having different water sources
in order to constrain our understanding of ecolog-
ical functioning.

Determine how the above vary across and between

2001 and 2002 growing seasons to understand the

role of climate variability in a semiarid region with

a monsoon climate.

2

4,

The mesquite growing season in southern Arizona
typically experiences dramatic changes in forcing due
to the mid-summer arrival of the North American
Monsoon. The first part of the season is typically very
warm and very dry; the middle part is wet and more
humid; and the end is dry and less humid. Conse-
guently, we expected that water vapor and,Gl0xes
will exhibit a large degree of variability similar to other
sites with dramatic shifts in forcingvérhoef et al.,
1996; Eamus et al., 2001; Vourlitis et al., 200The
values of evapotranspiration measured in this study
probably provide an upper estimate of mesquite wa-
ter use in this basin because the study site has a rela-
tively high density of large trees relative to mesquite
stands further from the river which are more shrubby,
less dense, and likely non-phreatophyt®&tromberg
et al., 1993. Similarly, the CQ fluxes measured for
the mesquite ecosystem at the study site are likely to be
large relative to ecosystem fluxes outside the riparian
corridor.
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Fig. 1. Location of study site within the Upper San Pedro Basin. Lighter-colored terrain outside the mesquite woodland is typically
Chihuahuan desert scrub. Across the lower right portion of the photograph is an ephemeral wash flowing into the San Pedro River.

The entrenched river channel supports a narrow,
linear forest gallery of cottonwood¢pulus fremon-

The mesquite woodland study site {39.8N, tii) and willow (Salix gooddingii. On the alluvial
110°10.7W) is located on the east side of the San terrace above the entrenchment, there is a woodland
Pedro River at an elevation of 1200 m, approximately ecosystem which is dominated by the leguminous
16 km northeast of Sierra Vista, Arizongig. 1). The tree, velvet mesquiteéP( veluting, with an understory
climate of the Upper San Pedro valley is semiarid, primarily of sacaton grassSporobolus wright}i with
with summer mean air temperatures around@6  some greythorn shrubgigyphus obtusifolipand var-
(mean maximum temperatures around°@4 and ious annual herbaceous species. The average canopy
mean annual precipitation measured between 1971coveris~70% within 150 m of the tower, but this den-
and 2000 in Tombstone, Arizona, which is about sity is not homogeneous and there are sizeable gaps
13km northeast of the site, is 358 mm (Western in the canopy. The measured leaf area index (LAI)
Regional Climate Centemttp://www.wrcc.dri.edy (LI-2000, LI-COR, Inc., Lincoln, NE) ranges from an
Approximately 60% of the annual precipitation falls average £ = 40) of ~1.0 prior to leaf-out to~1.6
during the summer monsoon season that typically during most of the growing season. The mean canopy
occurs between July and September. A second, moreheight is approximately 7 m and the maximum canopy
erratic rainy season occurs between December andheight~10m. The woodland is about 600 m wide on
March, but late spring and early autumn are typically a terrace that extends at least 1500 m along the river
very dry and hot. Summer rains are the result of local (Fig. 1). Beyond the forest and above the riparian val-
thunderstorms, causing high variability in the loca- ley, the vegetation reverts to Chihuahuan desert scrub.
tion and intensity of rainfall. Winter precipitation is The deepest rooting depths of the understory plants
mainly from frontal systems, resulting in less intense have not been observed to be greater than 2-3m, im-
and more uniform rainfall. plying that they do not have access to the groundwater

2. Site description
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at a depth of~10 m. Rooting patterns of non-riparian a temperature/relative humidity probe (HMP35D,
mesquite are quite varied and extensikeifschmidt Vaisala, Helsinki, Finland) at a height of 13.5m, and
et al., 1988 and have been described as “ubiquitous” above-canopy net radiation was measured at a height
(Gile et al., 1997. From cut-banks along the river near of 9m using a four-component radiometer (Model
our site, we have observed mesquite roots extending CNR 1, Kipp & Zonen, Delft, The Netherlands) at-
both laterally near the surface and vertically all the tached to a horizontal boom extending 4 m from the
way down to the water table. On the terrace, soils are tower. Ground heat flux was measured with eight soil
sandy loams interspersed with layers of gravel and heat flux plates (REBS, Inc., Seattle, WA) installed
clayey material. Under the trees, the soil is typically 0.05m below ground level. Measurements of the rate
covered with a thin (2-3 cm) layer of organic matter of change of soil temperature above the heat flux
composed mainly of mesquite leaves, fruit, and woody plates (at 0.02 and 0.04 m) allowed calculation of the

material. soil heat flux at the surface using estimates of the
specific heat of the 0.05m thick soil layer obtained
with a thermal properties sensor (TP01, Hukseflux,
3. Methods

Delft, The Netherlands).

Soil moisture was measured with 12 water content
reflectometers (Model CS615, Campbell Scientific,
Inc., Logan, UT) installed in profiles at depths of

Latent heat, C@and sensible heat fluxes were mea- 0.05, 0.10, 0.20, 0.30, 0.50, 0.70 and 1.0m. Two
sured using the eddy covariance technique from 1 probes were installed at each of the five upper depths,
April to 28 November (day of year (DOY) 1991: 332) and the reported data for these depths represent an
in 2001 and 2002. Basic meteorological, soil mois- average of the two. A network of piezometers was
ture, and groundwater height data were also collected installed to measure fluctuations in the water table.

3.1. Instrumentation and measurements

throughout most of both years. A three-dimensional
sonic anemometer (Model CSAT3, Campbell Scien-
tific, Inc., Logan UT) and an open path infrared gas
analyzer (IRGA; Model LI-7500, LI-COR, Inc., Lin-

coln, NE) mounted at a height of 14 m at the top of a

Measurements of water table elevation were taken
manually until the installation of pressure transduc-
ers (miniTROLL, In Situ, Laramie, WY) in late June

2001, and periodically afterward to confirm accuracy
of the transducers. A tipping bucket rain gage mea-

scaffolding tower measured the three components of sured the precipitation at the top of the tower. Data

the wind velocity vector, sonic temperature, and the
densities of water vapor and GOrhese were sampled

at 10 Hz by a datalogger (CR5000, Campbell Scien-

tific, Logan, UT) which also calculated their 30 min

from all the sensors were recorded on dataloggers
(Models 21X and CR5000, Campbell Scientific, Inc.,
Logan, UT) which were interrogated every 7—10 days
by a laptop PC. The location of the instrument tower

covariances using block Reynolds averaging. Surface in the mesquite woodland is shown kig. 1

fluxes were later calculated off-line, after performing

a two-dimensional coordinate rotation and accounting 3.2. Effect of sun angle on the IRGA

for density fluctuationsW/ebb et al., 1980 The sonic

temperature was used to calculate sensible heat flux The measured densities of @@nd water vapor

using the method suggested Baw U et al. (2000)

exhibited unrealistic variations during 2001. These

which accounts for a missing energy balance term as- anomalous variations occurred shortly before and just
sociated with the expansion of air during evaporation after noon and they disappeared when the IRGA was
under constant pressure. Fluxes measured when thenounted horizontally, suggesting they were related to
wind was within 20 of north (approximately 6.3%  the angle of the sunlight incident on the window of the
of the data) were ignored due to possible interference IRGA's infrared source. This was confirmed by tests in
from the anemometer support and the IRGA mounted which the orientation of the IRGA was changed so that
behind the anemometer. sunlight was alternately directly then tangentially inci-
Measurements were made with a wind vane/anemo- dent on the window of the infrared source. In the case
meter (R.M. Young Co., Traverse City, Ml) and of CO,, the sunlight-induced signal contamination
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Fig. 2. Unscreened latent heat) and CQ fluxes before and after IRGA reorientation from vertical to horizontal in order to minimize
the effects of sunlight shining directly into IRGA signal source window. This was prior to the sunlight effects being known and the
manufacturer's modifications to correct the problem.

was as much as 30 mgth (i.e. ~5-6%), depending  from solar radiation. A “spike” in the variance of the
on the orientation of the IRGA, while for water va- CO, density proved to be the best diagnostic. A sim-
por concentration the signal contamination was up to ilar relationship was found in the variance of water
0.7 gm 3 (~10-15%). Discovery of this instrumental  vapor density but, because of the greater sensitivity of
weakness was reported to the manufacturer of the CO, measurements to solar radiation, filtering based
IRGA who issued a field note suggesting alternate on CQ density was more effective. Visual inspection
mounting angles (depending on latitude) to minimize of the data record suggested a variance i @énsity
the effect of solar radiation on measured gas densities. of 60 (mg n3)? as a (conservative) indicator of when
Subsequently, the manufacturer made modifications the measured Cand HO densities were effected
on the IRGA to reduce the sensitivity to incident so- by sunlight. Daytime fluxes calculated when the vari-
lar radiation (the sensitivity was still present, but to ance was above this value were removed from the data
a lesser degree). record (~3.6% of the data).

The sunlight-induced spikes in measured trace gas
fluxes associated with the anomalous density varia- 3.3. Turbulent Intensity
tions just described were present in the data until 13

October 2001 when the IRGA was re-positioned hori- It is not uncommon for eddy covariance measure-
zontally. These spikes were more obvious in the mea- ments to underestimate fluxes, especially,GiOxes,
sured CQ flux than in the latent heat fluxF{g. 2). when turbulent intensity is low (e.gLee, 1998;

To remove the erroneous flux data, different filtering Pilegaard et al., 2001; Turnipseed et al., 2002alhi

criteria were explored to diagnose when changes in et al. (1998)summarized some of the most com-
the water vapor and COdensities measured by the mon problems, which include the affect of horizon-
IRGA were unrealistically rapid due to interference tal advection, low frequency vertical transport, and
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Fig. 3. Average nighttime COflux (£S.E.) for increasing values of & threshold. Values of the CCilux below the cutoff were excluded
in each average quantity. Each line represents a sample of 10-day periods over which the nighttime temperature and surface soil moisture
were fairly homogeneous.

accumulation of C@ close to the ground at night.  to data measured wher was greater than 0.25 m&
Recently, Gash and Dolman (2003uggested that This value was determined by computing the aver-
cosine errors in an anemometer response may alsoage nighttime CQflux for an increasing* threshold
contribute, especially over tall vegetation. Several in- for several different 10-day periods when soil mois-
vestigators have examined the effect of low turbulent ture and temperature were fairly uniform, and when,
intensity, as diagnosed by the friction velocity') on it was assumed, nighttime respiration should be con-
the accuracy of eddy flux measurements. For exam- stant Fig. 3). Unfortunately, using this filter removed
ple, Lavigne et al. (1997Jound that nighttime CQ 83.5% of the nighttime data, i.e. only about 15% of
fluxes obtained with the eddy covariance method were the nighttime flux measurements were deemed reliable
20-42% lower than those obtained with leaf chamber and included in our analysis.
measurements, but when periods of low turbulence
(u* < 0.25ms1) were excluded, the agreement 3.4. Flux source area
was much improved. Likewis&oulden et al. (1997)
excluded all periods when* was below 0.2mst The woodland fetch was most uniform around the
and suggested that at these times,Cleaked” ad- tower and most extensive (>500 m) for wind directions
vectively from the forestSuyker and Verma (2001) in the range 19-90° and 160-27C (Fig. 1). Out-
found that CQ fluxes measured on windy nights side these direction ranges, it is possible that in high
were much less variable than on calm nights and that winds there may have been some contamination from
using only values wheno* was greater than 0.2 m$ flux source areas with decreased tree density or even
reduced the variability of average nighttime fluxes.  different vegetation cover. For example, 150-230 m
To minimize the effect of poor turbulent mixing in  from the tower in the angle range Z#@60, tree
our nighttime CQ flux data, we restricted the analysis cover is~40% and understory patches are more open
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and frequent, while southeast of the tower, at a dis- Table 1
tance greater than 150 m, the cover changes to deserPrdinary linear regression coefficients for energy balance closure

scrub. Energy fluxes originating in these regions was n Slope  Intercept R?

arguably less because the albeo_io was Ilkely higher (be-Thirty minute values

cause ofa (_jecr_eased tree density) and available energy goth years 19112 0.75 10.9 0.92

less, resulting in poor energy balance closure relative 2001 9294 0.78 10.6 0.93

to radiation measured near the tower. 2002 9818 0.73 11.2 0.92
Scott et al. (2003ysed the flux source area model paijly meang

of Schmid (1994, 1997to approximate the size of Both years 452 (days)  0.82 1.9 0.90

the flux source area at this site for selected days 2001 225 0.87 -13 0.92

during J _ 2002 227 0.80 1.0 0.91

g June, August, and September 2001. Follow
ing a similar methodology t&chmid (1997) their 3For days with at least 24 half-hourly values of all energy

analysis revealed that the 50% of the source area laybalance components.

within 200 m of the tower for over 90% of daytime

measurements, and they concluded that in light to 24 half-hour periods in the day. In general, closure
moderate winds the tower measurements were rea-was poor in this study with approximately 25% of the
sonably representative of the mesquite woodland. For available energy unaccounted for at the hourly time
the flux measurements reported in this paper, averagescale and 18% at the daily time scale, despite the fact
winds were similarly light (the mean wind speed was that the IRGA, sonic anemometer, and net radiometer
1.5m s and median wind speed 1.2 m13, and site were all factory calibrated before each growing sea-
meteorological conditions were often within the range son. However, this is consistent with numerous other
of the periods analyzed b$cott et al. (2003)Thus, studies made using eddy covariance instruments, see
we assumed that the tower flux measurements wereWilson et al. (2002¥or a summary of this issue. Us-
representative of the woodland. Nonetheless, we do ing daily average fluxes improves the energy balance,
recognize that some of our measurements may havesuggesting that there was a daily cycle in the (unmea-
been partially contaminated by sources outside of the sured) energy stored in the air and particularly, the
woodland, especially in the cases of more stable pro- biomass below the sensolénken et al., 1997; Gu
files (e.g. nighttime). Also, the angular dependence etal., 1999 which was approximately 7% of the avail-
of the energy balance, described in the next section, able energy.

suggests the consequences of an imperfect fetch may Closure was slightly worse in 2002 than in 2001,
have been present in these data, and this should bepossibly because the IRGA was re-positioned between

kept in mind when interpreting the results. the two years. In 2001, the IRGA was oriented with
the sensor head vertical, but in 2002 the head was in-
3.5. Energy balance terms and closure clined at 50 with respect to north to reduce sensitivity

to sunlight (se&ection 3.2and perhaps created more
Neglecting the heat stored in the biomass and the air disturbances in wind flowing past the sensdiig. 4

below the sensors, the one-dimensional energy balanceshows the ratiqAE + H)/(Rn — G) as a function of
for the mesquite woodland can be written as: wind direction in the two field seasons. Energy bal-

ance closure was best for wind directions in the range
Ry =G =2rE+H (3) 160°—300 and noticeably worse in 2002 for wind di-
whereR, is the net radiationG the soil heat flux, and  rections in the range 278360, a range of directions
AE andH are the latent and sensible heat fluxes, re- where the reorientation of the IRGA may have had the
spectively. As a measure of how well the energy bal- most influence.

ance was closed in our observatiofable 1gives the One of the goals of this study was to quantify the
results of a least squares regression between the sunmagnitude and variability of the seasonal water use
of the turbulent fluxes ME + H), relative to the avail-  of the mesquite woodland. It was necessary to recog-

able energy Rn — G), for 30 min fluxes, and for daily  nize the shortcomings in closure when doing this es-
total fluxes when fluxes were available for more than pecially since the degree of closure was significantly
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0.4 < (AE+ H)/(Rn — G) < 1.2. (b) Number of measurements available with wind direction for 2001 and 2002 lfih5size).

different between the years that we compared. For our et al. (2002glso found some evidence that £fuxes
analysis we chose to folloviwine et al. (2000)who and energy imbalance were linked. Consequently, to
suggested forcing closure was justified when avail- be consistent with our adjustment of the latent and sen-
able energy was known and errors in its measurementsible heat fluxes, we also modified our measured CO
modest. In the current study, errors in available energy fluxes in the same way as our measured latent heat
were likely similar to those offwine et al. (2000) fluxes, i.e. we divided the half-hour average fluxes by
who estimated an uncertainty 6f10% (the net ra-  the daily-average energy balance closure ratio. Adjust-
diometer used in this study was factory calibrated an- ing the CQ fluxes in this way increased the magni-
nually, and the annual mean available energy betweentude by typically 25%, but the shape of the observed
2001 and 2002 differed by just 1%). Consequently, time-average diurnal cycle and the seasonal variations
we scaled our latent and sensible heat fluxes to force were conserved.
daily closure while conserving the measured Bowen
ratio. Closing the daily energy balance, rather than the 3.6. Missing data
half-hour balance, was preferred because energy stor-
age was unmeasured and likely significafdlle 1. In the following analysis, time-average diurnal cy-
This study did not seek to quantify annual NEE be- cles of the fluxes of water vapor and g¢@ere cal-
cause we did not make year-round measurements andculated over selected periods to characterize their in-
there are unresolved problems when measuring night- terannual and seasonal variability by averaging all the
time carbon fluxes. However, below we did compare 30 min values available for each hour of the day. When
time-average diurnal cycles of G@luxes and weekly  estimating the cumulative water use during the grow-
average NEE across the growing season and betweering season, linear interpolation was used during in-
years.Twine et al. (2000provided evidence that CO termittent periods when there was missing data. In
fluxes measured by eddy covariance were underesti-rare instances when more than 25% of the data were
mated by the same factor as latent heat fluxes whenmissing on an individual day, the daily total was es-
energy balance closure was not achieved \afidon timated as being the average daily water use for the
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three days before and three days after the day with levels began to drop and a regular pattern of diurnal
missing records. drawdown (with groundwater closer to the surface in
the early morning and farther from the surface at sun-
down) became established, providing clear evidence

4. Results and discussion of a direct link between tree water use and water-table
fluctuations. Because the moisture sources for the
4.1. Seasonal forcing and stand energy balance mesquite trees and understory vegetation were at least

partially decoupled at the study site, seasonal changes

Scott et al. (2003used above- and below-canopy in the partitioning of available energy between sen-
eddy covariance measurements in 2001 to show thatsible and latent heat fluxe&if. 7) were largely con-
mesquite tree water use changed little from before trolled by just two climate factors, namely (1) spring
to after the start of the rainy season and was in good and fall air temperatures, which controlled the length
agreement with the daily groundwater drawdown. On of the mesquite tree growing season, and (2) monsoon
the basis of this evidence, they concluded that the rainfall, which controlled the activity of understory
mesquite trees at this site relied mainly on ground- plants.
water as a water source, while the understory vege- Measured mid-canopy air temperature indicated
tation depended on recent precipitation. The spring that the last freezes of spring occurred on day of
2002 green-up provided additional evidence that the year (DOY) 126 in 2001 and DOY 142 in 2002,
mesquite trees relied on groundwaté&ig, 5 when and the first freezes of fall occurred on DOY 286 in
there was little surface soil moisture available. The 2001 and DOY 277 in 2002 (data not shown). These
winter and spring of 2002 were very drfi@. 6) and freeze events effectively constrained the mesquite
surface soils were also very dry but, despite this, the growing season and hence water use in the riparian
trees leafed out and began to take up@@d lose wa- corridor. The mesquite trees leafed out in the spring
ter vapor in mid-May. At this same time, groundwater around the time of the last freeze. This was followed

Groundwater Depth [m]

©
(o]
T

N w
Water Loss [mm day'1]

—_

Mean Daytime NEE [pmol m2 5'1]

-6 I I I 1

10-May-02 15-May-02 20-May-02 25-May-02

Fig. 5. Groundwater depth below surface (upper panel), average daytime NEE, and daily average evapotranspiration in May of 2002.
Regular diurnal fluctuations in the water table are induced by the water uptake of tree roots.
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Fig. 6. 2001 and 2002 total monthly precipitation at the mesquite woodland site. For comparison purposes, the line represents 1971-2000
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Fig. 7. 2001-2002 average weekly net radiatiBg){ ground heat flux@), latent heat flux XE), and sensible heat flux for the mesquite site.
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by a substantial increase in latent heat flux, begin- dor, except in the more humid monsoon season when
ning around mid-May of both years (DOY 140-150, the difference was less. Because the water use of the
Fig. 7). Conversely, in fall, the latent heat flux dropped mesquite trees (and likely other riparian tree species)
quickly as the mesquite trees began to senesce inis constrained by the time between frosts (typically
late October ¢DOQOY 300). The freeze intolerance by about 150 days), models of riparian evapotranspira-
mesquite is consistent with studies of other temperate, tion will require knowledge of air temperature within
ring-porous treesMcGee, 1986; Sperry and Sullivan, the riparian corridor itself, or at least estimates based
1992; Lechowicz, 1995; Jaquish and Ewers, 20¢1 on a known relationship between temperature in the
is important to note that temperatures in the riparian riparian corridor and that measured elsewhere.
corridor were often quite different from those mea- In this semiarid environment, the availability of
sured above the riparian bottomland on the valley floor near-surface soil moisture for understory plants was
(data not shown). While maximum daytime tempera- closely linked with recent rainfall Hig. 89. Not
tures agreed well, the minimum nightly temperatures surprisingly, it took longer for the near-surface soil

were generally 5-10C lower in the riparian corri-  profile to dry after winter rainfall due to the lack
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Fig. 8. (a) Daily precipitation (gray bars) with volumetric soil moisture at 5cm (solid line), 25cm (dotted), and 50 cm depths (dashed).
(b) Groundwater depth below surface, prior to DOY 166, 2001, measurements were taken manually.
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of plant uptake and decreased evaporative demand.tent heat flux must have been derived from mesquite
In 2001, the effect of precipitation was rarely seen tree transpiration at this times¢ott et al., 2008and
at 50cm depth, indicating that there was little deep the latent and sensible heat fluxes were approximately
infiltration during much of the year and that most equal. With the arrival of the summer rains, most of
summer precipitation was either quickly evaporated the available energy was lost as latent heat flux. Latent
or transpired. However, after the larger storms during heat flux remained the dominant flux after the mon-
the 2002 monsoon, moisture moved further down soon because there was additional near-surface mois-
the soil profile, past 50 cm depth, although even then ture and the VPD stress on the trees was less, but
there was only a slight 2% increase in soil mois- it declined faster than net radiation as the understory
ture at 100cm depth (not shown). The entire root dried out. The trees continued to transpire until night-
zone profile was substantially wetter in the spring of time freezing in the autumn forced their senescence
2001, probably because there were anomalous rainsand brought about a rapid reduction in latent heat
totaling 125mm in October 2000, though the origin flux.
of this soil moisture was not certain because probes
were not installed until March 2001. Annual pre- 4.2. Diurnal latent heat and carbon dioxide fluxes
cipitation totals were 253 and 293 mm in 2001 and
2002, respectively, while the monsoon totals (i.e. the  The mean diurnal cycle of latent heat and Cdir-
cumulative total between the mid-summer onset of ing four representative periods in 2001 and 2002 were
precipitation and the end of September) were 177 and selected to characterize seasonal changes in surface
248 mm in 2001 and 2002, respectively. Both of the fluxes during periods with similar forcing and plant ac-
study years had below average precipitation, but the tivity (Fig. 9). These four periods are hereafter referred
typical pre-monsoon “drought” was especially long to as the “Spring”, “Pre-Monsoon”, “Monsoon”, and
and severe in 200ZF(g. 6). “Autumn” periods. The dates used to define the pe-
In 2001 and 2002, the depth to groundwater fluc- riods and site conditions during each are given in
tuated in response to both local and more regional Table 2 The Spring and Autumn periods character-
forcing (Fig. 8b). Both years showed the influence of istically had mean daily temperatures below°T9
mesquite activity on water table depth with increasing and saw little precipitation. The Pre-Monsoon and
depths and regular diurnal water table fluctuations Monsoon periods had mean temperatures aboV€23
beginning in late Spring~DOY 130) in response  with the Monsoon period corresponding to the summer
to mesquite leaf flush, and water level recovery and rainy season. During the Spring period, the mesquite
no diurnal fluctuations after mesquite senescence trees had not yet leafed but some perennial grasses in
(~DOY 300). Also, both years show complex be- the understory did show some green blades in 2001.
havior for the mid-summer monsoon periodIOY During the Pre-Monsoon period, only the trees were
200-240). During this time, it is likely that water green, while during the Monsoon period, the under-
levels in this piezometer responded to both large story was also lush and green. The mesquite leaves
floods passing through the nearby river channel and remained active during the Autumn period but the un-
the mesquite supplementing tap root uptake with lat- derstory was by then largely senescent.
eral, surface roots when and where surface water and The daily cycle of latent heat flux varied signifi-
nutrients were available. Future work will examine cantly within and between growing seasoRg( 99.
these interactions more in depth using a combination The most noticeable differences between 2001 and
of additional groundwater measurements, lateral and 2002 were in the Spring and Pre-Monsoon periods.

tap root sap flow, and isotopic tracers. As previously mentioned, in the spring of 2001 prior
Winter and spring were very dry in 200Fi¢. 6), to tree leafout the near-surface soil was much wetter

with the latent heat flux consistently lower than in thanin 2002, and the latent heat flux was higher due to

2001 prior to leaf-out of the mesquite tredsd. 7). understory evapotranspiration. The drought-like con-

June was the hottest and driest month and, at this ditions of 2002 continued into the Pre-Monsoon pe-
time of maximum vapor pressure deficit (VPD) stress riod. In both Pre-monsoon periods, the latent heat flux
and negligible surface soil moisture; almost all the la- peaked before mid-day, suggesting that the trees were
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Table 2

Description of periods over which average diurnal patterns were compared

Period Year Time span Typical conditions Ppt TP vPDe ¢

Spring 2001 10 April-5 May Cool, little precipitation, pre-bud burst 8.6 16.5 1.6 0.08
2002 10 April-5 May Cool, little precipitation, pre-bud burst 0 18.0 1.9 0.03

Pre-monsoon 2001 1-20 June Hot, very dry, maximum VPD > 5-6 kPa 0 24.0 2.7 0.03
2002 1-20 June Hot, very dry, maximum VPD > 5-6 kPa 0 25.6 3.0 0.02

Monsoon 2001 1-26 August Hot, abundant monsoon precipitation, lower VPD 44.2 23.8 1.2 0.04
2002 1-26 August Hot, abundant monsoon precipitation, lower VPD 68.1 23.9 1.3 0.05

Autumn 2001 1-26 October Post-monsoon, cooler, trees still leafed 6.9 16.5 1.2 0.04
2002 1-26 October Post-monsoon, cooler, trees still leafed 7.6 16.1 1.2 0.04

aTotal precipitation (mm) within the period.
b Average air temperature C).

¢ Average vapor pressure deficit (kPa).

d Average volumetric water content at 5cm.
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Fig. 9. (@) Mean diurnal cycles of (a) latent heat flux and (b),Gl0x for four seasonal periods during 2001 and 2002: Spring (gray
line), Pre-Monsoon (dotted line), Monsoon (solid line), Autumn (dashed line). The bars indi€te of the bin-averaged values. See
Table 2for period definitions. Negative values of @@ux indicate net uptake by the ecosystem.
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regulating their stomata to limit water loss. In 2002, Given that the trees did have access to the groundwa-
the peak flux occurred an hour earlier, corresponding ter and that the water table depths were not deeper in
to a shift of VPD toward higher values earlier in the 2002 ig. 80D, we do not know at this time why the
morning (data not shown). Stomatal closure due to trees would be more stressed then. Preliminary root
high VPD levels has been observed in other regions sap flow data on lateral and tap roots of the trees at this
that experience growing season drougMeinzer site suggest that the trees redistributed moisture both
et al., 1993; Monteith, 1995; Williams et al.,, 1998 upwards and downwards depending on surface soll
Not withstanding the noise that was presumably in part moisture status, similar to what was found yltine

a response of stomata to other forcing variables (e.g. et al. (2003) We speculate that the trees’ greater
temperature, radiation, groundwater levels), there was stress in 2002 was possibly due to the more abundant,
a clear relationship between canopy resistance andnutrient-rich, surface moisture in the spring of 2001
VPD in both yearsKig. 10 upper panel). In practice, that preconditioned the trees to put on a greater leaf
this stomatal response when acting in combination area, or perhaps the trees used an additional 1-10 m va-
with the VPD-induced atmospheric demand resulted dose zone water source which was redistributed there
in a noticeable decrease in water loss when the VPD via roots during the large rains of October 2001. Alter-
was greater thanr3 kPa Fig. 10 lower panel). Along natively, the more drought-like conditions in 2002 may
with a lower canopy resistance, the maximum latent have caused loss of conductivity in the mesquite stems
heat flux in the Pre-Monsoon period was, on average, via drought-induced embolism as has been observed
greater in 2001, reflecting the trees’ drought-related in other ring-porous treesi§quish and Ewers, 20p1
water stress and the reduced LAI, which was measured Similar diurnal patterns of latent heat flux were ob-
in June as 5+ 0.1 in 2001 and B+ 0.1 in 2002. served in both years in the Monsoon and the Autumn
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Fig. 10. Daytime vapor pressure deficit vs. canopy resistance (upper panel) and latent heat flux (lower panel) for the 2001 (circles)
and 2002 (asterisks) during the Pre-Monsoon period. Also shown are the 2001 (solid line) and 2002 (dashed line) bin-averaged results
(+£0.25kPa). The bars indicateS.E. of the bin-averaged values. Canopy resistance was calculated using the inverted Penman—Monteith

equation, following the methodology used Wever et al. (2002)The mesquite trees were clearly limiting their water loss abe8&Pa,
and the trees showed signs of additional drought stress during 2002.
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periods as the herbaceous and perennial grass covein daytime carbon uptake. The fact that net ecosystem
responded quickly to the monsoon precipitation. This carbon uptake decreased with the arrival of summer
understory response and the decreased stomatal shutrainfall, even though the understory became active at
down on the trees resulted in a greater latent heat flux this time, is a strong indication that microbial respi-
in the Monsoon periodFig. 99. The latent heat flux  ration was severely water-limited at this site and only
fell in both Autumn periods as the available energy occurred for short periods after precipitation, whereas
decreased and the annual vegetation in the understorythe mesquite trees, with ready access to groundwater,
dried out, but the Autumn latent heat flux was a lit- were able to take up carbon throughout the summer
tle higher in 2002, presumably because the monsoonseason. During the Autumn period, both daytime and
rainfall was higher Eig. 6). nighttime exchanges were reduced as the drying sur-
Mean diurnal cycles ofu*-fitered CQ flux face soil reduced uptake by understory herbs/grasses
(Fig. 9b were closely related to those of latent heat and inhibited microbial respiration.
flux during the daytime and also showed marked The seasonal pattern of daytime and nighttimeCO
changes through the season and between the 2 yeardluxes in this ecosystem type highlights an impor-
The higher soil moisture in spring 2001 led to a par- tant control over ecosystem—atmosphere exchanges.
tially active understory and greater @Qiptake as The magnitude and seasonal activity of ecosys-
compared to spring 2002. Because the understory wastem respiration significantly influences seasonal and
largely senescent in the Pre-Monsoon periods, day- year-to-year variation in net carbon accumulation.
time CQ, uptake was mainly by the trees. During this The percent increase in gross photosynthetic activity
period, the effect of the stomatal response revealed in (NEE—nighttime CQ efflux) was similar between
the diurnal cycle of latent heat was also apparent in the pre-monsoon and monsoon periods for each year
the CQ flux. The shift in peak flux was 2h earlier of the study at about 150%. In contrast the percent
for NEE than for latent heat flux. The carbon uptake increases in respiratory activity were 180% in 2001
pattern directly reflected when the trees started to and 270% in 2002. In other ecosystem types, this
close their stomata partly in response to rising VPD, control of ecosystem respiration over €@uxes
but the higher VPD (atmospheric demand) partially has been attributed to differential effects of tempera-
compensated in the case of latent heat. The reducedture on gross photosynthetic and respiratory activity
maximum Pre-Monsoon uptake of GOn 2002 is (Valentini et al., 2000; Huxman et al., 2003n the
further evidence that the trees were more drought current ecosystem type, differences in the seasonal
stressed than in 2001. dynamics of water sources driving photosynthetic
Nighttime NEE is a measure of ecosystem respira- and respiratory activity (groundwater versus summer
tion and the data suggested that there was a small butrainfall) had a similar effect. This trend highlights an
measurable release of G@t night during the Spring  additional mechanism by which ecosystem processes
and Pre-monsoon periods, although it is important to can be decoupled and significantly affect carbon
bear in mind the potential errors in observed fluxes cycling (Huxman et al., 2003
due to the paucity of flux data above thé thresh-
old (discussed irBection 3.3 This nighttime release  4.3. Seasonal water and carbon dioxide fluxes
was most likely due to tree respiration because the
surface soil was very dry. Cfluxes were large and Law et al. (2002)reported that only 2 out of the
negative during the day and large and positive dur- 35 FLUXNET sites in their analysis had an annual
ing the night in Monsoon periods because precipita- evaporation greater than precipitation. Because the
tion provided moisture not only to grow the understory mesquite trees had access to the groundwafiér m
vegetation, but also to stimulate soil respiration. In below the surface, more water left the ecosystem as
fact, assuming the*-filtered nighttime data were re-  evaporation than entered as precipitation during 2001
liable, increased respiration during the Monsoon peri- and 2002 Fig. 11). The total evaporation amounts
ods reduced the net daily-average{fiDx by 1.7 and during the (equivalent) measurement periods in 2001
1.1pmol m—2s~1in 2001 and 2002, respectively, rela- and 2002 were 744 and 645 mm, respectively. Evap-
tive to Pre-Monsoon levels despite the marked increase oration was less in 2002 because the much drier
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Fig. 11. Cumulative fluxes of precipitation and evapotranspiration for 2001 and 2002. Interpolated values are indicated withTha “
last freeze of spring is indicated by a diamond and the first freeze of autumn is indicated by aNuteleevapotranspiration data were
only available from 1 April to 28 November of each year.

conditions at the time of mesquite tree leafout meant ter use of 2.3 mm per day in 2001 and 1.9 mm per
there was less evaporation (mainly transpiration) in day in 2002. Preliminary well, root sap flow, and iso-
the 2002 Pre-monsoon period. At the time of tree topic data not shown in this paper indicated that the
leafout (~DOY 140, in both years), 66 mm more mesquite did supplement their water use with some
water had evaporated by the understory in 2001 than surface moisture when it was available so it is likely
2002, and the average evaporation before the mon-that thetotal mesquite evaporation was higher than
soon, i.e. over the period DOY 150-170, was 4.0 mm these totals.
per day in 2001 and 3.4mm per day in 2002. The The net CQ and water vapor fluxes were only
monsoon rain arrived 20 days later in 2002. partly linked in this mesquite woodland ecosystem
An important goal of this study was to estimate (Fig. 12. The general pattern of fluxes was similar in
the total groundwater use of the mesquite ecosystem.both years, although they did exhibit differences which
We can use the total evaporation, shown mainly to were likely induced by climate. As previously stated,
be transpiration byYepez et al. (2003)minus pre- evapotranspiration showed only limited sensitivity to
cipitation and soil moisture storage change as an es-monsoon rainfall because the mesquite trees, the dom-
timate of the groundwater use by the mesquite trees inant component of the ecosystem, relied mainly on
for the entire growing season. We assumed that runoff groundwater. However, soil moisture dramatically af-
from the woodland was negligible as there were no fected nighttime respiration and rainstorms generated
flow channels evident. It is likely that the well-covered large increases in respiration that then gradually de-
surface and porous, sandy soil quickly absorbed any creased as the surface soil dried. Because the mesquite
infiltration-excess runoff generated on less permeable trees were generally not water-limited, they fixed car-
surfaces. Over the period DOY 121-332, evaporation bon throughout the growing season, while the activ-
exceeded the sum of precipitation and change in soil ity of understory plants and microbes were strongly
moisture by 488 mm in 2001 and 394 mm in 2002, determined by recent precipitation. The carbon ab-
corresponding to an average mesquite geeindwa- sorbed by the trees ultimately appears in the form of an
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Fig. 12. Weekly average water and g@uxes for 2001 and 2002. Net GGxchange (NEE) was calculated as the day-length weighted
sum of the weekly average daytime and nighttime,Gloxes. Negative values of GOflux indicate net uptake by the ecosystem.

abundant litter layer and fine roots that fuel substantial 5. Summary and conclusions
carbon releases by microbial activity after rain. The
net effect of these competing processes was apparent Near-continuous eddy correlation measurements
in the weekly CQ exchangeFig. 12). Although the of surface exchange fluxes were obtained during
ecosystem was a net sink of atmospherig@®ough the 2001 and 2002 growing seasons for a ripar-
most of the growing season, large respiration fluxes ian mesquite woodland in the semiarid climate of
did reverse the balance and result in a net loss of CO southern Arizona. The functioning of the ecosystem
when the monsoon was most active. Also, the strong changed substantially through each year in response
respiration response in 2002 following the springtime to climatic conditions, most noticeably in response to
drought is consistent witRisher and Whitford (1995) freezing temperatures, high vapor pressure deficit, and
who suggested that first substantial rains following a precipitation. Within the growing season, the most
drought period will induce a particularly strong soil significant change occurred with the arrival of mid-
respiration response. summer monsoon rainfall, which dramatically altered
Itis important to reiterate the need for caution when the climate forcing and strongly impacted understory
interpreting the C@flux data presented here. We re- fluxes. During summer before the monsoon, when af-
lied on time averaging to provide a realistic picture ternoon temperatures and vapor pressure deficits were
of the behavior of ecosystem, but the measurementshigh, the afternoon reduction in latent heat flux and
of nighttime CQ fluxes were not necessarily reliable. net carbon uptake suggested that the mesquite trees
Recall that 85% of the data were excluded because were acting to reduce their water loss through stom-
they were taken when turbulent intensity was low, and atal regulation. The arrival of monsoon precipitation
some weekly average fluxes were therefore calculated stimulated green-up of the annual herbs and perennial
from very limited data. It is nonetheless reassuring that grasses beneath the forest canopy, and the increase in
the average diurnal and weekly patterns did appear near-surface soil moisture led to increased evapotran-
self-consistent and give an intriguing, but plausible, spiration and daytime carbon assimilation. However,
picture of carbon exchange for the mesquite woodland there was a decrease in net daily carbon uptake rel-
ecosystem. ative to values observed before the monsoon levels
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because the increase in respiration at night exceededthe Upper San Pedro Partnership. We would also like
the increase in uptake during the day. to thank the Fort Huachuca Meteorological Support
Variability in climatic forcing between the two team, US Bureau of Land Management, and especially
years of the study amplified the seasonal pattern all the rest of the staff from the USDA-ARS located in
just described. The winter/spring drought led to very Tucson and Tombstone, Arizona for their invaluable
low understory evapotranspiration, daytime carbon support of this work.
uptake, and nighttime soil respiration prior to the
mesquite tree leaf out in 2002. After leafout and dur-
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trees showed a partial response to high vapor pres-
sure deficit similar to that seen in 2001, but canopy Blanken, P.D., Black, T.A., Yang, P.C., Neumann, H.H., Nesic,
conductances and latent heat fluxes were consistently E Staeg'elrv R., der& Hertog, G., ’\:jo"akv M-D-% Leebv X., |1997-
lower, probably as a consequence of a decrease in "cr9y balance and canopy conductance of a boreal aspen
. forest: partitioning overstory and understory components. J.
leaf area. _Thus, f[he mesquite trees appeart_ed to be  Geophys. Res. 102 (D24), 28915-28927.
transport limited in their water use under high at- Brown, D.E., 1982. Biotic communities of the American
mospheric demand and to be negatively impacted by  Southwest—United States and Mexico. Desert Plants 4, 1-342.
drought conditions even though groundwater fluctua- Cleverly, J.R., Dahm, C.N., Thibault, J.R., Gilroy, D.J., Allred
tions showed that they continued to have access to a Ccoomod. J.E. 2002. Seasonal estimates of actual evapo-
table source of water throughout the arowing season transpiration fromTamarix ramosissimastands using three-
Sta . .g. ” ) 9 g *dimensional eddy covariance. J. Arid Environ. 52, 181-197.
_The higher monsoon precipitation in 2_(_)02 resulted city of Sierra Vista, 2002. Official City Webpageurl: http://
in greater latent heat fluxes from additional under-  www.ci.sierra-vista.az.us/community/facts.asp#population
story evapotranspiration. Assuming the £@uxes Corell, S.W., Corkhill, F., Lowik, D., Putnam, F., 1996. A
measurements were reliable, the mesquite woodland tifo‘ij”dwatgr F";Wd'\"o‘ée' of thg S'teh”a \fSta E‘_waateﬁhgdl_"f
ecosystem appeared to be a net sink ob@® most € Upper san Fedro Basin—southeastem Arizona. Modeling
. Report No. 10, Arizona Department of Water Resources,
O_f 'Fhe_ growing seasons, but abundant MOoNS00N Pré-  Hydrology Division, Phoenix, Arizona. 107 pp.
cipitation temporarily reversed the balance to give & commission for Environmental Cooperation, Ribbon of Life: An
net loss of CQ. Agenda for Preserving Transboundary Migratory Bird Habitat
In order to provide information that is useful from a on the Upper San Pedro River. Commission for Environmental
: : : Cooperation, Montreal, Canada, 1999, 45 pp.
water resources standpoint, future work will entail the
d | t of P t irati del t Eamus, D., Hutley, L.B., O’'Grady, A.P., 2001. Daily and seasonal
evelopment or an evapotranspiration model 10 pré- o yerng of carbon and water fluxes above a north Australian
dict the water use of mesquite woodlands and other  savanna. Tree Physiol. 21, 977-988.
similarly functioning, phreatophytic ecosystems. This Fisher, F.M., Whitford, W.G., 1995. Field simulation of wet and dry
model will need to disaggregate groundwater uptake years in the Chihuahuan desert: soil-moisture, N mineralization
from total evapotranspiration and respond appropri- and ion exchange resin bags. Biol. Fertil. Soils 20, 137-146.
atelv to changing boundarv conditions. In order to do Gash, J.H.C., Dolman, A.J., 2003. Sonic anemometer (co)sine
. y . ging ) y . o response and flux measurement. I. The potential for (co)sine
this, additional studies are be_lng Car_”ed outto under-  oor to affect sonic anemometer-based flux measurements.
stand what are the key forcing variables that deter-  Agric. For. Meteorol., (in press).
mine seasonakvapotranspiration and how to partition Gile, L.H., Gibbens, R.P., Lenz, J.M., 1997. The near-ubiquitous

it into groundwater and surface water sources. pedogenic world of mesquite roots in an arid basin floor. J.
Arid Environ. 35, 39-58.

Goodrich, D.C., Scott, R., Qi, J., Goff, B., Unkrich, C., Moran,
M.S., Williams, D., Schaeffer, S., Snyder, K., MacNish, R.,
Acknowledgements Maddock, T., Pool, D., Chehbouni, A., Cooper, D.l., Eichinger,
W.E., Shuttleworth, W.J., Kerr, Y., Marsett, R., Ni, W., 2000.
This work is supported in part by Sustainability of Seasonal estimates of riparian evapotranspiration using remote
semi-Arid Hydrology and Riparian Areas (SAHRA) and in situ measurements. Agric. For. Meteorol. 105, 281-309.

. . Goulden, M.L., Daube, B.C., Fan, S.M., Sutton, D.J., Bazzaz, A,
under the STC Program of the National Science Foun- Munger, J.W.. Wofsy, S.C., 1997. Physiological responses of a

dation, Agreement No. EAR-9876800. Additional fi- black spruce forest to weather. J. Geophys. Res. 102, 28987—
nancial support was provided to USDA-ARS from 28996.


http://www.ci.sierra-vista.az.us/community/facts.asp
http://www.ci.sierra-vista.az.us/community/facts.asp

R.L. Scott et al./Agricultural and Forest Meteorology 122 (2004) 65-84 83

Gu, J., Smith, E.A., Merritt, J.D., 1999. Testing energy balance Paw U, K.T., Baldocchi, D.D., Meyers, T.P., Wilson, K.B., 2000.
closure with GOES-retrieved net radiation and in-situ measured Corrections of eddy covariance measurements incorporating
eddy correlation fluxes in BOREAS. J. Geophys. Res. 104, both advective effects and density fluxes. Bound.-Lay. Meteorol.
27881-27893. 97, 487-511.

Heitschmidt, H.K., Ansley, R.J., Dowhower, S.L., Jacoby, P.W., Pilegaard, K., Hummelshoj, P., Jensen, N.O., Chen, Z., 2001. Two
Price, D.L., 1988. Some observations from the excavation of years of continuous Ceddy flux measurements over a Danish
honey mesquite root systems. J. Range Manage. 41, 227-231.  beech forest. Agric. For. Meteorol. 107, 29-41.

Hultine, K.H., Cable, W.L., Burgess, S.S.0., Williams, D.G., 2003.  Schaeffer, S.M., Williams, D., Goodrich, D.C., 2000. Transpiration
Hydraulic redistribution by deep roots of a Chihuahuan desert  of cottonwood/willow forest estimated from sap flux. Agric.
phreatophyte. Tree Physiol. 23, 353-360. For. Meteorol. 105, 257-270.

Huxman, T.E., Turnipseed, A.A., Sparks, J.P., Harley, P.C., schmid, H.P., 1994. Source areas for scalars and scalar fluxes.
Monson, R.K., 2003. Temperature as a control over ecosystem Bound.-Lay. Meteorol. 67, 293-318.

CO; fluxes in a high-elevation, subalpine forest. Oecologia 134, schmid, H.P., 1997. Experimental design for flux measurements:

537-546. _ . matching scales of observations and fluxes. Agric. For.
Huxman, T.E., Cable, J.M., Ignace, D.D., Eilts, A.J., English, N., Meteorol. 87, 179-200.

Weltzin J., Williams, D.G., 2003. Response of net ecosystem Scott, R.L., Shuttleworth, W.J., Goodrich, D.C., Maddock, T.,
gas exchange to a simulated precipitation pulse in a semiarid 2000, The water use of two dominant vegetation communities
grassland: the role of native versus non-native grasses and soil ;. 5 semiarid riparian ecosystem. Agric. For. Meteorol. 105,
texture. Oecologia, doi: 10.1007/S00442-003-1389-Y 241-256.

Jackson, R.B., Carpenter, S.R., Dahm, C.N., McKnight, D.M.,
Naiman, R.J., Postel, S.L., Running, S.W., 2001. Water in a
changing world. Ecol. Appl. 11, 1027-1045.

Jaquish, L.L., Ewers, F.W., 2001. Seasonal conductivity and
embolism in the roots and stems of two clonal ring-porous
trees, Sassafras albidum(Lauraceae) andRhus typhina
(Anacardiaceae). Am. J. Bot. 88, 206-212.

Lavigne, M.B., Ryan, M.G., Anderson, D.E., Baldocchi, D.D.,
Crill, P.M., Fitzjarrald, D.R., Goulden, M.L., Gower, S.T.,
Massheder, J.M., McCaughey, J.H., Rayment, M., Striegl, R.G.,
1997. Comparing nocturnal eddy covariance measurements to 613
estimates of ecosystem respiration made by scaling chamber '

) . . Stromberg, J.C., Wilkins, S.D., Tress, J.A., 1993. Vegetation-
measurements at six coniferous boreal sites. J. Geophys. Res. . L .
102. 28977-28985. hydrology models: Implications for management Rrfosopis

Law, B.E, Falge, E., Gu, L., Baldocchi, D.D., Bakwin, P, Velutina (velvet mesquite) riparian ecosystems. Ecol. Appl. 3,

Berbigier, P., Davis, K., Dolman, A.J., Falk, M., Fuentes, 307b_314. il R Rich B 1 Eft ¢
J.D., Goldstein, A., Granier, A., Grelle, A., Hollinger, D., Stromberg, J.C., Tiller, R., Richter, B., 1396. ects o

Janssens. LA, Jarvis. P.. Jensen. N.O.. Katul. G.. Mahli. Y groundwater decline on riparian vegetation of semiarid regions:

Matteucci, G., Meyers, T., Monson, R., Munger, W., Oechel, tt:(e San Pedro. Arizona Ecol. Appl. Gd' 1t3_131_' i
W., Olson, R., Pilegaard, K., Paw U, K.T., Thorgeirsson, H., Suyker, A., Verma, S., 2001. Year-round observations of the net

Valentini, R., Verma, S., Vesala, T., Wilson, K., Wofsy, S ecosystem exchange of carbon dioxide in a native tallgrass
2002. Environmental controls over carbon dioxide and water pr_alrle. Global Change Biol. 7, 279-289.
vapor exchange of terrestrial vegetation. Agric. For. Meteorol. Turnipseed, A.A., Blanken, P.D., Anderson, D.E., Monson, R.K.,

Scott, R.L., Watts, C., Garatuza Payan, J., Edwards, E.A,
Goodrich, D., Williams, D., 2003. The understory and overstory
partitioning of energy and water fluxes in an open canopy,
semiarid woodland. Agric. For. Meteorol. 114, 127-139.

Snyder, K.A., Williams, D.G., 2000. Water sources used by riparian
trees varies among stream types on the San Pedro River. Arizona
Agric. For. Meteorol. 105, 227-240.

Sperry, J.S., Sullivan, J.E., 1992. Xylem embolism in response
to freeze-thaw cycles and water stress in ring-porous,
diffuse-porous, and conifer species. Plant Physiol. 100, 605—

113, 97-120. 2002. Energy budget above a high-elevation subalpine forest
Lechowicz, M.J., 1995. Seasonality of flowering and fruiting in in complex topography. Agric. For. Meteorol. 110, 177-
temperature forest trees. Canadian J. Bot. 73, 175-182. ?10'
Lee, X., 1998. On micrometeorological observations of surface-air Twine, T.E., Kustas, W.P., Norman, J.M., Cook, D.R., Houser,
exchange over tall vegetation. 91, 39-49. P.R., Meyers, T.P., Prueger, J.H., Starks, P.J., Wesely, M.L.,
Malhi, Y., Nobre, A.D., Grace, J., Kruijt, B., Pereira, M.G.P., Culf, 2000. Correcting eddy-covariance flux underestimates over a

A., Scott, S., 1998. Carbon dioxide transfer over a Central ~ grassland. Agric. For. Meteorol. 103, 279-300.

Amazonian rain forest. J. Geophys. Res. 103, 31593-31612. Unland, H.E., Afrain, A.M., Harlow, C., Houser, P.R.,
McGee, C.E., 1986. Budbreak for 23 upland hardwoods compared ~ Garatuza-Payan, J., Scott, R., Sen, O.L., Shuttleworth, W.J.,
under forest canopies and in recent clearcuts. For. Sci. 32, 924- 1998. Evaporation from a riparian system in a semi-arid

935. environment. Hydrol. Process. 12, 527-542.

Meinzer, F.C., Goldstein, G., Holbrook, N.M., Jackson, P., Cavelier, Valentini, R., Matteucii, G., Dolman, A.J., et al., 2000. Respiration
J., 1993. Stomatal and environmental control of transpiration in as the main determinant of carbon balance in European forests.
a lowland tropical forest tree. Plant Cell Environ. 16, 429-436. Nature 404, 861-865.

Monteith, J.L., 1995. A reinterpretation of stomatal responses to Vourlitis, G.L., Priante Filho, N., Hayashi, M.M.S., De S.
humidity. Plant Cell Environ. 18, 357-364. Nogueira, J., Caseiro, F.T., Holanda Campelo Jr., J., 2001.



84 R.L. Scott et al./Agricultural and Forest Meteorology 122 (2004) 65-84

Seasonal variations in the net ecosystemy@Rchange of a Williams, M., Malhi, Y., Nobre, A.D., Rastetter, E.B., Grace,

mature Amazonian transitional tropical forest (cerradao). Funct. J., Periera, M.G.P., 1998. Seasonal variation in net carbon
Ecol. 15, 388-395. exchange and evapotranspiration in a Brazilian rain forest: a
Verhoef, A., Allen, S.J., de Bruin, H.A.R., Jacobs, C.M.J,, modeling analysis. Plant Cell Environ. 21, 953-968.
Huesinkveld, B.G., 1996. Fluxes of carbon dioxide and water Wilson, K., Goldstein, A., Falge, E., Aubinet, M., Baldocchi, D.,
vapor from aSahelian savannaAgric. For. Meteorol. 80, 231— Berbigier, P., Bernhofer, C., Ceulemans, R., Dolman, H., Field,
248. C., Grelle, A., Ibrom, A., Law, B.E., Kowalski, A., Meyers, T.,

Webb, E.K., Pearman, G.l., Leuning, R., 1980. Correction of flux Moncrieff, J., Monson, R., Oechel, W., Tenhunen, J., Valentini,
measurements for density effects due to heat and water vapor R., Verma, S., 2002. Energy balance closure at FLUXNET
transfer. Q. J. Roy. Meteor. Soc. 106, 85-100. sites. Agric. For. Meteorol. 113, 223-243.

Wever, L.A., Flanagan, L.B., Carlson, P.J., 2002. Seasonal and Yepez, E.A., Wiliams, D.G., Scott, R.L., Lin, G., 2003.
interannual variation in evapotranspiration, energy balance and Partitioning overstory and understory evapotranspiration in a
surface conductance in a northern temperate grassland. Agric.  semiarid savanna woodland form the isotopic composition of
For. Meteorol. 112, 31-49. water vapor. Agric. For. Meteorol. 119, 53-68.



	Interannual and seasonal variation in fluxes of water and carbon dioxide from a riparian woodland ecosystem
	Introduction
	Site description
	Methods
	Instrumentation and measurements
	Effect of sun angle on the IRGA
	Turbulent Intensity
	Flux source area
	Energy balance terms and closure
	Missing data

	Results and discussion
	Seasonal forcing and stand energy balance
	Diurnal latent heat and carbon dioxide fluxes
	Seasonal water and carbon dioxide fluxes

	Summary and conclusions
	Acknowledgements
	References


