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ABSTRACT 

Sap flow, leaf gas exchange, and micrometeorological parameters were evaluated 

during 1997 in riparian forest at perennial and ephemeral stream sites on the San Pedro 

River in southeastern Arizona, USA. At the perennial stream site, measurements of 

sapwood area based transpiration and sapwood area/canopy area of clusters of Populus 

fremontii and Salix goodingii were used to estimate transpiration across the stand. Stand 

structural heterogeneity resulted in as much as 30% variation in mean transpiration across 

the stand. Transpiration of cottonwood was more dependent upon vapor pressure deficit at 

the ephemeral stream site which had an open, less dense canopy compared to that at the 

perennial stream site. This may be due to differences in advection properties and canopy 

feedback processes between sites. Conversely, transpiration in willow was less dependent 

upon vapor pressure at the ephemeral stream site than that at the perennial stream site. This 

may be due to water stress associated with deeper depth to groundwater. 
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INTRODUCnON 

Managing water resources has been an issue of paramount importance in the 

southwestern US. Its quality and usage have been the focus of political and legal activity 

for over 100 years. With increases in population growth of large urban areas, industry, 

and on-going use of groundwater for irrigation, the issue of water continues to become 

more important. With increasing water demands and decreasing groundwater supplies, 

knowledge of water recharge, its spatial distribution, and its partitioning into ground 

infiltration, surface runoff, and evaporative losses to the atmosphere is critical for properly 

addressing water issues in semi-arid regions. Apart from these societal issues, water in 

arid and semi-arid ecosystems is also an important component in ecosystem function, as 

well as the regional hydrological cycle. Its spatial and temporal variations are key inputs to 

hydrological models and in determining rainfall patterns. Therefore, its spatial and 

temporal distribution, especially the evaporative losses, not only provides an input into 

water budget equations, but also improves our understanding of ecosystem function in 

these arid and semi-arid environments. 

The semi-arid land-surface-atmosphere program (S ASLA), a large, 

multidisciplinary, effort, was initiated to facilitate the understanding of ecosystem function 

in semi-arid basins in southeastern Arizona. The primary objective of the SALSA program 

is to: "understand, model, and predict the consequences of natural and human-induced 

change on the basin wide water balance and ecological diversity of semi-arid regions at 

event, seasonal, inter-annual, and decadal time scales" (Goodrich et al. 1997). SALSA is a 

long-term program whose current research efforts are focused on the San Pedro River 

basin in southeastern Arizona. Goodrich etal. (1997) provides an overview of the 1997 

research activities. This research springs directly from two of the five stated objectives 

outlined by Goodrich et al. (1997): a) to develop and validate aggregation schemes for 
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water flux with data over highly heterogeneous surfaces and b) to identify plant function 

and atmospheric controls on transpiration in semi-arid riparian systems consisting of 

cottonwood/willow vegetation. The first chapter deals with the first of these objectives. 

The structural heterogeneity in these desert riparian forests may lead to significant spatial 

heterogeneity in canopy transpiration. There are few estimates of temporal and spatial 

heterogeneity of fluxes or magnitudes of fluxes in desert riparian forests. This study 

attempted to quantify transpirational fluxes from these desert riparian forests and determine 

effects that species composition and stand structure may have on transpiration in these 

forests. Because the establishment dynamics in these riparian forests lead to stands that are 

variable in strucmre in terms of landscape position and age-class distribution, fluxes of 

water from these forests are likewise expected to be highly spatially and temporally variable 

in magnitude. 

Unformnately, the unique structural characteristics of riparian systems makes the 

estimation of transpiration difficult. Measurement approaches such as Bowen ratio and 

eddy covariance, that rely on net vapor and energy fluxes above the canopy, work well for 

forests ard other vegetation systems that are relatively homogeneous in height, density, and 

other structural characteristics. Spatial and temporal dynamics of establishment events, 

however, make riparian forests very heterogeneous in stand structure. Flooding events, 

stream aggradation, and stream meandering cause episodic and localized establishment that 

through time produce forests consisting of clusters of near even-aged individuals forming 

narrow strips of vegetation along primary and secondary stream channels (Bradley and 

Smith 1985, Johnson 1994). These structural characteristics make forests in riparian 

habitats in the southwestern US unsuitable candidates for the application of 

micrometeorological techniques to estimate transpiration. The heat pulse velocity (HPV) 

technique was used as an alternative method to estimate transpiration in these forests. This 
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method measures the instantaneous velocity of sap moving through a point within the active 

xylem tissue of the stem of a plant. 

The second chapter addresses the effect of humidity on transpiration of 

cottonwood/willow riparian vegetation. Differences in stand structure and site hydrology 

may lead to differences in the sensitivity of transpiration to environmental variables, such 

as the dryness of the air that surrounds these forest canopies. To understand the spatial and 

temporal dynamics of water flux in natural systems, it is important to identify key 

processes that control a given aspect of ecosystem function (Bazzaz 1993). For example, 

low soil water availability or a loss of water conducting capacity can lead to water stress at 

the level of the whole plant and a reduction in transpiration rate (Schulze and Caldwell 

1994). Microclimatic conditions around leaves or patches of vegetation can be different 

from the bulk air. Canopy architecture and spatial distribution of individuals, therefore, 

can act to ameliorate, or exacerbate, the effects of vapor pressure difference from the leaf to 

the bilk air on stomatal control of transpiration (Meinzer 1997). Boundary layer dynamics 

can affect stomatal control of transpiration in much the same way (McNaughton and Jarvis 

1991). To assess the possible factors that affect transpiration of two riparian tree species at 

different spatial and temporal scales, stand level transpiration, leaf level stomatal 

conductance, and environmental variables were measured across the growing season at two 

sites with differences in stand structure and groundwater availability. The first site was 

located on a perennially flowing stream channel and had a relatively dense riparian gallery 

forest. The second site was located on an ephemeral stream channel and had more sparse 

riparian vegetation. 

Both chapters are being considered for independent submission to peer-reviewed 

journals. Appendix A (Transpiration from cottonwood/willow riparian forests estimated 

from sap flux) will be co-authored with David G. Williams and submitted to Agricultural 

and Forest Meteorology. Appendix B (Influence of humidity on transpiration in 
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cottonwood/willow riparian forest at ephemeral and perennial stream sites) will also be co-

authored with David G. Williams and submitted to Tree Physiology. 



12 

PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this thesis. The following is a summary of the most important findings in 

these papers. 

Daily consumptive water use for the cottonwood/willow riparian forest at our study 

site is relatively high compared to transpiration from other forest systems around the world. 

Transpiration rates at the Lewis Springs site ranged from 1.2 to 4.8 mm d ' with maximum 

daily transpiration rates between 0.2 and 0.5 mm hrThese values are greater than stand 

level transpiration estimated for coniferous forests (Diawara et al. 1991, Saugier et al. 

1997), and appear to fit into the range of transpiration rates reported for broadleaf (David et 

al. 1997) and tropical-dry forest (Granier et al. 1996). 

Capturing the heterogeneous nature of these desert riparian forests is important 

when assessing energy and water fluxes. The inherent variability of these systems is a 

consequence of establishment dynamics and other stochastic factors. Because of the large 

amount of heterogeneity in stand structure and composition, great care must be taken in 

estimating fluxes from these systems and flux estimations may be relatively site-specific. It 

is important to recognize and account for the variability in the stand structure in these 

riparian systems that is a consequence of unique establishment and disturbance regimes. It 

appears that cottonwood, compared to willow, is the major contributor of transpirational 

flux in these systems. This may be due in part to the dominant role cottonwood plays in 

terms of size and distribution throughout the stand. Additionally, phenological and 

environmental factors (i.e. timing of leaf expansion, freezing temperatures) may limit the 

transpiration of willow to a greater extent than cottonwood. 

The two riparian tree species, cottonwood and willow, exhibit contrasting patterns 

in the influence of vapor pressure on transpiration that are related to stand structure and 
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water availability. Stand level transpiration (£) of in these cottonwood/willow riparian 

forest canopies appears to depend somewhat on the vapor pressure deficit of the bulk air 

advecting into the canopy (DJ over die course of a day. Transpiration of cottonwood 

becomes more dependent upon vapor pressure at a site with open, less dense canopies; 

which may be due to advection properties and canopy feedback processes at that site. 

Alternatively, reductions in the capacity of plants to meet transpirational demands of leaves 

because of reductions in hydraulic conductance along the root-shoot pathway may decrease 

the dependence of transpiration on climatic factors. Transpiration in willow becomes less 

dependent upon vapor pressure at a site with open, less dense canopies; which may be due 

to differences in plant available soil water and the ability of willow to efficiently conduct 

water from roots, through the plant, to the leaves. 

Functional attributes of riparian ecosystems have important implications for the 

assessment energy and water budgets on a basin-wide scale and become important when 

addressing issues related to sustainability of riparian ecosystems with their associated 

biodiversity. It is clear that factors such as regional climate, site hydrology, disturbance, 

and plant functional type interact to influence key aspects of ecosystem function such as 

water vapor flux (Williams et al. 1997). 



Transpiration from cottonwood/willow riparian forests 

estimated from sap flux 

Sean M. Schaeffer 

School of Renewable Natural Resources, The University of Arizona, Tucson, 85721 



15 

ABSTRACT 

Transpiration was estimated using the heat pulse velocity method for two riparian 

tree species {Populusfremontii and Salix goodingii) on the San Pedro River in southeastern 

Arizona, USA. Sapwood area was highly correlated with diameter in both species (r^= 

0.92 and 0.93 for cottonwood and willow respectively) and sapwood area based fluxes 

were relatively consistent among trees with differing diameters. Clusters of 

cottonwood/willow riparian vegetation were characterized using sapwood area/diameter 

relationships and canopy area. Measurements of sapwood area fluxes and sapwood 

area/canopy area of clusters were used to estimate transpiration across the stand. Maximum 

mean rates of whole stand transpiration (4.8 ±0.7 mm day ') occurred in July when 

temperanare and vapor pressure deficit if the air was highest. Stand structural heterogeneity 

potentially results in as much as 30% variation in transpiration across the stand. Variations 

in transpiration across the growing season were attributed to changes in the proportional 

contribution of the two species to stand level transpiration, and may have resulted from 

species-specific responses to climate and differences in species phenology. Increased 

understanding of the functioning of these systems will support ongoing efforts to sustain 

the biological and hydrological resources of this region and similar arid and semi-arid 

basins worldwide. 
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INTRODUCnON 

Managing water resources has been an issue of paramount importance in the 

southwestern US. Its quality and usage have been the focus of political and legal activity 

for over 100 years. With increases in population growth of large urban areas, industry, 

and on-going use of irrigation, the issue of water continues to become more important. 

With increasing water demands and decreasing groundwater supplies, it becomes apparent 

that knowledge of water recharge, its spatial distribution, and its partitioning into ground 

infiltration, surface runoff, and evaporative losses to the atmosphere is critical for properly 

addressing water issues in semi-arid regions. Apart from these societal issues, water in 

arid and semi-arid ecosystems is also an important component of ecosystem function, as 

well as the regional hydrological cycle. Spatial and temporal variation in the magnitude of 

evapotranspiration is a critical aspect of the hydrological cycle, but is not known for many 

semi-arid systems. 

Riparian ecosystems of arid and semi-arid basins play a dominant role in regional 

water and energy balance. They contain a disproportionate share of regional biodiversity, 

but are extremely sensitive to perturbations that affect groundwater and surface water 

supply to dominant plants of streamside vegetation (Stromberg 1993, Busch and Smith 

1995). Desert riparian forests in the southwestern US, for instance, have undergone rapid 

decline during the last century. The decline in these ecosystems is related to long-term 

changes in geomorphology and hydrology. Riparian forest trees are predominantly 

phreatophytic (Smith etal. 1991, Busch etal. 1992) relying on relatively stable 

groundwater supplies. Therefore, these trees are often constrained to the primary 

floodplains of rivers, streams, and dry washes in the arid and semi-arid southwestern US 

(Glinski 1977, Reichenbacher 1984, Asplund and Gooch 1988, Gregory era/. 1991). 

Increased understanding of the functioning of these systems will support ongoing efforts to 
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sustain the biological and hydrological resources of this region and similar arid and semi-

arid basins worldwide (Williams etal. 1997). 

Closure of regional energy and water budgets in semi-arid and arid basins 

necessitates reliable estimates of riparian corridor evapotranspiration. Unfortunately, the 

unique structural characteristics of riparian systems makes the estimation of transpiration 

difficult. Most of the approaches for scaling leaf or tree-level fluxes of water vapor and 

other gases to the level of whole stands comes from coniferous forests or other large, 

homogeneous stands of vegetation where fluxes of energy and water can be measured 

using micrometeorological instrumentation (i.e. Bowen ratio, eddy covariance). 

Measurement systems such as Bowen ratio and eddy covariance are appropriate only for 

vegetation that is relatively homogeneous in height, density, and other structural 

characteristics. Structural characteristics of riparian forests in the southwestern US make 

them unsuitable candidates for the application of micrometeorological techniques to estimate 

transpiration (but see Hipps et al. 1998). Spatial and temporal dynamics of establishment 

events make riparian forests very heterogeneous in stand structure. Flooding events, 

stream aggradation, and stream meandering cause episodic and localized establishment that 

through time produce forests consisting of clusters of near even-aged individuals forming 

narrow strips of vegetation along primary and secondary stream channels (Bradley and 

Smith 1985, Johnson 1994). 

Because micrometeorological methods may be inappropriate for spatially 

heterogeneous riparian forests, an alternative method is needed that accurately characterizes 

transpiration. The heat pulse velocity (HPV) method is one such alternative. This method 

measures the instantaneous velocity of sap moving through a point within the active xylem 

tissue of the stem of a plant. The application of heat pulse velocity theory to measurement 

of sap flux was first described by Marshall (1958) and further refined by Cohen and Fuchs 

(1981) and Swanson and Whitfield (1981). The technique involves inserting a probe 
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consisting of two needles; one containing a line heater, the other containing one or more 

thermocouple junctions (Fig. 1). A pulse of heat is generated by the line heater. The time 

the pulse takes to travel a given distance and the amplitude of the pulse are measured by the 

thermocouples. Using these relationships, the velocity of sap within the xylem can be 

determined. Detailed work has been conducted in comparing estimates of the HPV method 

with other methods of measuring water flux. Estimates of whole tree transpiration from 

HPV sensors have been compared to cut-tree (potometer) estimates of transpiration 

(Olbrich 1991, Smith 1991, Barret 1992, Hatton et al. 1995) and tend to differ by less than 

15%. At the stand level, estimates of transpiration from the HPV method agree favorably 

to estimates from micrometeorological methods such as Bowen ratio and eddy covariance 

(Kelliher et al. 1992, Loustau et al. 1996, Saugier et al. 1996) given that 

micrometeorological methods estimate evapotranspiration (transpiration and evaporation 

from the ground surface) while sap flow methods estimate transpiration alone. 

There are few estimates of temporal and spatial heterogeneity of fluxes or 

magnimdes of fluxes in desert riparian forests. This study attempted to quantify 

transpirational fluxes from a desert riparian forest stand in southeastern Arizona and 

characterize potential effects of species composition and stand stmcture on magnimdes and 

spatial variation for transpiration in these systems. Because the establishment dynamics in 

these riparian forests lead to stands that are alternately constrained and variable in structure 

in terms of landscape position and age-class distribution, fluxes of water from these forests 

are likewise expected to be highly spatially and temporally variable in magnimde. The 

effects of spatial heterogeneity in stand structure on transpiration may have implications for 

aggregation of riparian corridor fluxes and balancing of basin-wide hydrological budgets. 
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MATERIALS AND METHODS 

Study site 

We conducted studies at the Lewis Springs study site located at 1250 m elevation 

on the San Pedro River, USA (31°33' N, 110°07' W), within the San Pedro National 

Riparian Conservation Area in southeastern Arizona. The riparian forest vegetation at the 

site consisted of Fremont cottonwood {Populus fremontii) and Gooding willow {Salix 

goodingii) as dominant and sub-dominant overstory species, respectively. Mesquite 

{Prosopis velutina) and seep-willow {Baccharis glutinosa) formed a sparse woody 

understory. The larger individuals of cottonwood and willow were located on older, once-

primary, channels removed from the active channel. 

Heat pulse velocity 

Heat pulse velocity probes (Thermal Logic, Pullman, WA) were implanted in 

cottonwood and willow trees of differing diameters which were selected individually 

proportional to size class distributions determined from vegetation surveys. Vegetation 

surveys consisted of four belt transects on each side of the stream channel and extended to 

the edge of die riparian zone. Transects were 30 m wide and were divided into 10-m long 

sections. Total counts of individual trees, as well as their corresponding diameters (DBH, 

diameter at breast height, 1.35 m) were recorded for cottonwood and willow. 

Transpiration was estimated using HPV method during five periods over the course 

of the 1997 growing season: April 20-21, June 6-10, July 10-13, August 11-16, and 

October 11-16. Nine cottonwood trees were selected with diameters ranging from 0.14 to 

0.75 m. Six willow trees were selected with diameters ranging from 0.15 to 0.24 m. Each 

tree, depending on its diameter, received from three to five probes, placed equidistant 
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around the trunk at breast height. Bark was removed until the cambium was exposed and 

sensors were inserted into holes drilled parallel with the grain of the wood. Before 

insertion, probes were coated with silicone gel to ensure good thermal contact between 

probe elements and the wood. After insertion, exposed cambium was covered with 

silicone gel to reduce evaporation from the wood surface, and then covered with aluminum 

foil to reduce effects of ambient temperature fluctuations. 

Four independent data logger (CRIOX, Campbell Scientific, Logan UT) and 

control systems with multiplexors (AM416, Campbell Scientific, Logan UT), relay drivers 

(A21REL-12, Campbell Scientific, Logan UT), and 12 volt marine batteries were used to 

generate heat pulses and monitor their travel through the xylem (Fig. 1). Eight-second heat 

pulses were generated by the upstream heating elements. Three downstream 

thermocouples (at 10, 20,30 mm deep into the xylem) measured xylem temperature for 60 

seconds. The time to maximum temperature rise and maximum temperature difference 

were recorded. Sap velocity V (cm hr') was calculated as (Cohen et al. 1981): 

V = r 
vO 'm/ 'mo) 

( 1 )  

where r is the distance between heater and thermocouple (6 mm), is time to maximum 

recorded temperature, and is the time to maximum temperature at zero flow (assumed to 

be at pre-dawn, 02(X) to 0400 hours). The heat pulse velocity method has been shown, 

through numerical analysis, to be less accurate at low sap velocities than at higher sap 

velocities (Swanson and Whitfield 1981, Barrett 1995). On the basis of conservative 

calculations from formulas described by Swanson and Whitfield (1981), velocities below 
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10 cm hr '  were ignored.  Mass f low of sap J (volume per unit time) was calculated from 

Cohen et a/., (1981); 

J = ^ (2) 
p c Z V A 

WW it 

where pc and are the volumetric specific heat (MJ m'^ C°"') of wet wood and water, 

respectively. V- and are the sap velocity and the cross sectional area of the i*" increment 

of sapwood being measured by a thermocouple. The volumetric specific heat of wet wood 

(pc) was determined during a period of zero flow (0200-0400 h) using the relationship for 

dissipation of a heat pulse with no fluid correction developed by Campbell et al. (1991): 

pc = T (3) 
(enr-AT^) 

where AT^ is the maximum temperature rise recorded by the thermocouple. Gravimetric 

assessment of pc was identical to pc calculated using zero-flow. Q is the heat input (J m ') 

of the heat pulse and is calculated as: 

• • • f t )  
(4) 

where t is the heating time (Ss), I is the heater current, and RJL is the resistance per meter 

of the heater (1141 W m '). 
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Transpiration (£) was expressed as sap flux on a sapwood area basis. In order to 

calculate sap flux (g cm"^ hr ') for a given tree, J from eq. 2 was divided by the sapwood 

area of a tree. By expressing E in terms of sapwood area, all the trees within the sample 

area could be directly compared to one another. This final step in calculating E for a single 

tree normalizes £ with respect to sapwood area. 

The accuracy of the heat pulse velocity sensors were assessed by comparison with 

temperature difference probes (Dynamax, Houston, TX). Temperature difference probes 

(TDP) use a constant heat balance method to estimate sap flux similar to the method 

outlined by Granier (1985, 1987). In June, 1997 both types of probes were implanted in a 

single cottonwood tree. A relatively young U^ee was chosen for comparison to minimize the 

effect of probe placement on estimation of sap flow (i.e. uniform grain and xylem 

structure). 

Aggregation 

Seasonal transpiration fluxes, estimated from heat pulse velocity, were scaled-up 

from individual trees to the level of the stand at the Lewis Springs site. Stem diameter and 

sapwood area measurements were used to develop a relationship that allowed sapwood 

area to be estimated over a large ground area by measuring the stem diameter. Clusters of 

riparian vegetation were measured for stem diameter of all cottonwood and willow and the 

canopy area of each cluster was measured to: a) relate stem diameter, and hence sapwood 

area, to canopy area and b) encompass the variability in stand structure found in these 

systems. By ultimately displaying transpiration in terms of canopy area, the fluxes from 

large portions of riparian vegetation can be estimated aerially. 

Transpiration of the entire stand was derived via scaling of the direct measurements 

of the amount of water used by individual trees of each species and size class (Kelliher et 

al. 1992, Hatton et al. 1995, Granier 1996). Using HPV probes, the transpiration of 



23 

representative trees within the stand was measured. Data from the HPV method yielded 

transpiration in terms of the sapwood area of a given plant. 

To relate sapwood area to an easily measured parameter, 19 cottonwood and 29 

willow trees were cored and measured for diameter and sapwood width to develop a 

regression of sapwood area vs. diameter. Using this method, the sapwood area of large 

numbers of trees could be assessed much more quickly and efficiently by simply measuring 

the diameters of individual trees. The sapwood area estimates could then be combined with 

estimates of E for aggregation. 

Estimation of stand transpiration was extrapolated from individual tree flux using 

sapwood area and canopy area of cottonwood and willow in clusters of riparian vegetation. 

Twelve representative clusters of trees (based on age, density, and location) were selected 

in which canopy area could be assessed using aerial photographs. The diameter of all 

cottonwood and willow trees in each cluster was measured, as well as the canopy area (m*) 

of each cluster. Using the sapwood area-to-diameter relationships previously developed, 

the total sapwood area of each cluster (for cottonwood and willow together) was estimated. 

Then, sapwood area of clusters and average E (sapwood area basis) calculated from 

individual trees were used to estimate the total flow of water vapor (kg hr ') from a cluster. 

Using the canopy area of each cluster, E was assessed on a canopy area basis (mm hr''). 

The fluxes from these clusters were assumed to be representative of the variation in E 

across the site. 
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RESULTS 

The output from a single heat pulse velocity sensor inserted in a representative 

Cottonwood tree (0.69 m DBH) during August (Julian day, DOY 223-225) is shown in 

Figure 2. The assessment of time to maximum temperature at zero flow {t^) and the 

volumetric specific heat of the wet wood (pc) can lead to calculation of negative values of 

sap velocity even though the sensors are only capable of measuring velocity in one 

direction. These negative values are ignored in subsequent calculations. 

The sap flux, or transpiration, (£, g cm'^ hr"') on a sapwood area basis is estimated 

using sapwood area and sap velocity (Fig. 3). The data in Figure 3 correspond to the same 

tree and same time period as those in Figure 2. It is assumed that no negative flow (down 

the trunk and into the roots) is occurring. August 12 (DOY 224) was overcast and cool 

with scattered rainfall, so E was correspondingly low. On the remaining days of this 

measurement period (DOY 223 and 225), E was higher. Sap flow began around sunrise 

(circa 0600 h) then decreased slightly, and started again around 0830 h. This pattern of E 

was consistent throughout all measurement periods. 

E estimated from heat pulse velocity probes appears to be in good agreement with E 

measured with heat balance probes (Fig. 4). Estimates from both methods are positively 

correlated (r^=0.94, p<0.05) and appear to follow very closely the 1:1 line. 

E estimated for individual cottonwood and willow trees can be averaged to calculate 

a mean £ on a sapwood area basis for a given species for the entire site. The mean E (g cm" 

" hr ') for cottonwood and willow for a total of 21 days over the course of a single growing 

season is shown in Figures 5 and 6, respectively. For cottonwood (Fig. 5), daily 

maximum transpiration (£„^,) was low in April (20-26 g cm * hr"') when leaves had just 

reached full expansion. The highest £„„, (38 g cm'- hr ') occurred in July when air 
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temperatures (Fig. 7) and vapor pressure deficit were highest (data not shown). The 

lowest (19 g cm"- hr"') occurred in October following a frost on the morning of day 

285. remained low for at least 4 days after the freeze. For willow (Fig. 6) relatively 

low E was observed in the months of April and October (£^ <10 g cm " hr"') and the 

highest rates were found in June (£^ 44 g cm"" hr"'). 

The relationship between sapwood area (m^) and DBH (m) for both cottonwood 

and willow is shown in Figure 8. DBH for cottonwood ranged from 20 to 100 cm, and 

sapwood area ranged from 100 to 2100 cm^. DBH for willow ranged from 10 to 57 cm, 

and sapwood area ranged from 3(X) to 1200 cm". The curve for both cottonwood (r^=0.93, 

P<0.05) and willow (r^=0.92, P<0.05) followed a power relationship (Vertessy 1995). 

Since the ranges of diameters sampled corresponds to the ranges of diameters found at the 

site, it was not necessary to constrain the regression fit through the origin, or to extrapolate 

sapwood areas for trees beyond the upper limits of the regression. 

There was considerable variability in both the size (canopy area, m") and 

composition of the twelve riparian forest clusters (Table 2, Fig. 9). Canopy areas assessed 

from aerial photos (Fig. 9) ranged from 462 to 1985 m". Stems per cluster ranged from 2 

to 58 for cottonwood and 0 to 43 for willow. Sapwood area per unit canopy area (cm* m'*) 

ranged from 3.9 to 18.1 cm" m"^ for cottonwood and 0 to 7.1 cm* m"^ for willow. The 

percentage of sapwood area per unit canopy area contributed by willow ranged from 0 to 

49%. Clusters located along the primary channel had higher sapwood area/canopy area 

values than clusters located along secondary channels. Additionally, few willow trees were 

found in clusters located on secondary channels. 

Mean values of E measured from a given species (Fig. 5 and 6) were used to 

estimate E at the stand level. Mean E converted to water use on a canopy area basis (mm 

hr"') for the 12 clusters of riparian vegetation for the entire growing season is shown in 

Figure 10. The broad seasonal and diurnal patterns of E based on the mean of the cluster 
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fluxes is roughly the same as it was for E based on the mean of individual trees (Fig. 5 and 

6). E from figure from 10 is slightly different from that in figures 5 and 6 due to the fact 

that E in figure 10 is the combined E of cottonwood and willow which have different 

sapwood area contributions to different clusters. Another difference is that £ in Figure 10 

is represented on a canopy area basis (mm hr ' from the riparian canopy) rather than a 

sapwood area basis and the error bars (standard error of the mean) represent the natural 

variability between clusters of riparian vegetation (cottonwood and willow trees) rather than 

between individual trees. 
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DISCUSSION 

Daily consumptive water use for the cottonwood/willow riparian forest at our study 

site is fairly high when compared to transpiration from other forest systems around the 

world. Transpiration rates at the Lewis Springs site ranged from 1.2 to 4.8 mm d"' (Table 

3) with maximum daily transpiration rates between 0.2 and 0.5 mm hr ' (Fig. 10). These 

values are greater than stand-level transpiration estimated for coniferous forests (Diawara et 

al. 1991, Saugier er a/. 1997), and appear to fall within the range of u-anspiration rates 

found for broadleaf (David et al. 1997) and tropical-dry forests (Granier et al. 1996). 

However, these relatively high transpiration rates are low relative to rates of water use from 

tamarisk (Tamarix ramosissima), another important riparian species in the southwestern 

U.S. Tamarisk, an introduced riparian species that is currently increasing in range and 

abundance in western North America, has completely replaced native riparian tree species 

in many areas (Brotherson and Field 1987). Gay (1985) and Sala (1996) reported 

maximum evapotranspiration rates in stands of tamarisk of 10-12 mm d"'. This is roughly 

twice the rate found in cotton/willow riparian vegetation. This large difference in 

consumptive water use has important implications for regional water budgets in areas 

where tamarisk has the potential to replace, or already has replaced, native riparian species. 

Proportional sampling of trees based on size-class distributions can give an estimate 

of differences in transpiration within the stand that are due to differences in tree size 

(Bazazz 1993, Vertessy 1995). When E was normalized for sapwood area (g cm " hr'), 

there was no effect of tree size on £ of a given tree (e.g. large trees did not have higher or 

lower sapwood area fluxes than small trees). Therefore, the proportional allocation of 

sensors to both cottonwood and willow allows the variation in mean E for individual trees 

(Fig. 5 and 6) to be representative of the variation in sapwood area flux across the entire 

stand for a given species. There appeared to be more variation of E in willow compared to 
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cottonwood, which may be due in part to the relative canopy position of willow. As a 

subdominant species, willow may be exposed to a relatively heterogeneous light 

environment over the course of a day as light gaps in the canopy shift and expose different 

parts of willow trees' canopies to differing light levels (Kelliher et al. 1992, Breda et al. 

1995, Grainier et al. 1996). Consequently, aggregation of water flux may be more difficult 

over areas of riparian vegetation with high densities of willow. 

In these desert riparian forests, transpiration from cottonwood contributes 

proportionally more of the total water flux from the stand than willow. Data in Table 2 

show that in any discrete cluster of vegetation, cottonwood contributes at least 51% and on 

average 85% of the total sapwood area per unit canopy area to individual clusters. 

Cottonwood not only makes up the bulk of the sapwood area of the stand, it also 

contributes more to stand level water flux over the course of the growing season. Figure 6 

shows that E from willow is negligible in both April and October, in contrast to the 

seasonal patterns of E for cottonwood (Fig. 5). £, though reduced, is still significant in 

cottonwood in both April and October. These differences across the season again may be 

due to the relative canopy position of cottonwood and willow, but there is no direct 

evidence that this is the case. Phenology and temperature may also account for the 

relatively low E in both cottonwood and willow: in April, leaves had only recently fully 

expanded and in October night-time temperatures began to drop below 0°C (Fig. 7). In 

April, stand leaf area may have been relatively low due to immature leaves, resulting in 

lower E, although leaf area index (LAI) did not vary from April to October (Appendix B). 

Toward the end of the growing season, the decrease in E from day 284 to 285 may be 

directly due to the frost that occurred between the two days. 

The seasonal course of total E from the entire stand (Fig. 10, Table 3) shows 

highest flux rates in July, which was the driest and hottest month at the site in the 1997 

growing season (Fig. 7). The vapor pressure deficit of the air and the phreatophytic nature 
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of Cottonwood and willow may have made such flux rates achievable. Flux rates decreased 

somewhat in August with the arrival of the monsoon, vapor pressures were relatively low 

during the day and solar radiation was reduced by cloud cover (appendix B). On at least 

one day (DOY 224) there was rain and E was much lower compared to other days in the 

same month. Broad changes in environmental factors such as air temperature and humidity 

may, therefore, have large effects in the seasonal pattern of transpiration. 

The seasonal course of E from the entire stand also shows considerable variation 

between different clusters (Fig. 10). Observed differences in E may be due to age class 

distribution, species composition, and location of the clusters within the forest. Table 2 

shows that some clusters (e.g. 2, 7, and 9) have few cottonwood stems, but a large 

sapwood area contribution to the given cluster and low sapwood area/canopy area. These 

clusters with relatively large cottonwood trees were located on dry secondary channels that 

flanked the primary river channel to either side (Fig. 9). The pattern of larger trees 

occurring along secondary channels and smaller trees occurring along the primary channel 

is common in most riparian gallery forests (Asplund and Gooch 1988). Clusters of 

vegetation located on secondary channels also had relatively few willow stems, so the 

sapwood area contribution from willow was low compared to clusters along the primary 

channel. Additionally, clusters along secondary channels had lower E than clusters along 

primary channels. This spatial heterogeneity in water vapor flux was also observed with 

laser-radar (lidar) technology by Cooper et al. (in preparation) as spatial and temporal 

differences in latent energy flux over the riparian corridor. Since the mean sapwood area 

flux (g cm * hr') for cottonwood and willow (Fig. 5 and 6) was assumed constant across 

the stand, the differences in magnitude of E (mm hr') between clusters apparently result 

from differences in the ratio of sapwood area to canopy area. Differences in the sizes and 

numbers of trees within a cluster, as well as the species composition of a given cluster, can 

contribute to the observed heterogeneity in water vapor fluxes in these forests. 
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The heat pulse velcx:ity (HPV) approach appears to be a reliable tool for estimating 

transpiration in these riparian forests. The heat pulse velocity sensors used in this study 

showed strong agreement with at least one other method of measuring sap flow (Fig. 4). 

Additionally, independent estimates of E using lidar techniques (Cooper et al. in 

preparation) exhibit good agreement with E estimated using sap flow. However problems 

may arise when using the HPV method in these riparian forests. For example, the method 

appears to be inaccurate when sap velocities are low (Figs. 2 and 4). This problem has 

been observed in other studies (Swanson and Whitfield 1981, Cohen et al. 1993, Barrett et 

al. 1995). The placement of multiple sensors in an individual stem can alleviate errors 

associated with measurement of sap velocity (Smith 1991, Cohen etal. 1993). These 

errors due to equipment operation are often random, so averaging the outputs of several 

probes on a single stem can allow these non-directional errors to compensate for one 

another. However, the utility of using direct measurements of sap flow to estimate E in 

these systems is evident, given the heterogeneity in stand structure. 

It is apparent that capturing the heterogeneous nature of these desert riparian forests 

is important when assessing energy and water fluxes. The inherent variability of these 

systems probably results from variability in establishment, survival, and streamflow 

patterns. Because of the large amount of heterogeneity in stand structure and composition, 

great care must be taken when estimating fluxes from these systems. Fluxes estimated for 

a particular site or reach of a river system may not be applicable to other sites or river 

systems. It is important to recognize and account for variability in the stand structure in 

these riparian systems that results from stochastic factors. It appears that cottonwood. 

compared to willow, is the major contributor of transpirational flux in these systems. This 

may be due in part to the dominant role cottonwood plays in terms of size and distribution 

throughout the stand. Additionally, phenological and environmental factors (i.e. timing of 
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leaf expansion, freezing temperatures) may limit the transpiration of willow to a greater 

extent than cottonwood. 
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Table I. Diameter at breast height (DBH, cm) and sapwood area (cm") for all 
Cottonwood and willow trees at Lewis Springs, on the San Pedro River in southeastern 
Arizona, fitted with heat pulse velocity sensors. 

Tree DBH Sapwood Area 
Species (cm) (cm^) 

Cottonwood 14 90 
19 150 
20 160 
43 680 
48 810 
50 850 
69 1430 
71 1500 
75 1620 

Willow 15 20 
24 270 
24 270 
24 270 
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Table 2. Stand structural characteristics of 12 clusters of riparian vegetation at Lewis Springs, 
on the San Pedro E^ver in southeastern Arizona. Canopy area (m^) refers to the planar projected 
area of the canopy as seen from directly above. The number of stems and the total sapwood area 
per unit canopy area (cm^ m"^) of cottonwood and willow in each cluster are shown. The 
percentage of the total sapwood area/canopy area from willow is also shown. 

Cluster Canopy area (m^) Stems Sapwood area/Canopy area (cm'" m'^) 
Cottonwood Willow Cottonwood WiUow % WiUow 

1 444 8 14 13.8 7.1 34 
2 462 2 5 3.9 1.3 25 
3 643 31 25 15.8 3.9 20 
4 664 9 20 9.1 2.2 20 
5 756 4 13 5.0 4.8 49 
6 800 33 43 18.1 2.9 14 
7 814 4 0 6.1 0.0 0 
8 828 12 5 9.7 0.1 1 
9 997 2 8 4.6 0.3 5 
10 1028 58 13 16.4 1.3 7 
II 1421 13 7 9.8 0.9 8 
12 1985 41 I 17.9 0.2 1 
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Table 3. Mean (SE) Transpiration rates (£, mm day ') for Lewis Springs, on the San 
Pedro River in southeastern Arizona, over the course of the 1997 growing season. 

Julian Day £ (mm day " 
111 2.52 (0.4) 
112 1.97 (0.3) 

158 3.36 (0.5) 
159 3.44 (0.5) 

191 3.81 (0.5) 
192 4.55 (0.6) 
193 4.8 (0.7) 

223 4.08 (0.6) 
224 1.21 (0.2) 
225 3.13 (0.4) 
226 2.69 (0.4) 
227 2.2 (0.3) 

284 2.74 (0.4) 
285 1.48 (0.2) 
286 1.51 (0.2) 
287 1.45 (0.2) 
288 1.47 (0.2) 
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FIGURE CAPTIONS 

Figure I. Schematic diagram of heat pulse stem flow system used in measurement of 

riparian trees. 

Figure 2. Sap velocity (cm hr ') for a single cottonwood tree at Lewis Springs, on the 

San Pedro River in southeastern Arizona, in August, 1997. Velocity is shown for 

three depths in the active sapwood (from outside to inside 10, 20, and 30 mm). 

Negative velocities are shown even though the probes are incapable of measuring 

negative flows; these represent the measurement error associated with low sap 

velocities. 

Figure 3. Sap flux (g H^O cm'^ sapwood hr"') for a single cottonwood tree at Lewis 

Springs, on the San Pedro River in southeastern Arizona, in August, 1997. 

Figure 4. Comparison of sap flow measurements between two different methods (heat 

pulse velocity (HPV) probes and temperature difference probe (TDP) using 

constant heat application) at Lewis Springs, on the San Pedro River in southeastern 

Arizona:. Regression analysis yields an r^ = 0.94. The methods appear to diverge 

from a 1:1 relationship (line shown) at low flow, which is likely due to inaccuracies 

of the heat pulse method at low sap velocities. 

Figure 5. Mean transpiration (sap flux, g cm'^ hr') for 9 individual cottonwood trees 

at Lewis Springs, on the San Pedro River in southeastern Arizona, for a total of 23 

days over 5 months in 1997. Error bars represent the standard error of the mean. 

Figure 6. Mean transpiration (sap flux, g cm * hr') for 6 individual willow trees at 

Lewis Springs, on the San Pedro River in southeastern Arizona, for a total of 23 

days over 5 months in 1997. Error bars represent the standard error of the mean. 

Figure 7. Daily minimum and maximum air temperatures (°C) at 2.1 m above ground 

level at Lewis Springs, on the San Pedro River in southeastern Arizona over the 
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course of the 1997 growing season. Data were unavailable for days 264 through 

275. The last frost of the spring occurred on day 117 and the first frost of fall 

occurred on day 285. 

Figure 8. Relationship between sapwood area (cm*) and DBH (diameter at breast 

height, 1.35 m) for a) cottonwood and b) willow at Lewis Springs, on the San 

Pedro River in southeastern Arizona. Regression analysis yields a power curve fit 

with r^ = 0.92 for cottonwood and r^ = 0.93 for willow. 

Figure 9. Aerial view of Lewis Springs, on the San Pedro River in southeastern 

Arizona, showing location of the 12 clusters selected for aggregation of water flux. 

Figure 10. Mean transpiration (mm hr') for riparian forest vegetation at Lewis Springs, 

on the San Pedro River in southeastern Arizona, as estimated from mean cluster 

transpiration. Transpiration in this case is based on the canopy area of the 

vegetation, not the sapwood area. Error bars represent the standard error of the 

mean. 
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ABSTRACT 

Sap flow, leaf gas exchange, and micrometeorological parameters were measured 

during 1997 in riparian forest at perennial and ephemeral stream sites on the San Pedro 

River in southeastern Arizona, USA. Transpiration (£) on a sapwood area basis was 

positively correlated with vapor pressure deficit (DJ, and stomatal conductance (gj was 

negatively correlated with leaf-to-air vapor pressure difference (D,) in Fremont cottonwood 

(Populus fremontii) and Gooding willow {Salix goodingii) at both sites. £ for cottonwood 

was more highly correlated with at the ephemeral stream site than at the perennial stream 

site. E for willow, however, was less highly correlated with at the ephemeral stream 

site compared to that at the perennial stream site. Midday water potential (4*^) of 

cottonwood did not differ across sites or through time. of willow was significantly 

lower at the ephemeral stream site than at the perennial stream site (-1.9±0.1 and -1.5±0.1 

MPa respectively) in August. Cottonwood and willow demonstrated contrasting sensitivity 

of transpiration to environmental factors. Transpiration of cottonwood was more 

dependent on vapor pressure deficit at sites with open, less dense canopies than at sites 

with more dense canopies. This may be due to differences in advection properties and 

canopy feedback processes between sites. Conversely, transpiration in willow was less 

dependent on vapor pressure at sites with open, less dense canopies than at sites with more 

dense canopies. This may be due to differences in the ability of willow to efficientiy 

conduct water from roots, through the shoots, to the leaves. 
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INTRODUCTION 

Identifying key prcx:esses that determine responses of ecosystems to short and 

long-term environmental change is a primary goal of ecology and global change science. 

Riparian ecosystems of arid and semi-arid regions contain a disproportionate share of 

regional biodiversity and play a dominant role in regional water and energy balance, but are 

extremely sensitive to perturbations that affect groundwater and surface water supply to 

dominant plants of streamside vegetation (Busch and Smith 1995). Desert riparian forests 

in the southwestern US, for instance, have undergone rapid changes over the last century, 

presumably because of human impacts on regional surface and ground water systems. 

Transpiration is an important functional attribute of riparian ecosystems. Closure of 

regional water budgets in riparian corridor forests, and semi-arid/arid basins as a whole, 

necessitates reliable estimates of this complex parameter. Transpiration rates as high as 5 

mm d ' have been observed in riparian forests consisting of cottonwood (Populus 

fremontii) and willow {Salix goodingii) (see Appendix A), and evapotranspiration rates as 

high as 12 mm d"' have been observed for tamarisk {Tamarix ramosissima) during the 

height of the growing season (Gay 1985). Transpiration, however, can be highly variable 

both spatially and temporally (Appendix A). 

To understand the spatial and temporal dynamics of water flux in natural systems, it 

is important to identify key processes that control a given aspect of ecosystem function 

(Bazzaz 1993). Biotic and abiotic control processes operating at different spatial and 

temporal scales combine to influence transpiration. At the level of the leaf, biotic and 

abiotic processes such as whole plant water stress and the vapor pressure deficit of the 

atmosphere can affect transpiration (Schulze and Caldwell 1994). Plants must balance 

carbon assimilation with water loss. Stomata represent the primary path of water loss from 

the leaf. Plants have been observed to respond rapidly to the onset of atmospheric drought 
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by reducing stomatal conductance to reduce the rate of evaporation from the leaf (Hall et al. 

1976, Schulze 1986). While the exact mechanism for sensing atmospheric drought is still 

debated (Schulze 1993), there is little debate that stomata do respond either direcdy or 

indirectly to the vapor pressure gradient from the leaf-to-air. 

Low soil water availability or a loss of water-conducting capacity can contribute to 

water stress at the level of the whole plant. An important distinction must be made between 

soil and atmospheric drought (Williams et al. in press). Atmospheric drought can illicit a 

relatively rapid response from stomata. The effects of atmospheric drought may not extend 

much further than the leaf tissue, depending upon the length of time the plant is subjected to 

higher vapor pressure gradients. Conversely, soil water availability has great potential to 

affect whole-plant water status (plant water potential, *Fp^^) and is considered a longer-

term process and therefore not solely linked to stomatal responses to drought (Schulze and 

Kiippers 1979, Schulze and Caldwell 1994). is related to stomatal conductance {gj 

in that as decreases, decreases such that the rate of water loss is reduced. Plants 

may reduce transpiration to avoid xylem cavitation resulting from low water potentials 

which would reduce whole-plant hydraulic conductance (Tyree and Sperry 1989). 

Microclimatic conditions around leaves or patches of vegetation can differ from 

those of the bulk air surrounding canopies. Canopy architecture and spatial distribution of 

individuals can act to ameliorate or exacerbate the effects of vapor pressure difference on 

stomatal control of transpiration (Meinzer 1997a). Jarvis and McNaughton (1986) 

described how the degree to which stomata control transpiration (coupling) can change with 

changes in boundary layer conductance. Complete coupling between g^ and E means a unit 

change in stomatal conductance (g,) results in a unit change of £. Complete decoupling 

occurs when a unit change in g, results in no change of E and stomata exert no control over 
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transpiration. The degree of control that stomata exert over transpiration is directly related 

to the leaf-level boundary layer conductance (g,). When g, is low, coupling between g^ and 

E will be low and vice versa. Therefore, on hot, dry days with little wind, leaves will 

transpire and a boundary layer of higher huinidity air will surround the leaf, driving g, 

lower and g, and E will be increasingly decoupled. This potential feedback process leads to 

reduced stomatal control of transpiration during the course of the day. Processes such as 

these can be important determinants of physiological responses of plants within a forest 

stand to changes in the transpirational environment (Meinzer et al. 1995, Meinzer et al. 

1997a). 

Boundary-layer dynamics at larger scales also affect transpiration. Canopy-level 

boundary layers can affect stomatal control of transpiration in much the same way as g^ 

(McNaughton and Jarvis 1991). Fluxes at this scale are driven by many of the same 

factors mentioned for leaf-level processes. One environmental variable that may affect 

desert riparian forests in particular is the advection of warm, dry air into the canopy from 

the surrounding desert. The input of additional energy into the canopy may induce an oasis 

effect (Oke 1978) which leads to an increase in transpiration rates to values greater than 

would be expected if incoming solar radiation was the sole energy input. Canopy 

architecture (e.g. leaf size, branching pattern), stand density (stems per unit ground area), 

and tree size are factors that influence canopy boundary-layer dynamics. Therefore, these 

canopy feedback processes would be of greater magnitude in stands with more densely 

spaced trees than in stands with more widely spaced trees. 

Spatial and temporal dynamics of establishment, and other factors, make riparian 

forests very heterogeneous in both structure and composition. Riparian forest trees are 

predominantly phreatophytic (Smith etal. 1991, Busch etal. 1992) and therefore rely on 

relatively stable groundwater supplies to meet transpirational demands. Therefore these 

trees are often constrained to the primary floodplains of rivers, streams, and dry washes in 
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the arid and semi-arid southwestern U.S. (Glinski 1977, Reichenbacher 1984, Asplund 

and Gooch 1988, Gregory etal. 1991). Flooding events, stream aggradation, and stream 

meandering cause episodic and localized establishment, as well as mortality, that through 

time produce forests consisting of clusters of nearly even-aged individuals which form 

narrow strips of vegetation along primary and secondary stream channels (Bradley and 

Smith 1985, Johnson 1994). 

We investigated factors that may affect transpiration of two riparian tree species at 

different spatial and temporal scales at two sites with differences in stand structure and 

groundwater availability. Stand-level transpiration, leaf-level stomatal conductance, and 

environmental variables were measured across the growing season at both sites. The first 

site was located on a perennially flowing stream channel with a relatively shallow 

groundwater depth, and had a relatively dense riparian gallery forest. The second site was 

located on an ephemeral stream channel with a deeper groundwater depth, and had more 

sparse riparian vegetation. 

Differences in stand structure and site hydrology may contribute to differences in 

the sensitivity of transpiration to environmental variables. We predicted that the 

dependence of transpiration on environmental variables would be different for sites with 

differing stand structure or ground water availability. From this, two opposing predictions 

emerged: first, that the dependence of transpiration on the vapor pressure deficit of the bulk 

air advecting into the riparian canopy (D^) would be greater at the ephemeral stream site 

(sparse vegetation), compared to the perennial stream site (large contiguous patches of 

closed canopy forest). This could be due to the less dense canopy at the ephemeral stream 

site allowing more warm, dry air to enter the canopy. Second and conversely, we 

predicted that the dependence of transpiration on would be greater at the ephemeral 

stream site than at the perennial stream site. This could possibly be due to lower ground 

water availability at the ephemeral stream site affecting the hydraulic capacity of plants. 
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The effects of atmospheric drought (D„) and low soil water availability on transpiration are 

identical at the stand level, constraining the ability to discern between the two processes. 

Differences in groundwater availability may affect establishment success, growth rate, and 

mortality and therefore canopy structure. 
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MATERIALS AND METHODS 

Study sites 

The Lewis Springs study site was located on a perennially flowing stream channel 

at 1250 m elevation in southeastern Arizona, USA on the San Pedro River (31°33' N, 

110°07' W) within the San Pedro National Riparian Conservation Area. The riparian 

forest vegetation at the site was dominated by Fremont cottonwood and Gooding willow as 

dominant and sub-dominant overstory species respectively. Mesquite {Prosopis velutina) 

and seep-willow {Baccharis glutinosa) formed a woody understory. There was a 

significant difference in size class in relation to distance from the current primary channel 

for both cottonwood and willow: large trees were located on older, once-primary, channels 

further away from the active channel, and small trees were located along the primary stream 

channel. Groundwater depth at the site was approximately 1-1.5 m below the surface. 

The Escapule Wash smdy site was located at 1220 m elevation on an ephemeral 

channel that drained into the San Pedro River approximately 7 km downstream from the 

Lewis Springs site (31°37' N, 110° 10' W). The species composition of the riparian 

vegetation was similar to that found at the perennial stream site. However, the distribution 

of cottonwood and willow at the ephemeral stream site was sparse when compared to their 

distribution at the perennial stream site (189 stems/ha for the ephemeral stream site versus 

609 stems/ha for the perennial stream site). Also, there were no secondary stream 

channels: the riparian vegetation was confined to a narrow (approximately 20 m) strip on 

either side of the primary channel. Groundwater depth at the site was approximately 5 m 

below the surface. 
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At each site, vegetation surveys were conducted to determine establish stand 

characteristics. Four belt transects were laid down on each side of the stream channel and 

extended to the limit of the riparian zone. Transects were 30 m wide and divided into lO-m 

sections. Total counts of individual trees, as well as their corresponding diameters (DBH, 

diameter at breast height, 1.35 m) were recorded for cottonwood and willow. From these 

data, size-class distributions were developed for both cottonwood and willow. 

Stem sap flow, leaf gas exchange, plant water potential, and micrometeorological 

parameters were estimated several times at both sites for both species during 1997. 

Complete sets of measurements were made for both species at both sites during June and 

August. Leaf area index (LAI) was also estimated at both sites during 1997. Measurement 

periods of sap flow, water potential, and micrometeorological variables at the two sites 

encompassed the following dates: April 18-21, June 6-12, July 9-13, August 8-16, and 

October 11-16. 

Sap Flow 

Heat pulse velocity probes (Thermal Logic, Pullman, WA) were implanted in a 

range of cottonwood and willow trees of differing diameters proportional to size class 

distributions determined from the vegetation surveys above. At the perennial stream site 

(Lewis Springs), 9 cottonwood trees and 6 willow trees were fitted with sapflow sensors. 

At the ephemeral stream site (Escapule Wash) 5 cottonwood trees and 4 willow trees were 

Fitted with sensors. Each tree received from three to five probes, depending on its 

diameter, which were placed equidistant around the trunk at breast height (1.35 m). 

Sapflow was not recorded at the ephemeral stream site in October, and was not recorded 

for willow at the ephemeral stream site in July. The application of heat pulse velocity 

technique for measurement of sap flux was first described by Marshall (1958) and further 

refined by Cohen and Fuchs (1981) and Swanson and Whitfield (1981). Methods detailing 
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the use of the heat pulse velocity approach to estimate transpiration in cottonwood and 

willow in this study are found in Appendix A. 

Water Potential 

Water potential (MPa) was estimated at pre-dawn (H'pj, 0400h) when the plant 

xylem water potential was assumed to be in equilibrium with the soil water potential, and at 

midday (I200h, 4*^) when potentials were assumed to be near the daily minimum. 11 

cottonwood and 9 willow trees were selected at each site for water potential measurements. 

All trees fitted with sapflow sensors were also measured for and Both and 

^md measured at both sites one time each in April, June, July, and August. During 

October, only was measured at the perennial stream site. 

Leaf Gas Exchange 

During June and August, 8 trees (4 cottonwood and 4 willow) were selected at both 

sites for diumal measurements of stomatal conductance (gj using an infrared gas analyzer 

(CIRAS-1, PP Systems, Herts, UK). Measurements were collected at mid- to upper 

canopy levels using a boom lift (approx. 25 m fully extended), and trees were selected 

based on accessibility from the boom lift. Three to five leaves were selected from several 

different areas in a given tree. Measurements were made on all trees every two hours from 

0630 to 1700 h over the course of two days (2 cottonwood trees and 2 willow trees per 

day). 
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Micrometeorological Variables 

Micrometeorological measurements of the bulk air flowing into the forest canopy 

were taken at both sites concurrent with sapflow measurements. Air temperamre, relative 

humidity, wind speed and direction, and photosynthetic photon flux density (PPFD) were 

measured at 2.1 m above the ground on an upper flood terrace which placed the sensors 

approximately 5 m above the active stream channel where the riparian vegetation was 

located. Vapor pressure deficit of the bulk air advecting into the canopy (DJ was 

calculated from temperature and humidity data. Leaf-to-air vapor pressure difference (D,) 

was calculated by combining air temperature and humidity measurements with leaf 

temperature measurements recorded with a hand-held infrared thermometer. 

Leaf Area Index (LAI) 

LAI was estimated for both sites using a plant canopy analyzer (LAI-2000, LiCor, 

Lincoln, NE). Six trees (3 cottonwood and 3 willow) were selected for measurement at 

each site. LAI was measured at all periods at the perennial stream site, and during June, 

July, and August at the ephemeral stream site. A single value of LAI was calculated by 

combining the individual estimates of LAI at 8 points under the canopy of each tree. These 

individual estimates were made at 3 m and 7 m from the base of a selected tree in all four 

cardinal directions. LAI values for all six individuals at a site were averaged to estimate the 

LAI of the stand; therefore, the sample size for an overall estimation of LAI at a given site 

was n=6. Since LAI was estimated under the canopies of selected trees, the measurement 

of LAI is considered relative because there was no adjustment for the gap fraction between 

widely spaced trees. 
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ElESULTS 

Changes in plant water potential were observed for willow both between sites and 

through the seasons. for willow was lower (p<0.05; t-test assuming unequal 

variances) at the ephemeral stream site than that at the perennial stream site in July and 

August (Fig. 1). for willow also decreased significantly (p<0.05) at the ephemeral 

stream site fi-om April through July (from approximately -1.0±0.1 MPa in April to -

2.1±0.1 MPa in July), and remained low into August (-1.9±0.1 MPa). At the same time 

4*^ for willow at the perennial stream site remained unchanged from June through August 

(from approximately -1.5±0.1 MPa in June to -1.4±0.2 MPa in August). There were no 

differences (p>0.10) in 4^^ for cottonwood between sites at any time. Values of 

remained relatively constant across seasons and no differences (p>0.10) were observed 

between sites for both cottonwood and willow. 

LAI at the ephemeral stream site was consistently lower (p<0.05) than LAI at the 

perennial stream site (1.2±0.1 to 1.5±0.1 at the ephemeral stream site compared to 2.0±0.2 

to 2.6±0.2 at the perennial stream site) (Fig. 2). There was no difference (p>0.10) in LAI 

within a given site from July to August. 

Figures 3 and 4 show the relationships between the vapor pressure deficit of the 

bulk air advecting into the canopy (D„), and transpiration (£) estimated from sapflow. D„ 

(kPa) was calculated using air temperature and relative humidity outside the riparian 

canopy. E (g cm"^ hr') is the mean rate of water use on a sapwood area basis for a given 

species at a given site. In order to avoid potential hysteresis due to high and low 
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photosynthetic photon flux density (PPFD) in the late afternoon (Hogg and Hurdle 1997, 

Meinzer 1997b), data for E and are plotted for the time interval 0800-1530 h. Other 

micrometeorological variables were similar across sites and time periods. Wind speeds 

between both sites and across time periods were comparable and fluctuated between I and 

6 m s*' from 0800-1530 h. Irradiance was also fairly uniform across sites within a time 

period. Although August had more cloudy days due to the onset of the seasonal monsoon, 

PPFD was still above saturation level (600 jimol photons m " s ') for the period in which D„ 

and E were compared (Meinzer 1997b). 

For Cottonwood, E was positively correlated with D^. The highest rates of E (38 g 

cm'^ hr') and the highest (4.8 kPa) were observed during July at the perennial stream 

site. The lowest rates of E (0 g cm"" hr') and (0.5 kPa) were observed during August at 

the perennial stream site. E for cottonwood appeared to be more highly correlated to at 

the ephemeral stream site than at the perennial stream site (Fig. 3). At the perennial stream 

site, the relationship between E and had r^ values of 0.58,0.59, and 0.51 during June, 

July, and August, respectively, while at the ephemeral stream site r values were slightly 

higher (0.63,0.72, and 0.69 for June, July, and August, respectively). The relationship 

between sites was opposite during April, however, with r^=0.96 at the perennial compared 

to r^= 0.51 at the ephemeral stream site. 

A pattern somewhat contrary to that found in cottonwood applied to willow. 

Although the relationship was still positive, E appeared to be more highly correlated to 

at the perennial stream site compared to that at the ephemeral stream site (Fig. 4). Though 

there were no data available for July, the r^ of the relationships were 0.53, 0.64, and 0.68 

at the perennial stream site for the months of April, June, and August respectively. The r^ 

of the relationships were lower at the ephemeral stream site with r= 0.22,0.39, and 0.26 

for the months of April, June, and August respectively. E at both sites in April was 
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severely depressed, the slope of the relationship being close to zero. The slope of the 

relationship is also low at the ephemeral stream site in June. The correlation in August at 

the ephemeral stream site is poor (r^=0.26). E appears to increase with up to about 1.8 

kPa, then drops sharply as increases. 

Leaf-level gas exchange was measured at periods that approximately coincided with 

the height of the summer drought (pre-monsoon, June), and the mitigation of summer 

drought (mid-monsoon, August). Diumal courses of transpiration (£) on a sapwood area 

basis (g cm"- hr"'), PPFD (p.mol m"' s '), g, (mmol m'" s '), and D, (kPa) at both sites in 

June and August for cottonwood and willow are shown in Figures 5 and 6, respectively. 

Maximum daily typically occurred relatively early in the morning when D, was low, and 

decreased over the remainder of the day. D, typically increased over the course of the day, 

and began to decrease in the late afternoon (approximately 1600 h). PPFD typically 

remained high throughout the day at both sites with lower PPFD at the perennial stream site 

in the afternoons due to increasing cloud cover. 

To assess the sensitivity of stomata to atmospheric drought, g, (mmol m * s ') was 

compared to the vapor pressure gradient between the leaf and bulk air outside the canopy 

(D,). There was no clear response of g^ to variations in D,,; however, vapor pressure 

difference and PPFD typically co-vary throughout the day and are known to have offsetting 

effects on g, (Meinzer 1995). Therefore, we plotted g, as a function of D/PPFD (Fig. 5). 

g, tended to decrease with increasing D, /PPFD. The nature of the relationship is similar 

between sites for a given species, and disregarding differences in the maximum observed g^ 

in June compared to August, the patterns remain similar. 

The differences in g, between June and August can be more clearly seen in Table 1. 

These values were observed at 1300 h, the same time was measured. Within a species 
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and across sites, midday D, was generally higher in June (2.4±0.3 and 3.2±0.1 kPa for 

cottonwood at the perennial and ephemeral stream sites, respectively) than in August 

(1.5±0.4 and 1.6±0.1 kPa for cottonwood at the perennial and ephemeral stream sites, 

respectively). Conversely, g, was lower in June (243±21 and 164±7 mmol m's"' for 

cottonwood at the perennial and ephemeral stream sites, respectively) than in August 

(325±54 and 331±30 mmol m'" s ' for cottonwood at the perennial and ephemeral stream 

sites, respectively). D, and g, were different (pcO.OS; independent t-tests with unequal 

variance) between June and August at the perennial stream site for both cottonwood and 

willow. D, increased and g, decreased (p<0.05), for both cottonwood and willow, at the 

ephemeral stream site between June and August. Midday E did not differ (p>0.1) across 

sites or time periods for a given species. 
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DISCUSSION 

We predicted that transpiration (£) would be more tightly coupled to the vapor 

pressure deficit of the bulk air {DJ advecting into the cottonwood/willow riparian canopy at 

sparsely vegetated stream sites than at densely vegetated stream sites, because of 

aerodynamic properties of the vegetation. This was the case for cottonwood, in which 

transpiration appears to be more dependent upon at the ephemeral stream site than at the 

perennial stream site, at least in during the hotter months. On the other hand, transpiration 

of willow appears to be less dependent upon at the ephemeral stream site compared to 

the perennial stream site. 

Differences in stand canopy stmcture and water availability between sites may have 

affected the dependence of transpiration on humidity. Differences in the relative LAI (Fig. 

2) show that the forest canopy had lower LAI at the ephemeral stream site than at the 

perennial stream site. Vapor pressure difference did tend to be higher for both cottonwood 

and willow at the ephemeral stream site compared to the perennial stream site (Table 1). In 

addition to differences in D, between sites, there were differences in vapor pressure 

difference within a site between June and August. The reduction of atmospheric drought in 

August coincides with the arrival of an annual monsoonal precipitation pattern which brings 

warm, moist air into the region from August through September (Bryson and Lowery 

1955). 

Because stomata represent the primary path of water loss from the leaf, plants 

respond rapidly to the onset of atmospheric drought by reducing stomatal conductance to 

reduce the rate of evaporation from the leaf (Hall et al. 1976, Schulze 1986). The 

sensitivity of stomata to atmospheric drought is the physiological mechanism behind the 

dependence of transpiration on humidity at relatively large spatial scales (McNaughton and 

Jarvis 1991). Stomatal conductance (gj of both cottonwood and willow appear to be, to 
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differing extents, sensitive to vapor pressure difference (Figure 7). Willow appears to be 

less sensitive to vapor pressure difference than cottonwood, but the mechanism behind this 

pattern cannot be directly deduced. Stomatal conductances may be inherently lower in 

willow than in cottonwood, perhaps due to canopy position. Willow is a sub- or co-

dominant tree at both sites and thus may be exposed to different patterns of light exposure 

and intensity than cottonwood. This is consistent with the interpretation that the sensitivity 

of stomatal conductance to vapor pressure difference of understory species is lower than 

that of overstory species in the same community (Meinzer et al. 1995). Alternatively, other 

factors such as water status or leaf area per unit sapwood area can influence stomatal 

conductance, and lower the sensitivity of to D, as a result. Stomatal sensitivity to vapor 

pressure has been observed in a variety of species (Farquhar and Sharky 1982, Schulze 

1994, Meinzer et al. 1997a). Additional evidence for this process can be seen in midday D, 

and from Table 1, which shows that stomatal conductance increases for both species as 

vapor pressure difference decreases (from June to August). 

Transpiration, on a sapwood-area basis, in these cottonwood/willow riparian forest 

canopies appears to depend on the vapor pressure deficit of the bulk air advecting into the 

canopy (D^) over the course of a day. Differences in stand canopy structure between the 

perennial and ephemeral stream sites may have contributed to the observed differences in 

the relationship between E and at both sites for cottonwood, the dominant species in 

these riparian forests. Transpiration is more highly correlated with vapor pressure deficit at 

the ephemeral stream site compared to that at the perennial stream site. The relatively open 

canopy structure at the ephemeral stream site observed from lower stem density and lower 

LAI may allow for a greater amount of warmer, drier air to advect into the riparian canopy 

from the surrounding arid areas. Conversely, at the perennial stream site the more dense 

canopy lowers the extent to which air can advect into the canopy, or provides more 

opportunity for air to be humidified and cooled by plant transpiration. These observations 
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agree in part with Breda etal. (1995) who attributed increased transpiration rates in recently 

thinned forest stands to differences in soil water availability and greater boundary layer 

conductance. With less air movement into the canopy, transpiration may facilitate the 

formation of a boundary layer around leaves and as boundary layer conductance increases, 

the relative dependence of transpiration on decreases, thereby resulting in a positive 

feedback (Jarvis and McNaughton 1986). Boundary layer feedback can extend to the 

canopy level as well (McNaughton and Jarvis 1991, Hogg and Hurdle 1997, Meinzer et al. 

1997a, Meinzer et al. 1997b) and may be operating to different extents at our two field 

sites. Differences in the magnitude of canopy feedback may have led to the observed 

differences in the correlation of uanspiration of cottonwood to vapor pressure deficit of the 

bulk air between the perennial stream site and the ephemeral stream site. 

Reductions in the capacity of plants to meet transpirational demands of leaves 

because of reductions in hydraulic conductance along the root-shoot pathway may decrease 

the dependence of transpiration on climatic factors. Groundwater was much deeper at the 

ephemeral stream site than at the perennial stream site. The drop in midday water potential 

(^nid) of willow (Fig. 1) from June through August at the ephemeral stream site, suggests 

xylem hydraulic conductance in the root-to-shoot pathway of willow at the ephemeral 

stream site may have declined. In contrast, for cottonwood at the ephemeral stream 

site was not different compared to that at the perennial stream site. Midday water potential 

patterns suggest that there may be differences in either soil water availability between sites, 

or that plants at the ephemeral stream site had lower hydraulic conductivities than plants at 

the perennial stream site. 

High vapor pressure deficits were not the cause of the observed low water 

potentials; leaf-to-air vapor pressure difference was actually lower in August. Even though 

transpiration at midday did not change, stomatal conductance becomes less dependent on 
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vapor pressure deficit possibly due to hydraulic limitation. As stated previously, stomatal 

conductance was less sensitive to D, in willow than cottonwood. This could be due to a 

decrease in hydraulic conducting capacity in the soil-plant-atmosphere continuum, or for 

reasons discussed earlier (i.e. canopy position). Stomatal conductance responds to 

changes in leaf water potential and stomatal sensitivity to vapor decreases with increasing 

water stress (Gallen etal. 1985, Schulze 1986). 

A limitation in hydraulic conducting capacity in willow at the ephemeral stream site 

in August may have been caused by low plant-available soil moisture. Willow at the 

ephemeral stream site apparently was unable to utilize shallow soil water that became 

available with the onset of the summer monsoon rains and was restricted to use of deeper 

groundwater (Snyder and Williams, unpublished data). Cottonwood, on the other hand, 

was able to use this shallow soil water in addition to deep groundwater. This observation 

could explain why pre-dawn water potential was similar for both species between 

time periods and between sites and did not change significantly for cottonwood at the 

ephemeral stream site. Over the course of the day at the ephemeral stream site in August, 

willow may have experienced water stress as plant-available soil water declined. 

Transpiration of willow remained constant from June to August and 4^^ of willow was 

lower at the ephemeral site in August compared to that at the perennial stream site. These 

data also suggest that, as stated previously, willow experienced a reduction in hydraulic 

conducting capacity from June to August, whether due to cavitation of xylem elements or 

lower soil water availability, that consequently reduced its ability to meet o-anspirational 

demand. Conversely, cottonwood, which apparently was able to exploit shallow soil 

water, was not as constrained by water availability or hydraulic conducting capacity. 
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Midday stomatal conductance was higher and was lower for willow in August 

at the ephemeral stream site than at the same site in June. This may be due to the timing of 

maximum stomatal conductance versus maximum leaf-to-air vapor pressure difference. 

Maximum daily stomatal conductance occurs early in the day when PPFD and vapor 

pressure difference are low; therefore, the stomatal conductance at maximum vapor 

pressure difference is relatively low. However, midday stomatal conductance is still higher 

at the time of day when 4*^ is lower. 

In conclusion, Cottonwood and willow exhibited contrasting responses of 

transpiration to vapor pressure deficit that apparently were related to stand structure and 

water availability. Transpiration of cottonwood becomes more dependent on vapor 

pressure deficit at sites with open, less dense canopies. This may be due to advection 

properties and canopy feedback processes at a given site. Conversely, transpiration in 

willow becomes less dependent on vapor pressure at sites with open, less dense canopies. 

This may be due to differences in plant available soil water and the ability of willow to 

efficiently conduct water from roots, through the plant, to the leaves. 
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Table 1. Mean midday leaf-to-air vapor pressure difference (D,, kPa), mean midday 
stomatal conductance (g,, mmol m's '), and mean midday transpiration (£, g cm"" hr') on 
a sapwood area basis. Data are for cottonwood and willow at two times (June and August) 
at two sites (perennial and ephemeral stream sites) during 1997. Numbers in parentheses 
represent the standard error (SE) of the mean. Superscript letters (",*0 are compared 
within a species and within a given variable and denote significance at a=0.05. 

Species Site Montli 
midday D, 

(kPa) 
midday g, 

(mmol m s*') 
midday E 

(g cm'^ hr ') 
Cottonwood Perennial June 

August 
2.40 (.33)^"= 
1.52 (.44)" '= 

243 (21)'^ 
325 (54)" '^ 

26.3 (0.5) 
22.8 (5.0 

Ephemeral June 
August 

3.23 (.09)' 
1.62 (.06)" 

164(7)" 
331 (30)" 

21.8 (1.2) 
24.4 (4.0) 

Willow Perennial June 
August 

2.58 (.33)'- = 
1.44 (.38)" '= 

171 (30)"-' 
229 (58)" ' 

33.2 (l.l) 
25.0 (6.3) 

Ephemeral June 
August 

3.34 (.17)" 
1.69 (.12)" 

93(18)" 
238 (30)" 

33.6 (1.6) 
27.4 (4.7) 
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HGURE CAPTIONS 

Figure I. Mean predawn (H'pj) and midday water potential for cottonwood and 

willow at a perennial and ephemeral stream site at selected times over the course of 

the 1997 growing season. Error bars represent the standard error (SE) of the mean. 
I 

Figure 2. Mean relative leaf area index (LAI, m* leaf area per m* ground area) of 

cottonwood/willow riparian vegetation at a perennial and ephemeral stream site at 

selected times over the course of the 1997 growing season. Error bars represent the 

standard error (SE) of the mean. 

Figure 3. Transpiration (£, g cm'" s ') on a sapwood area basis of cottonwood versus 

the vapor pressure deficit of the bulk air outside the canopy (Z5„, kPa) at 4 times 

over the course of the 1997 growing season at a perennial and ephemeral stream 

site. Regression coefficients (r^) are shown for each regression. 

Figure 4. Transpiration (£, g cm'^ hr ') on a sapwood area basis of willow versus the 

vapor pressure deficit of the bulk air outside the canopy (D„, kPa) at 3 times over 

the course of the 1997 growing season at a perennial and ephemeral stream site. 

Regression coefficients (r^) are shown for each regression. 

Figure 5. Diurnal courses (0630-17(X)h) of mean transpiration (£, g cm"^ hf') on a 

sapwood area basis, photosynthetic photon flux density (PPFD, jimol m " s"'), 

mean leaf-to-air vapor pressure difference (D,), and mean stomatal conductance (^,, 

mmol m " s"'). Data are for perennial and ephemeral stream sites for cottonwood at 

two times during 1997. Error bars represent the standard error (SE) of the mean. 

Figure 6. Diurnal courses (0630-1700h) of mean transpiration (£, g cm * hr ') on a 

sapwood area basis, photosynthetic photon flux density (PPFD, jimol m * s"'). 
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mean leaf-to-air vapor pressure difference (Z),), and mean stomatal conductance 

mmol m'^ s '). Data are for perennial and ephemeral stream sites for willow at two 

times during 1997. Error bars represent the standard error (SE) of the mean. 

Figure 7. Stomatal conductance (g^, mmol m " s ') versus the leaf-to-air vapor 

pressure difference (D,) normalized by photosynthetic photon flux density (PPFD) 

(D, /PPFD, kPa p.mor'm* s). D, /PPFD is compared between the perennial and 

ephemeral stream sites for both cottonwood and willow at two times during 1997 

(June and August). 
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