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Abstract  

 

 

Urbanization is responsible for some of the fastest rates of land-use change around the 

world, with important consequences for local, regional, and global climate. Vegetation 

can represent a significant proportion of many urban and suburban landscapes and modi-

fies climate by altering local exchanges of heat, water vapor, and CO2. To assess the con-

tribution of plant functional types to urban ecosystem processes of water loss and carbon 

gain in a suburban neighborhood of Minneapolis–Saint Paul, Minnesota, USA, I investi-

gated 1) the microclimate effects of different forest types over time, 2) the relative impor-

tance of environmental and biological controls on urban tree transpiration and canopy 

photosynthesis, and 3) the relative importance of trees and turfgrass on the spatial and 

seasonal variation in suburban evapotranspiration. Regardless of plant functional type, I 

found that seasonal patterns of soil and surface temperature were controlled by differ-

ences in stand-level leaf area index, and that sites with high leaf area index had soil and 

surface temperatures 7°C and 6°C lower, respectively, than sites with low leaf area index. 

Plant functional type differences in canopy structure and growing season length largely 

explained why evergreen needleleaf trees had significantly higher annual transpiration 

(307 kg H2O m–2 yr–1) and canopy photosynthesis (1.02 kg C m–2 yr–1) rates per unit can-

opy area than deciduous broadleaf trees (153 kg H2O m–2 yr–1 and 0.38 kg C m–2 yr–1, re-

spectively), offering an approach to scale up the tree component of urban water and car-

bon budgets. Turfgrass represented the largest contribution to annual evapotranspiration 
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in recreational and residential land-use types (87% and 64%, respectively), due to a 

higher fractional cover and greater daily water use than trees. Component-based estimates 

of suburban evapotranspiration underestimated measured water vapor fluxes by 3%, pro-

viding a useful approach to predict the seasonal patterns of evapotranspiration in cities. 

These finding have implications for the management of urban ecosystem services related 

to climate, carbon sequestration, and hydrology, and for predicting the impacts of climate 

change on urban ecosystems.
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Chapter 1 

Introduction 

 

 

Half the world’s population currently lives in urban areas, a proportion that is projected 

to increase to 60% by 2030 (United Nations 2005). This rapid population growth in urban 

areas is driving one of the fastest rates of land-use change around the world, with impor-

tant consequences for local, regional and global climate (Pielke et al. 2002, Grimmond 

2007). The clearing of agricultural or natural ecosystems for the built-up structures, im-

pervious surfaces, and managed vegetation of urban development directly and indirectly 

impacts climate by altering the surface-energy balance (Oke 1982) and carbon cycle 

(Pataki et al. 2006a). While urban areas represent major sources of CO2 and alter hydrol-

ogy, they are also ecosystems with significant vegetation cover (Rowntree 1984) that ex-

ert direct control over land–atmosphere exchanges of water and carbon through the 

physiological processes of transpiration, photosynthesis, and respiration. In addition, 

plants indirectly control these land–atmosphere fluxes through biophysical properties, 

such as albedo, surface roughness, and leaf area index (LAI) or vegetation density, that 

drive changes in local microclimates (Smith and Johnson 2004, Tanaka and Hashimoto 

2006). To manage a variety of ecosystem services in urban areas, including reduced sur-

face temperature (Oke 1989, Leuzinger et al. 2010), increased energy efficiency 

(McPherson et al. 2005), mitigation of storm water runoff (Mitchell et al. 2008, Wang et 

al. 2008), and increased carbon sequestration (Nowak and Crane 2002), cities are increas-
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ingly promoting the use of trees (i.e. recent “million trees” campaigns in Los Angeles and 

New York). Efforts to predict and manage these ecosystem services at the scale of whole 

neighborhoods or cities, however, are complicated by our limited understanding of how 

species vary in their microclimate effects, rates of water use and carbon uptake over time.  

While a substantial amount of research has been done on the microclimate effects, 

water use, and carbon uptake of plants in natural ecosystems, the altered environmental 

conditions in urban and suburban areas limit the extrapolation of these measurements 

(Clark and Kjelgren 1990, Cregg and Dix 2001, Gregg et al. 2003). Elevated air tempera-

ture and vapor pressure deficit caused by the urban heat island effect relative to surround-

ing areas can alter the water use and carbon uptake of urban trees (Whitlow and Bassuk 

1988, Whitlow et al. 1992, Kjelgren and Montague 1998, Mueller and Day 2005, Bush et 

al. 2008). Microclimate variability is relatively high in urban areas due to the spatial het-

erogeneity of surface types with different energy balances and heat storage capacities, 

and results in high rates of advectively-enhanced evapotranspiration from vegetated areas 

(Oke 1979, Spronken-Smith et al. 2000). Large amounts of impervious surface and com-

pacted soils alter local hydrological processes and soil water content (Craul 1985), an-

other important control on plant physiological processes (Kramer 1987, Lagergren and 

Lindroth 2002, Holscher et al. 2005). Moreover, the species composition of urban and 

suburban ecosystems can differ considerably from forests in surrounding areas, with 

built-up areas having generally higher frequencies of invasive and non-native species as 

well as human-cultivated varieties (McKinney 2002, Hahs et al. 2009, Walker et al. 

2009).  
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Plant functional types (e.g. evergreen needleleaf trees or deciduous broadleaf 

trees) provide a potentially useful approach for examining the direct and indirect climate 

effects of vegetation in urban and suburban areas, as they represent major differences in 

physiology, biophysical properties, and leaf phenology among plant species (Reich et al. 

1998). For example, evergreen needleleaf trees tend to have lower leaf-level transpiration 

rates and a longer leaf lifespan than deciduous broadleaf trees (Givnish 2002). Although 

rarely parameterized for urban ecosystems, hydrologic and land-surface models also use 

plant functional types to represent land–atmosphere exchanges of energy, water, and car-

bon in natural and agricultural ecosystems (Foley et al. 1998, Bonan et al. 2003). In addi-

tion, plant functional types can now be uniquely classified in urban landscapes using 

high-resolution satellite imagery (Tooke et al. 2009), allowing the extrapolation of local 

measurements to neighborhood and city scales. While previous studies have shown that 

vegetation cover and composition influence microclimate characteristics (Bonan 2000, 

Byrne et al. 2008, Huang et al. 2008), ecosystem evapotranspiration (Grimmond and Oke 

1999, Offerle et al. 2006), and CO2 fluxes (Moriwaki and Kanda 2004) in urban areas, no 

work has previously examined the combined effects of different plant functional types on 

the seasonality of urban microclimates, evapotranspiration, and carbon uptake.  

The goal of my research is to fill current gaps in our understanding of how trees 

impact the temporal variability in urban carbon and water budgets. In my dissertation, I 

focus on a first-ring suburban neighborhood in Minneapolis–Saint Paul, Minnesota in 

north-central United States. Urban and suburban land use represents a significant per-

centage (over 14%) of the Upper Midwest region of the United States and suburban, low-
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density residential land use, in particular, is increasing more rapidly than any other land-

use type in the region (Radeloff et al. 2005). This area experiences cold, dry winters and 

warm, humid summers, and is sensitive to changes in climate due to its northern conti-

nental location. Local vegetation is also representative of regionally distinct plant func-

tional types and species, potentially allowing the extrapolation of my results to other de-

veloped areas in the Upper Midwest region. 

In Chapter 2, I examine how distinct urban forest types influence microclimate ef-

fects over time using a field-based observational study. I measured stand-level LAI, soil 

temperature, infrared surface temperature, and soil water content over a full growing sea-

son to determine how seasonal patterns of leaf development and microclimate are influ-

enced by plant functional type. I also determined how seasonal changes in LAI modulate 

urban forest microclimates. I evaluated the ability of two tree canopy metrics, percent 

tree cover and LAI, to explain the variation in mid-summer microclimates among subur-

ban vegetated areas. In addition, I evaluated the ability of satellite-derived and field-

based estimates of tree cover to predict and scale up the variation in urban biophysical 

properties.  

In Chapter 3, I examine the relative importance of biological and environmental 

controls on urban tree transpiration using a comparative sap flux study. I made continu-

ous sap flux measurements across two growing seasons to determine how suburban tree 

species vary in their water use in response to environmental drivers, including vapor 

pressure deficit, photosynthetically active radiation, and soil moisture. I tested for differ-

ences in transpiration between evergreen needleleaf and deciduous broadleaf plant func-
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tional types, as well as for differences among other tree classification schemes (e.g. by 

genus, xylem anatomy, and shade tolerance). I also evaluated the ability of different tree 

classification schemes to scale up and predict the tree transpiration component of urban 

and suburban water budgets.  

In Chapter 4, I examine how plant functional types influence the spatial and sea-

sonal variation in suburban evapotranspiration rates using a field-based observational 

study. I used measurements from a 40 m eddy covariance system to determine the magni-

tude and seasonal patterns of suburban ecosystem evapotranspiration. Using independent 

measurements of tree transpiration from Chapter 3 along with turfgrass evapotranspira-

tion from a 1.35 m portable eddy covariance system, I scaled up tree and turfgrass 

evapotranspiration rates and evaluated how well these component-based estimates 

matched measured ecosystem evapotranspiration. In addition, I examined how the magni-

tude and seasonality of ecosystem evapotranspiration varies between residential and rec-

reational land-use types and how tree and turfgrass component fluxes influence these sea-

sonal patterns of ecosystem evapotranspiration.   

In Appendix 1, I examine how urban tree species vary in their rates of carbon up-

take over time using a field-based observational study. I calculated canopy photosynthe-

sis rates using leaf gas-exchange and sap flow (Chapter 3) measurements to determine 

how urban tree species vary in their rates of canopy photosynthesis across the growing 

season. I also evaluated the ability of plant functional types to scale up and predict the 

tree component of urban and suburban carbon budgets.  
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In this dissertation, it is my aim is to quantify the spatial and temporal controls on 

how trees influence exchanges of water vapor and CO2 between the land and the atmos-

phere in urban ecosystems. Through a series of field-based observational studies, I will 

assess how plant functional types both indirectly and directly control these land–

atmosphere fluxes through their effects on microclimate, evapotranspiration, and canopy 

photosynthesis. By utilizing theories and techniques from ecosystem ecology, microme-

teorology, and plant physiology, this work will contribute to a greater understanding of 

how plants control the climate and hydrology of urban and suburban ecosystems. This 

work provides information that contributes to the development of urban land-surface 

models by providing parameters specific to urban landscapes. Finally, this work is also 

expected to provide improvements for predicting carbon and water budgets in urban ar-

eas, particularly with changes in land-use and climate, for the improved management of 

urban ecosystem services. 
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Chapter 2 

Influence of seasonality and vegetation type on suburban micro-

climates* 

* With Joseph McFadden. Reproduced with permission from Urban Ecosystems from: 

Peters, E. B., and J. P. McFadden. 2010. Influence of seasonality and vegetation type on 

suburban microclimates. Urban Ecosystems, doi:10.007/s11252-010-0128-5. 

 

 

Summary 

Urbanization is responsible for some of the fastest rates of land-use change around the 

world, with important consequences for local, regional, and global climate. Vegetation, 

which represents a significant proportion of many urban and suburban landscapes, can 

modify climate by altering local exchanges of heat, water vapor, and CO2. To determine 

how distinct urban forest communities vary in their microclimate effects over time, we 

measured stand-level leaf area index, soil temperature, infrared surface temperature, and 

soil water content over a complete growing season at 29 sites representing the five most 

common vegetation types in a suburban neighborhood of Minneapolis-Saint Paul, Minne-

sota. We found that seasonal patterns of soil and surface temperatures were controlled 

more by differences in stand-level leaf area index and tree cover than by plant functional 

type. Across the growing season, sites with high leaf area index had soil temperatures that 

were 7°C lower and surface temperatures that were 6°C lower than sites with low leaf 

area index. Site differences in mid-season soil temperature and turfgrass ground cover 
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were best explained by leaf area index, whereas differences in mid-season surface tem-

perature were best explained by percent tree cover. The significant cooling effects of ur-

ban tree canopies on soil temperature imply that seasonal changes in leaf area index may 

also modulate CO2 efflux from urban soils, a highly temperature-dependent process, and 

that this should be considered in calculations of total CO2 efflux for urban carbon budg-

ets. Field-based estimates of percent tree cover were found to better predict mid-season 

leaf area index than satellite-derived estimates and consequently offer an approach to 

scale up urban biophysical properties. 

 

 

Introduction 

Vegetation alters local, regional, and global climate in part by controlling the ex-

changes of energy, water and carbon between land and the atmosphere (Foley et al. 

2003). Plants exert direct control over land–atmosphere exchanges of water and carbon 

through the physiological processes of transpiration, photosynthesis, and respiration. In 

addition, plants indirectly control these land–atmosphere fluxes through biophysical 

properties, such as albedo, surface roughness, and leaf area index (LAI) or vegetation 

density, that drive changes in local microclimates (Smith and Johnson 2004, Tanaka and 

Hashimoto 2006).  

In urban and suburban areas, vegetation cover has been shown to be important for 

explaining spatial differences in urban and suburban evapotranspiration rates (Grimmond 

and Oke 1999, Spronken-Smith 2002), net CO2 exchange (Soegaard and Møller-Jensen 
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2003, Moriwaki and Kanda 2004), and microclimate characteristics (Bonan 2000, Byrne 

et al. 2008, Huang et al. 2008). For example, Spronken-Smith (2002) found that residen-

tial neighborhoods in Christchurch, New Zealand with high vegetation cover had greater 

evapotranspiration rates than did neighborhoods with less vegetation cover. Grimmond 

and Oke (1999) showed that the variability among North American cities in evapotranspi-

ration rates was related to differences in the percent cover of vegetated surfaces, in addi-

tion to differences in precipitation and irrigation inputs. Determining the causes of spatial 

variation in CO2 fluxes in cities is relatively more complex, and depends on housing den-

sity and traffic volume (Nemitz et al. 2002a, Coutts et al. 2007); however Moriwaki and 

Kanda (2004) showed that tree cover played an important role in driving the summertime 

CO2 sink observed in a residential area of Tokyo, Japan. Previous studies have also found 

that vegetation cover and composition influence urban microclimate characteristics, such 

as air temperature, soil temperature, and surface temperature (Bonan 2000, Byrne et al. 

2008, Huang et al. 2008). These ideas have been extended by several recent studies 

showing that the density of vegetation or LAI plays an important role in explaining the 

spatial variation in urban surface temperatures as well (Hardin and Jensen 2007, Jenerette 

et al. 2007). LAI provides a measure of the total amount of leaf surface area that can ex-

change heat, water, and CO2 with the atmosphere, whereas percent cover provides only a 

measure of the presence or absence of vegetation. Percent vegetation cover, however, is a 

relatively easier metric to assess in urban areas using a variety of methods, including 

field-based inventories, aerial photographs, and satellite imagery (Walton et al. 2008).  
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Land surface models, which represent land–atmosphere exchanges of energy, wa-

ter and carbon, are rarely parameterized for urban and suburban ecosystems, in part be-

cause these landscapes are so spatially complex (Pielke and Avissar 1990). Accounting 

for the direct and indirect climate effects of distinct urban ecological communities and 

plant compositions would greatly advance the development of these models. Plant func-

tional types (e.g. evergreen needle-leaved trees or deciduous broad-leaved trees) offer a 

way to organize ecologically distinct groups of plants that represent major differences in 

physiology, biophysical properties, and leaf phenology (Reich et al. 1998), and are cur-

rently used to model the direct and indirect climate effects of vegetation in natural and 

agricultural ecosystems (Foley et al. 1998). Leaf phenology, or seasonal variation in LAI, 

is one of the most important ways by which different types of plants can influence the 

physical environment over time (Arora and Boer 2005). For example, evergreen trees 

have relatively constant leaf area throughout the year, while deciduous trees show much 

greater seasonal variability in leaf area. These seasonal differences in LAI influence the 

amount of solar radiation intercepted by the canopy, and transpiration and photosynthesis 

rates, over the course of the growing season.   

In this study, we examined how distinct urban forest communities vary in their 

microclimate effects over the course of the growing season. We measured both the vege-

tation type differences and seasonal patterns of stand-level LAI, soil temperature, infrared 

surface temperature, and soil water content over a full growing season in a suburban resi-

dential neighborhood of Minneapolis–Saint Paul, Minnesota. Our objectives were to: 1) 

determine how seasonal patterns of leaf development and microclimate are influenced by 
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plant functional type; 2) determine how seasonal changes in LAI modulate urban forest 

microclimates; 3) evaluate the ability of percent tree cover and LAI to explain the varia-

tion in mid-season microclimates and percent ground cover among suburban vegetated 

areas; and 4) evaluate the ability of satellite-derived and field-based estimates of tree 

cover to predict and scale up the variation in urban biophysical properties in a suburban 

neighborhood.  

 

 

Methods 

Study area and site selection 

In the Upper Midwest region of the United States, urban and suburban land use 

represents a significant percentage (over 14%) of the regional land surface. Suburban, 

low density residential land use, in particular, is increasing more rapidly than any other 

land-use type in the region (Radeloff et al. 2005). Our study area was located in a first-

ring suburban neighborhood in the Minneapolis–Saint Paul metropolitan area in east-

central Minnesota. The landscape (approximately 9 km2) was a single-family residential 

area located at the border of Saint Paul and the suburbs of Roseville, Falcon Heights, and 

Lauderdale. Vegetated surfaces represented over 50% of the landscape, consisting of iso-

lated trees, forested patches, and open turfgrass lawns.  

We used true color aerial orthophotos with 0.15 m resolution (State of Minnesota 

2006) to identify potential study sites that had dimensions of approximately 30 m × 30 m 

and were representative of the five most common vegetation types in the area (Table 1). 
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These five vegetation types consisted of three distinct plant functional types, deciduous 

broad-leaved trees, evergreen needle-leaved trees, and cool-season turfgrass lawns. We 

included two categories of deciduous tree cover because we observed a wide range of 

cover among the deciduous sites. We divided the deciduous sites into those having sparse 

or low cover (DL), with ≤ 40% tree cover, and those having high cover (DH), with ≥ 60% 

tree cover. Using two levels of deciduous tree cover allowed us to evaluate the relative 

importance of plant functional type versus percent tree cover in influencing urban bio-

physical properties. We did not find a wide range of tree cover in areas dominated by ev-

ergreen species, so we could not employ a full-factorial experimental design. We selected 

sites that were approximately 30 m × 30 m in area because that size was large enough to 

minimize edge effects in ground-based optical LAI measurements but small enough to 

encompass relatively homogenous stands of the different vegetation types. The area of 

the sites also corresponds approximately to the pixel sizes of satellite remote sensing im-

agery that is commonly used for mapping urban features over extensive areas (e.g., 30-m 

Landsat or 20-m SPOT). Based on a spring field survey, we verified the vegetation com-

position of potential sites and eliminated those sites with significant discontinuities in 

vegetation type, steep slopes that would complicate optical LAI measurements, or obsta-

cles such as large fences. We selected sites where the ground cover was dominated by 

turfgrass because that was the most common ground cover type in the area. We did not 

stratify sites based on land management practices (e.g., fertilization, irrigation, mowing, 

or pruning) because our 30 m × 30 m sites encompassed the land of multiple owners and 

because our replicate sites in each vegetation type were intended to broadly represent the 
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landscape as a whole. For each of the 29 selected sites, we obtained permission to access 

the property through personal communication with homeowners.  

 

LAI and microclimate measurements 

During the 2006 growing season, from leaf-out in April until leaf senescence in 

November, we measured a suite of biophysical variables weekly at each site. All meas-

urements were collected at the geographic center of the site. Stand-level LAI (leaf area 

per plot area) was measured using an optical plant canopy analyzer (model LAI-2000, LI-

COR, Lincoln, Nebraska, USA) on days when sky conditions were overcast or on clear 

sky days when the solar angle was low to avoid direct sunlight hitting the sensor. Because 

our LAI measurements reflect stand-level values, they represent the combined effects of 

the canopy density of tree-covered areas and the percent tree cover at each site. To pre-

vent interference with the measurements, a 270° view cap was used to block the 90° hori-

zontal angle of the sensor’s view that was nearest to the operator. Each LAI measurement 

consisted of one above-canopy reading and the mean of four below-canopy readings 

taken in the cardinal directions at a distance of 1 m from the center point of each site, and 

at a height of 1 m above the ground. The above-canopy readings recorded the background 

light conditions and were collected in nearby open areas, such as sports fields or large 

parking lots without obstructions blocking the sky view. The LAI-2000 optical sensor 

consists of five detectors arranged in concentric rings, each with a different field of view. 

To ensure that the field of view of each LAI measurement was within the boundaries of 

each site, we used only the four inner rings (0 to 58° from zenith). Tree canopies were the 
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dominant source of leaf area to these stand-level LAI measurements, as understory vege-

tation was rarely present above the 1-m measurement height.  

Seasonal LAI dynamics at each site were modeled by fitting two piecewise logis-

tic curves to the LAI measurements (Zhang et al. 2003). At sites with evergreen tree 

canopies, both measured and modeled LAI were corrected for leaf clumping using a cor-

rection factor of 1.6, according to the manufacturer’s recommendations for the LAI-2000. 

At sites with deciduous tree canopies, modeled and measured LAI were corrected for the 

influence of stems and branches, or wood area index (WAI), which varies seasonally with 

leaf development and senescence (Breda 2003). The modeled LAI curves were used to 

establish a WAI correction factor (α) that varied from zero during the middle of the 

growing season to unity outside the growing season (Dufrene and Breda 1995). The WAI 

was defined as the leaf-off LAI measurement collected at each site in November 2006. 

LAI at deciduous sites was corrected using LAIcorr = LAI – (α WAI). At sites with mixed 

tree canopies, measured and modeled LAI were divided into two pools, evergreen LAI 

and deciduous LAI, based on the proportion of evergreen and deciduous tree cover. The 

proportion of each tree cover type was estimated using a leaf-off aerial photograph with a 

0.15 m resolution (State of Minnesota 2006) and separately digitizing the evergreen and 

deciduous tree canopies within an 18-m radius of each site’s center point, which corre-

sponded to the average field of view of the LAI measurements. The evergreen and de-

ciduous LAI pools were separately corrected using the methods described above for pure 

evergreen and pure deciduous stands, then summed to calculate the corrected LAI at 

mixed sites.    
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On each sampling day, we collected microclimate measurements between 08:00 

and 17:00 h by taking the mean of four readings in the cardinal directions at a distance of 

1 m from the center point of each site. Soil temperature at 10 cm depth was measured us-

ing a thermister temperature probe (model Acorn Temp 5, Oakton, Vernon Hills, Illinois, 

USA, accuracy ± 0.2ºC). Surface temperature of the ground cover was measured using an 

infrared radiometer (model IRTS-P, Campbell Scientific, Inc., Logan, Utah, USA, accu-

racy ± 0.3ºC) held 0.5 m directly above the surface. Soil water content was measured at 5 

cm depth using a frequency-domain reflectometer (model ML2x ThetaProbe, Delta-T 

Devices, Ltd., Cambridge, England, accuracy ± 1%). Because soil and surface tempera-

ture vary throughout the day with changes in solar radiation and weather, our spot meas-

urements collected at different times of day could not be directly compared among sites. 

Instead, we used continuous temperature measurements at a nearby climate station to 

normalize all of the spot measurements so that they could be compared among the sites. 

We analyzed all temperatures as the difference between each spot measurement at each 

site and the temperature recorded at the same time point at the climate station. The cli-

mate station was located within our study area (<1 km from all measured sites) in an open 

turfgrass lawn, which was representative of low-maintenance lawns in the area—it was 

not irrigated and it was mowed approximately once per week with clippings left to de-

compose on the surface.  The temperature of the upper 5 to 10 cm soil layer was continu-

ously measured using two linear platinum resistance temperature probes (model STP-1, 

REBS, Inc., Seattle, Washington, USA, accuracy ± 0.5ºC). Air temperature was continu-

ously measured 1.4 m above the ground using a sonic anemometer (model CSAT3, 
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Campbell Scientific, Inc., accuracy ± 0.025ºC). The sonic temperature was corrected fol-

lowing Schotanus et al. (1983) to calculate the actual air temperature. Half-hour averages 

of the reference temperature measurements were recorded using a datalogger (model 

CR1000, Campbell Scientific, Inc.). We present results as relative soil temperature (site 

soil temperature minus reference soil temperature) and relative surface temperature (site 

surface temperature minus reference air temperature). Although soil temperature meas-

urements collected at 10 cm depth were referenced against soil temperature averaged 

over 5 to 10 cm depth, and surface temperature measurements were referenced against air 

temperature, these relative temperatures remove the effects of diurnal changes in solar 

radiation and weather and provide a meaningful way to compare the microclimate effects 

of vegetation type.  

 

Percent tree and ground cover measurements 

Field-based measurements of percent tree cover were made following the U.S. 

Forest Service Forest Inventory and Analysis (FIA) urban forest inventory pilot protocols 

(USDA Forest Service 2005) and represent a visual estimate to the nearest 5%. Each es-

timate was made from under the tree canopy on a 7.3 m radius (167 m2) plot centered at 

each study site’s center point. Satellite-derived estimates of percent tree cover at each site 

were obtained from a land-cover classification of a QuickBird (2.4 m resolution) multis-

pectral image acquired on July 26, 2006 that had an accuracy of 87% for the tree class (J. 

Wu, personal communication). The center point of each study site was geo-referenced 

using post-processed coordinates from a global positioning system (model GS20, Leica 
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Geosystems AG, Heerbrugg, Switzerland) and overlaid on the land-cover map in a geo-

graphic information system (ArcMap, version 9.2, ESRI, Redlands, California, USA). 

Percent tree cover was calculated from the number of pixels that were classified as tree-

covered within an 18 m buffer around each site’s center point, approximating the field of 

view of our LAI measurements. 

Ground cover was measured once in August 2006 at each site using a 60 cm × 60 

cm aluminum quadrat with 121 point-intersections. At each point-intersection, ground 

cover was categorized as turfgrass, broad-leaved weed, or bare soil. Percent ground cover 

of each type was determined as the mean of four readings in the cardinal directions at a 

distance of 1 m from the center point of each site. 

 

Data analysis 

Statistical analyses were performed using the R statistical language (version 2.7.1, 

R Development Core Team). Seasonal patterns of LAI and microclimate variables were 

analyzed using linear mixed effects models with vegetation type and day of year (DOY) 

as fixed factors, and site as a random factor. The mid-season period of the growing sea-

son was defined as DOY 166 to 251, when the LAI at individual sites was neither in-

creasing nor decreasing over time. Coefficients of variation and mid-season means of 

LAI and microclimate variables were analyzed using analysis of variance (ANOVA) 

tests. Significant ANOVAs (α = 0.05) were followed by a Tukey’s Honestly Significant 

Difference (HSD) post-hoc test (α = 0.05) to perform multiple comparisons of means. 

The effects of LAI on microclimate variables across the growing season were analyzed 
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using stepwise backward elimination of linear mixed effects models (Akaike Information 

Criterion Δ < 3) with vegetation type and LAI as fixed effects, and site as a random fac-

tor. The effects of mean mid-season LAI and percent tree cover on mean mid-season 

variables were analyzed using simple linear-regression. Open vegetation classes by defi-

nition have a stand-level LAI = 0 and thus were not included in any analyses involving 

LAI. 

 

 

Results 

Seasonal patterns of LAI and microclimate 

The 2006 growing season (April to November) was warmer and drier than the lo-

cal 30-year climate averages (National Climatic Data Center 2004). During June and 

July, air temperature was 2.5˚C warmer than the 30-year average and rainfall was 5.4 cm 

below average. During our measurements from April to November, air temperature at the 

reference turfgrass site ranged from a low of –8˚C to a high of 37˚C, and soil temperature 

ranged from 2˚C to 33˚C (Figure 2-1). Most of the large precipitation events (over 10 

mm) occurred in July and August (Figure 2-1). 

Over the course of the growing season, stand-level LAI differed significantly 

among the four forested vegetation types (Figure 2-2a, F3,19 = 6.44. P = 0.004). The coef-

ficient of variation of LAI across the growing season was significantly different among 

vegetation types (F3,19 = 17.51, P = 0.0001) and lower at evergreen sites (c.v. = 16%) 

than at deciduous low (43%), deciduous high (40%), or mixed sites (34%). All sites 
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reached maximum LAI by DOY 166 and leaf senescence began on average by DOY 266. 

Mean mid-season LAI differed significantly among vegetation types (Figure 2-3a, F3,19 = 

6.06, P = 0.005) and, on average, mid-season LAI was highest at mixed sites (4.2 m2 m–2) 

and lowest at deciduous low sites (1.2 m2 m–2). Mid-season LAI at mixed sites, however, 

was not significantly different from evergreen or deciduous high sites. 

Relative soil temperature differed significantly among the five vegetation types 

over the course of the growing season (Figure 2-2b, F4,25 = 20.68, P < 0.0001). Soil tem-

perature at all sites was lower than at the turfgrass reference site throughout the growing 

season. This was true even for our open lawn sites, which we attributed to small differ-

ences in the depths sampled by the buried soil temperature sensors at the reference site 

compared to our spot measurements at the other sites. In addition, the soil at the turfgrass 

reference site was very dry during mid-summer from lack of irrigation and low rainfall, 

whereas irrigation practices were variable across the open study sites. Mid-season soil 

temperatures differed significantly among vegetation types (Figure 2-3b, F4,25 = 18.24, P 

< 0.0001) and, on average, mid-season soil temperatures at deciduous high, evergreen, 

and mixed sites were 2.8˚C cooler than at deciduous low and open sites.  

Relative infrared surface temperature differed significantly among the five vege-

tation types over the course of the growing season (Figure 2-2c, F4,25 = 8.07, P = 0.0003). 

Mean mid-season infrared surface temperature also differed significantly among vegeta-

tion types (Figure 2-3c, F4,25  = 5.73, P = 0.002) and, on average, mid-season surface 

temperatures at deciduous high and mixed sites were 4.6˚C cooler than deciduous low 

sites.  
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Soil water content did not differ significantly among vegetation types over the 

course of the growing season (F4,25  = 0.48, P = 0.75).  

 

Seasonal effects of LAI on microclimate 

Over the course of the growing season, relative soil and surface temperature were 

negatively correlated with stand-level LAI (Figure 2-4). The slopes and intercepts of the 

response of relative soil temperature to increasing LAI were not significantly different 

among deciduous and mixed sites, but were significantly different among evergreen sites 

and deciduous/mixed sites (Figure 2-4a). The best-fit mixed-effects model, determined 

using the Akaike Information Criterion, for relative soil temperature at deciduous and 

mixed sites was y = –1.15 LAI + 0.50, while the best-fit model for relative soil tempera-

ture at evergreen sites was y = –3.07 LAI + 7.72.  The slopes and intercepts of the re-

sponse of relative surface temperature to increasing LAI, however, were not significantly 

different among vegetation types (Figure 2-4b). The best-fit mixed-effects model for rela-

tive surface temperature at all sites was y = –0.95 LAI + 2.98.  

 

Site differences in LAI and microclimate 

 Across all sites, mid-season LAI was positively correlated with both satellite-

derived estimates of percent tree cover (Figure 2-5a, R2 = 0.16, P = 0.06) and field-based 

measurements of percent tree cover (Figure 2-5b, R2 = 0.43, P < 0.001). Satellite-derived 

percent tree cover varied over a narrower range than did the field-based measurements 

and it poorly predicted site differences in mid-season LAI.  
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Mid-season relative soil and surface temperatures across all sites were negatively 

correlated with both mid-season LAI (Figure 2-6a, R2 = 0.58, P < 0.001 and Figure 2-6c, 

R2 = 0.35, P = 0.004, respectively) and field-measured percent tree cover (Figure 2-6b, R2 

= 0.33, P = 0.005 and Figure 2-6d, R2 = 0.47, P < 0.001, respectively). However, mid-

season LAI better predicted mid-season relative soil temperature (Figs. 6a,b) while per-

cent tree cover better predicted mid-season relative surface temperature (Figs. 6c,d). 

Turfgrass cover and turfgrass + broad-leaved weed cover were both negatively correlated 

with mid-season LAI (Figure 2-7a, R2 = 0.56, P < 0.001 and Figure 2-7g, R2 = 0.53, P = 

0.001, respectively) and field-measured tree cover (Figure 2-7b, R2 = 0.16, P = 0.07 and 

Figure 2-7h, R2 = 0.39, P = 0.002, respectively). Broad-leaved weed cover was not corre-

lated with mid-season LAI (Figure 2-7e, R2 = 0.01, P = 0.62) or field-measured tree cover 

(Figure 2-7f, R2 = 0.08, P = 0.21). Conversely, bare soil cover was positively correlated 

with both mid-season LAI (Figure 2-7c, R2 = 0.54, P < 0.001) and field-measured tree 

cover (Figure 2-7d, R2 = 0.39, P = 0.002). Across all sites, ground cover was better pre-

dicted by mid-season LAI than by percent tree cover.  

 

 

Discussion 

Seasonal patterns of LAI and microclimate variables 

The five vegetation types represented in this study showed distinct seasonal pat-

terns of canopy leaf development and microclimate effects. These seasonal variations in 
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urban biophysical properties were more strongly related to differences in percent tree 

cover and canopy density than to plant functional type.  

We found that the five vegetation types represented in this study had distinctly 

different seasonal patterns of relative soil and surface temperature, yet did not differ in 

their seasonal patterns of soil water content. Over the course of the growing season, sites 

with greater tree cover and higher LAI had consistently cooler soil and surface tempera-

tures than did open or low tree cover sites, regardless of plant functional type (Figs. 2b, 

c). Consistent with this finding, the only significant differences among vegetation types 

in mid-season relative soil and surface temperatures were between the low tree cover, low 

LAI sites and high tree cover, high LAI sites (Figure 2-3b, c). These differences in rela-

tive soil temperatures were largest during the middle of the growing season and minimal 

at the beginning and end of the growing season, while differences in relative surface tem-

perature were most noticeable during the first half of the growing season. It is more likely 

that the seasonal dynamics of soil water content are controlled by precipitation events and 

irrigation practices, which were not sampled systematically in this study. These ideas are 

consistent with previous studies that have discussed the importance of irrigation as a 

driver of spatial patterns of soil moisture in urban and suburban landscapes 

(Scharenbroch et al. 2005, Byrne et al. 2008). 

As expected, plant functional types differed in their seasonal LAI dynamics, most 

markedly with deciduous-dominated sites showing larger variation in LAI across the 

growing season than evergreen sites (Figure 2-2a). However, plant functional types did 

not explain the large differences in mid-season LAI among sites (Figure 2-3a), suggesting 
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that structural characteristics such as percent tree cover, stand density, or species compo-

sition are more important for explaining stand-level variability in urban LAI. Consistent 

with this, the only significant difference we found in mid-season LAI among the vegeta-

tion types was between the deciduous low and all other high tree cover sites (Figure 2-

3a).  

Our stand-level LAI measurements obtained with an optical plant canopy analyzer 

were similar to those found in another urban study from Terre Haute, Indiana (Hardin and 

Jensen 2007). LAI values at our suburban study sites were also similar to, or slightly 

lower than, those observed in temperate and boreal forests with tree species similar to 

those in our study area (Chen et al. 2006, Lindroth et al. 2008). This result is consistent 

with studies showing that the aboveground biomass of open-grown urban trees can be 

20% less than forest-grown trees of the same diameter (Nowak 1994). Stand-level LAI 

values are also likely reduced in urban and suburban areas because of landscaping prac-

tices that maintain park-like spacing between trees and prevent natural succession and 

canopy closure. 

Microclimate variables showed strong functional responses to changes in LAI 

across the growing season (Figure 2-4). Regardless of vegetation type, surface tempera-

ture decreased by ~1˚C for every unit (m2 m–2) increase in LAI (Figure 2-4b). In other 

words, surface temperatures under dense tree canopies (e.g., sites with LAI = 6 m2 m–2 in 

Figure 2-4b) were reduced up to 6˚C, relative to sparse canopies with near-zero LAI. Soil 

temperature also declined with increasing LAI. When compared to sparse tree canopies 

with near-zero LAI, soil temperatures under dense tree canopies (e.g., LAI = 6 m2 m–2) 
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were reduced up to 7˚C. However, the slope and intercept of this relationship was signifi-

cantly different for evergreen-dominated versus deciduous-dominated sites (Figure 2-4a). 

For every unit increase in LAI, soil temperature decreased by ~3.1˚C at evergreen-

dominated sites and by ~1.2˚C at deciduous-dominated sites. A possible explanation for 

the difference at the evergreen sites is that they had much less variation in LAI over the 

course of the growing season than did the deciduous and mixed sites. All sites with high 

tree cover (DH, EG, MX) showed a similar range of relative soil temperature (Figure 2-

2b) due to seasonal changes in solar radiation. Because those changes in relative soil 

temperature are seasonally correlated with changes in LAI across the growing season, the 

small LAI range at evergreen sites resulted in a steeper decline in relative soil tempera-

ture with every unit increase in LAI. Alternatively, if our study area had included ever-

green sites representing a larger range of LAI, we may have observed a similar soil tem-

perature response to increasing LAI as in other vegetation types. Our interpretation is that 

while the difference in response of the evergreen sites was statistically significant, it may 

not have been ecologically significant, especially in light of the fact that we found no 

vegetation type differences in the relationship between relative surface temperature and 

LAI (Figure 2-4b).  

The cooling effects of urban vegetation are well documented and are currently 

used as environmental design tools to reduce urban heat islands and home energy use 

(McPherson 1994). Previous field studies have found soil and surface temperatures of 

residential lawns to be several degrees cooler during the summer than other common 

ground cover types, such as bark, mulch (Byrne et al. 2008), and native grasses (Bonan 
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2000). This is largely because of the increased evaporative cooling by transpiring, and 

often well-irrigated, turfgrasses. Our results support these previous studies and they ex-

tend our understanding of how these cooling effects vary among urban vegetation types 

and over time with canopy leaf development. We found that tree canopies have a greater 

cooling effect on soils and the surface compared to open turfgrass lawns, which is likely 

due to the canopy intercepting solar radiation and shading the surface. Trees also have 

deeper roots and greater leaf area than turfgrasses, leading to greater evapotranspiration. 

Evapotranspiration from trees, however, occurs at the top of the canopy and does not 

necessarily mix throughout the vertical volume of air to significantly modify the local 

temperature surrounding an individual stand of trees (Oke 1989). 

The differences in soil temperature we observed among our vegetation types 

could also have important implications for carbon cycling in urban areas. Because soil 

respiration rates increase exponentially with soil temperature between 0 and 40ºC (Lloyd 

and Taylor 1994), our results suggest that CO2 efflux from urban soils may be modulated 

by seasonal changes in canopy density as well as plant functional type (Figure 2-4a). In 

natural systems, it has been shown that an increase in canopy density mediates soil respi-

ration rates by reducing net radiation at the surface, causing lower soil temperatures 

(Smith and Johnson 2004, Tanaka and Hashimoto 2006). If we apply Smith et al.’s 

(2004) temperature-response equations from a woodland-grassland study to our suburban 

ecosystem with a mean summer soil temperature of 25˚C, the average soil respiration rate 

under a dense urban tree canopy (e.g. LAI = 6 m2 m–2) would be 56% lower than in an 

open turfgrass lawn (1.85 versus 4.17 µmoles CO2 m–2 s–1, respectively). Our results sug-
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gest that the significant cooling effects of urban tree canopies on soil temperature should 

be accounted for in urban carbon budgets (Pataki et al. 2006b, Churkina 2008). The 

greatest potential for reduced CO2 emissions from lower soil respiration rates would be in 

sites where urban tree canopies occur over grass or bare soil ground covers, rather than 

impervious surfaces.  

 

Site differences in mid-season microclimate and ground cover.  

We evaluated two stand-level metrics, LAI and percent tree cover, for their ability 

to explain spatial differences in mid-season microclimate, as well as mid-season ground 

cover composition, under the urban forest canopy. Overall, we found that mid-season 

LAI was a better predictor of both mid-season microclimate and ground cover variables 

than percent tree cover.  

While we found mid-season LAI to be a better predictor of mid-season soil tem-

perature (Figure 2-6a, b), we also found that percent tree cover was a better predictor of 

mid-season surface temperature (Figure 2-6c, d). Because surface temperature is most 

affected by the direct beam solar radiation penetrating a canopy at a given moment in 

time, it depends more on the extent and distribution of the canopy (indicated by percent 

tree cover) than the density of leaves per unit ground area (indicated by stand-level LAI). 

As a result, over the range of tree cover from 0 to 100%, the mean mid-season surface 

temperature was reduced by 6˚C on average. In contrast, soil temperature is a more inte-

grated measure of a site’s energy balance and is more strongly influenced by the total leaf 
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area per unit ground area. A greater mid-season LAI by five units (m2 m-2) consequently 

reduced the average mid-season soil temperature across the sites by an average of 4˚C. 

Mid-season LAI was also a better predictor of site differences in percent ground 

cover than was percent tree cover (Figure 2-7). The percent cover of turfgrass, in particu-

lar, showed the strongest correlation with mid-season LAI (Figure 2-7a, R2 = 0.56). Al-

though turfgrass species are adapted to a variety of light environments, in general 

turfgrass is less shade tolerant than many broad-leaved weed species (Fry and Huang 

2004), which showed no trend with increasing LAI or percent tree cover (Figs. 7e, f). In 

high light environments, turfgrass can out-compete weed species, but turfgrass is less 

competitive in low light conditions (Fry and Huang 2004). Additionally, human man-

agement prevents competition from broad-leaved weeds through the use of herbicides, 

which are often applied to open canopy, high light lawns. The cover of turfgrass in urban 

and suburban areas has been much less frequently quantified (Milesi et al. 2005) than has 

tree cover, which is relatively easily assessed using forest inventories, aerial or satellite 

imagery (Nowak et al. 2008). Our results suggest that it would be possible to produce a 

first-order estimate of the density of turfgrass ground cover by using the more readily 

available data on urban tree canopies, although the predictive equations would likely 

need to be developed regionally to account for differences in climate and horticultural 

practices. Ultimately, this information could be used to account for understory vegetation 

cover in models of urban land–atmosphere exchanges of energy, water, and carbon 

(Rivalland et al. 2005).  
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Using tree cover to predict site differences in mid-season LAI. 

In this study, we evaluated the relative performance of two different measures of 

percent tree cover for predicting site differences in mid-season LAI. Measuring LAI in 

urban ecosystems is considerably more difficult than in natural forest systems because of 

numerous methodological constraints, including optical interference from buildings, a 

limited number of urban-specific allometric equations for trees, and spatially heterogene-

ous and isolated tree canopies (Peper and McPherson 2003). Although we found stand-

level LAI was a better predictor of mid-season microclimates and ground cover than per-

cent tree cover (Figs. 6, 7), percent tree cover is an easily measured and more commonly 

used metric for evaluating the extent and distribution of urban forests, as well as the eco-

system services they provide (Nowak et al. 2008, Wang et al. 2008). We found that field-

based estimates of percent tree cover were better than satellite-derived estimates at pre-

dicting the site-to-site variations in LAI in our suburban study area (Figure 2-5). The sat-

ellite-derived land-cover map produced a narrower range of tree cover values compared 

to the field-based inventory using U.S. Forest Service urban forest inventory protocols 

(USDA Forest Service 2005). Although the field-based measures are more subjective, 

they take into account gaps within individual tree canopies that are too small to resolve in 

even high-resolution satellite imagery such as QuickBird (2.4 m). There was still consid-

erable variation around the best-fit linear regression model (Figure 2-5b) and, in general, 

LAI at evergreen sites was under-predicted by 30%, while LAI at deciduous sites was 

over-predicted by 40%. The model fit was largely driven by the strong positive relation-

ship between stand-level LAI and field-measured tree cover at levels of <50% tree cover. 
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At sites having >50% tree cover, there was considerable scatter in the relationship and 

field-measured percent tree cover poorly predicted mid-season LAI. This saturating effect 

of LAI with field-measured percent tree cover was likely due to the fact that both stand 

density and species composition contribute to a site’s LAI. At sites with low percent tree 

cover, stand density had the greater influence on stand-level LAI. In contrast, at sites with 

high percent tree cover, differences in the canopy structure of different plant functional 

types and species was more important in determining stand-level LAI. 

Developing relationships between percent tree cover and mid-season LAI would 

be a useful step toward scaling up urban biophysical properties and providing the infor-

mation required to implement complex urban land-surface models. Our results suggest 

that satellite imagery with a pixel size on the order of 2.4 m is unable to resolve the de-

tailed tree canopy information needed to scale up urban forest biophysical properties. 

However, metropolitan-scale comparisons of different methods for estimating tree cover 

have found that high-resolution aerial photography (60 cm ground resolving distance) 

produces similar estimates to field-based urban forest inventories (Nowak et al. 1996, 

Walton et al. 2008). This suggests that next-generation, high resolution satellite imaging 

systems, such as GeoEye-1 (1.65 m multispectral and 0.41 m panchromatic resolution at 

nadir), could be used to produce maps of urban forest canopy characteristics that would 

be adequate to model LAI, soil temperature, surface temperature, and ground cover over 

relatively large urban areas. 
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Conclusions 

Urban forest vegetation types showed distinct seasonal patterns of stand-level 

LAI, soil temperature, and surface temperature, which were largely explained by differ-

ences in tree cover and changes in LAI, rather than by plant functional type. Over the 

course of the growing season, sites with higher percent tree cover and greater LAI re-

duced soil temperatures by up to 7˚C and surface temperatures by up to 6˚C, relative to 

sites with near-zero LAI. Because of low variability in LAI over the growing season, soil 

temperature at evergreen sites was more greatly reduced with every unit increase in LAI 

than at deciduous-dominated sites. Additionally, we found that site differences in mid-

season soil temperature and turfgrass ground cover were better predicted by mid-season 

LAI, while mid-season surface temperature was better predicted by percent tree cover. 

The significant cooling effects of urban tree canopies on soil temperature imply that sea-

sonal changes in canopy density may also modulate the CO2 efflux from urban soils and 

should be included in urban carbon budgets. To scale up, we found that field-based esti-

mates of tree cover were better than 2.4 m resolution satellite imagery for predicting the 

mean mid-season LAI values that were important for determining temperatures under the 

urban forest canopy, but that higher resolution aerial imagery or next-generation satellite 

sensors may provide a practical approach for larger metropolitan areas and regions. 
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Table 2-1. Forest characteristics of 29 suburban study sites, grouped by vegetation type. 

Data are means ±1 standard deviation. The species listed represent >60% of the trees 

counted in each vegetation type and are listed alphabetically. 

 

Vegetation 
type 

Label Number 
of Sites 
(n) 

Tree 
Cover  
(%) 

Basal  
Area  
(m2 ha–1) 

Tree  
Height  
(m) 

DBH 
 (cm) 

Tree Species 

Open turfgrass 
lawns 
 

OP 7 0 0 NA NA NA 

Deciduous tree 
canopy,  
low cover 
 

DL 5 21 
(±11) 

6  
(±10) 

7 (±4) 11 
(±10) 

Acer ginnala  
Magnolia spp. 

Deciduous tree 
canopy,  
high cover 

DH 7 83 
(±7) 

146 
(±91) 

11 (±5) 19 
(±18) 

Acer negundo 
Acer saccharinum 
Fraxinus pennsylvanica 
Quercus alba 
 

Evergreen tree 
canopy 
 

EG 5 56 
(±21) 

147 
(±69) 

14 (±3) 33 
(±11) 

Picea glauca 
Pinus nigra 

Mixed decidu-
ous and ever-
green tree can-
opy 

MX 5 71 
(±16) 

48  
(±19) 

11 (±4) 24 
(±12) 

Acer platanoides  
Betula papyrifera 
Picea glauca 
Tsuga canadensis 
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Figure 2-1. Environmental conditions during the 2006 growing season at the open 

turfgrass reference site. Air temperature was measured 1.4 m above the surface and soil 

temperature was measured over the upper 5–10 cm deep soil layer. 
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Figure 2-2. Seasonal patterns during the 2006 growing season of measured (a) stand-

level leaf area index, (b) soil temperature at 10 cm depth, and (c) infrared surface tem-
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perature of the ground cover of five suburban vegetation types: open turfgrass lawns 

(OP), deciduous tree canopy with low cover (DL), deciduous tree canopy with high cover 

(DH), evergreen tree cover (EG), and mixed deciduous and evergreen tree cover (MX). 

Each symbol represents the mean of all sites of a given vegetation type. The spot tem-

perature measurements at the sites are expressed relative to the temperature recorded at 

the same time point at a climate station located in an open turfgrass area. The dashed ver-

tical lines at Julian days 166 and 251 mark the mid-season period. 
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Figure 2-3. Mean mid-season (a) stand-level leaf area index, (b) soil temperature at 10 

cm depth, and (c) infrared surface temperature of five suburban vegetation types: open 

turfgrass lawns (OP), deciduous tree canopy with low cover (DL), deciduous tree canopy 

with high cover (DH), evergreen tree cover (EG), and mixed deciduous and evergreen 

tree cover (MX). Error bars represent ±1 standard error. Lowercase letters indicate sig-

nificantly different means based on a Tukey HSD multiple comparisons test. Mid-season 

is defined as the period between Julian days 166 and 251. 
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Figure 2-4. Relationships between modeled stand-level leaf area index and (a) relative 

soil temperature, and (b) relative surface temperature during the 2006 growing season. 

Each symbol represents a measurement at a single time point at an individual study site. 

Lines represent the best model fit after stepwise backwards elimination of linear mixed-

effects models, where site is a random factor.  
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Figure 2-5. Comparing (a) satellite-derived and (b) field-based tree cover measurements 

as predictors of modeled mid-season LAI. Each symbol represents an individual study 

site. Histograms show the tree cover distribution determined by each method. 
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Figure 2-6. Comparing modeled mid-season LAI and field-based tree cover measure-

ments as predictors of (a), (b) mid-season soil temperature, and (c), (d) mid-season sur-

face temperature. Each symbol represents an individual study site. 
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Figure 2-7. Comparing modeled mid-season LAI and field-based tree cover measure-

ments as predictors of (a), (b) turfgrass cover, (c), (d) bare soil cover, (e), (f) broad-

leaved weed cover, and (g), (h) turfgrass + broad-leaved weed cover. Each symbol repre-

sents an individual study site. 
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Chapter 3 

Biological and environmental controls on tree transpiration in a 

suburban landscape* 

* With Joseph McFadden and Rebecca Montgomery. Reproduced with permission from 

the American Geophysical Union from: Peters, E. B., J. P. McFadden, and R. A. Mont-

gomery. In press. Biological and environmental controls on tree transpiration in a subur-

ban landscape. Journal of Geophysical Research – Biogeosciences.  

 

 

Summary 

Tree transpiration provides a variety of ecosystem services in urban areas, including ame-

lioration of urban heat island effects and storm water management. Tree species vary in 

the magnitude and seasonality of transpiration due to differences in physiology, response 

to climate, and biophysical characteristics, thereby complicating efforts to manage 

evapotranspiration at city scales. We report sap flux measurements during the 2007 and 

2008 growing seasons for dominant tree species in a suburban neighborhood of Minnea-

polis–Saint Paul, Minnesota, USA. Evergreen needleleaf trees had significantly higher 

growing season means and annual transpiration per unit canopy area (1.90 kg H2O m–2 

day–1 and 307 kg H2O m–2 yr–1, respectively) than deciduous broadleaf trees (1.11 kg H2O 

m–2 day–1 and 153 kg H2O m–2 yr–1, respectively) due to a smaller projected canopy area 

(31.1 and 73.6 m2, respectively), a higher leaf area index (8.8 and 5.5 m2 m–2, respec-

tively), and a longer growth season (8 and 4 months, respectively). Measurements also 
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showed patterns consistent with species’ differences in xylem anatomy (conifer, ring-

porous, and diffuse-porous). As the growing season progressed, conifer and diffuse-

porous genera had increased stomatal regulation to high vapor pressure deficit, while 

ring-porous genera maintained greater and more constant stomatal regulation. These re-

sults suggest evaporative responses to climate change in urban ecosystems will depend in 

part on species composition. Overall, plant functional type differences in canopy struc-

ture and growing season length were most important in explaining species’ differences in 

mid-summer and annual transpiration, offering an approach to predict the evapotranspira-

tion component of urban water budgets. 

 

Introduction  

Tree transpiration represents an important component of total evapotranspiration 

in many terrestrial ecosystems (Zhang et al. 2001, McLaren et al. 2008, Oishi et al. 2008, 

Paco et al. 2009). In urban and suburban areas, tree transpiration also provides ecosystem 

services (McPherson et al. 2005), such as reduced surface temperatures (Oke 1989, Leuz-

inger et al. 2010, Peters and McFadden 2010) and mitigation of storm water runoff 

(Mitchell et al. 2008, Wang et al. 2008). Cities are increasingly promoting the use of trees 

for managing ecosystem services (e.g. the recent “million trees” campaigns in Los Ange-

les, New York, and other cities); however efforts to predict and manage urban evapotran-

spiration rates are complicated by our limited understanding of how different urban tree 

species vary in water use. Tree species vary in both the magnitude and seasonality of 

transpiration due to differences in physiology, response to climate, and biophysical char-
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acteristics (Wullschleger et al. 2001, Catovsky et al. 2002, Givnish 2002, Pataki and Oren 

2003, Bovard et al. 2005, Tang et al. 2006, Bowden and Bauerle 2008). At landscape and 

regional scales, species composition is an important factor controlling the magnitude and 

seasonality of evapotranspiration (New et al. 1999, Zhang et al. 2001, Ewers et al. 2002). 

To manage ecosystem services from trees, we will ultimately need to quantify their ag-

gregated evapotranspiration at neighborhood or city scales, which necessitates the diffi-

cult task of scaling up species’ differences in transpiration. 

Tree classification schemes that explain major differences in species’ water use 

can simplify efforts to scale up the transpiration component of ecosystem water budgets. 

For example, differences in wood structure, or xylem anatomy type, have been shown to 

explain large differences in seasonal sap flux patterns among temperate tree species 

(Wullschleger et al. 2001, Bush et al. 2008). In conifer species, water transport occurs 

through relatively small, uniformly sized xylem conduits called tracheids. Although the 

xylem of diffuse-porous and ring-porous species also contains tracheids, most water 

transport occurs through larger vessel cells. Vessels formed early in the growing season 

in ring-porous species are larger and have a higher capacity to conduct water than vessels 

formed later in the growing season, while vessels formed in diffuse-porous species are 

relatively uniform in size. Due to these large earlywood vessels, ring-porous species tend 

to have greater risk of cavitation, increased stomatal regulation, and reduced sap flux as 

compared to diffuse-porous species (Hacke et al. 2006, Taneda and Sperry 2008). Other 

studies, however, show that vulnerability to cavitation can be related to plant rooting 
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depth, with shallowly rooted trees having greater vulnerability to embolism than deeply 

rooted trees (Cregg 1994, Sobrado 1997). 

There is also evidence that tree water use varies with successional stage or shade 

tolerance (Abrams 1988, Hornbeck et al. 1997, Asbjornsen et al. 2007). Early-

successional, generally shade-intolerant species tend to have lower stomatal resistances 

and higher leaf-level transpiration rates. Additionally, hydrologic and land-surface mod-

els commonly use plant functional types (e.g. evergreen needleleaf) that categorize plants 

according to major differences in physiology, biophysical characteristics and leaf habit 

(Foley et al. 1998, Bonan et al. 2003). Temperate evergreen needleleaf trees, for example, 

tend to have lower leaf-level transpiration rates, higher leaf area index, longer leaf 

lifespan, and longer active growing seasons than temperate deciduous broadleaf trees. 

While there are many studies in forest ecosystems that investigate how best to categorize 

and scale up species’ differences in water use, this information is relatively lacking for 

urban and suburban ecosystems. 

Altered environmental conditions in urban and suburban areas caused by the ur-

ban heat island effect and impervious surfaces may limit the extrapolation of measure-

ments made in natural ecosystems (Clark and Kjelgren 1990, Cregg and Dix 2001, Gregg 

et al. 2003). The urban heat island causes elevated air temperature and vapor pressure 

deficit in urban and suburban areas relative to surrounding areas. Some of the earliest 

studies explicitly quantifying water relations of urban trees found that water deficits in 

New York City street trees were driven by periods of high atmospheric demand rather 

than low water supply (Whitlow and Bassuk 1988, Whitlow et al. 1992). More recently, 
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Bush et al. (2008) found exaggerated differences in sap flux density between diffuse and 

ring-porous tree species due to the high vapor pressure deficits in Salt Lake City, Utah. 

Urban and suburban areas also have large amounts of impervious surface and compacted 

soils that alter local hydrological processes and soil water content (Craul 1985), another 

important control on transpiration (Kramer 1987, Lagergren and Lindroth 2002, Holscher 

et al. 2005). Moreover, the species composition of urban and suburban ecosystems can 

differ considerably from forests in surrounding areas. Urban areas generally have higher 

frequencies of invasive and non-native species as well as human-cultivated varieties 

(McKinney 2002, Hahs et al. 2009, Walker et al. 2009).  

Here we report results of continuous sap flux measurements during the 2007 and 

2008 growing seasons on the dominant tree species in a suburban neighborhood of Min-

neapolis–Saint Paul, Minnesota in the north-central USA. Our objectives were to: 1) de-

termine how suburban tree species vary in their water use in response to environmental 

drivers, including vapor pressure deficit, photosynthetically active radiation, and soil 

moisture; 2) test for significant differences in sap flux and transpiration rates between 

evergreen needleleaf and deciduous broadleaf plant functional types, and examine 

whether other ways of classifying urban tree species (e.g., by genus, xylem anatomy, or 

shade tolerance) could also reveal consistent patterns of sap flux and transpiration at di-

urnal, seasonal and annual time scales; and 3) evaluate the ability of different tree classi-

fication schemes to scale up and predict the tree transpiration component of urban and 

suburban water budgets.  
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Methods 

Study Sites 

Our study sites were located in a first-ring suburban neighborhood in the Minnea-

polis–Saint Paul metropolitan area in east-central Minnesota, USA (44º59'N, 93º11'W). 

The neighborhood experienced rapid residential development in the 1950s and, prior to 

that time, farms and nurseries were the prominent land-use types. The area had a cold 

temperate climate with a mean annual temperature of 7.4ºC and mean annual precipita-

tion of 747 mm. Due to its location near the center of the metropolitan area, the study 

area was influenced by the urban heat island effect that has been documented 

for Minneapolis–Saint Paul (Winkler et al. 1981, Todhunter 1996, Sen Roy and Yuan 

2009). The study area had >20% tree cover and turfgrass lawns were the most common 

ground cover type based on an urban forest inventory we conducted in 2005–2006 fol-

lowing the U.S. Forest Service Forest Inventory and Analysis (FIA) protocol (USDA 

Forest Service 2005). Of the 1032 trees surveyed, 84 species were identified, with 9 gen-

era representing over 80% of all trees (Table 3-1). The dominant canopy species, Acer 

saccharinum, Fraxinus pennsylvanica, Picea glauca, Picea pungens, Populus deltoides, 

Quercus alba, Quercus macrocarpa, and Ulmus americana each represented between 4% 

and 12% of the total cross-sectional trunk area measured at 1.4 m above ground level (i.e. 

basal area).  

We selected four sites with stands of trees suitable for sap flux measurements 

within a 7 km2 area. The sites were selected to include tree species and sizes that were as 

representative as possible of the urban FIA inventory, but subject to several logistical 
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constraints of the urban environment (e.g., landowner permission, site suitability and 

safety, maximal extent of signal cables, and access to power). In 2007 we measured two 

sites, the Grove site, which was dominated by evergreen needleleaf tree species, and the 

Commonwealth Terrace Commons (CTC) site, which was dominated by deciduous 

broadleaf species. The Grove site was located on a single-family residential parcel and it 

included three Picea glauca, one Pinus strobus and four Picea pungens trees growing on 

loam soils (40% sand, 41% silt, 19% clay). The CTC site was located in a multi-family 

residential parcel and it included two Fraxinus pennsylvanica and five Quercus rubra 

trees growing on sandy loam soils (58% sand, 25% silt, 17% clay). In 2008 we measured 

two different study sites, Saint Paul and Lauderdale, which both had a mixture of ever-

green needleleaf and deciduous broadleaf tree species, allowing us to rule out potential 

confounding effects between site and plant functional type. The Saint Paul site was lo-

cated in a residential parcel and it included two Fraxinus pennsylvanica, two Tilia ameri-

cana, two Juglans nigra, two Ulmus thomasii, two Picea glauca, and two Pinus sylvestris 

trees growing on loam soils (41% sand, 44% silt, 15% clay). The Lauderdale site was lo-

cated in a 1.5 ha neighborhood park and it included two Fraxinus pennsylvanica, two 

Ulmus pumila, two Picea abies, and two Pinus nigra trees growing on loam soils (46% 

sand, 42% silt, 12% clay). In total, over the two years of the study, we measured sap flux 

on 37 trees, representing seven different genera, two plant functional types, three xylem 

anatomy types, and a range of shade tolerances (Table 3-2). The conifer xylem anatomy 

type represented the same species as the evergreen needleleaf plant functional type. 
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Shade tolerance was assigned according to species rankings in Niinemets and Valladares 

(2006).  

In this suburban study area, the trees were grown under generally more park-like 

conditions with open canopies and a turfgrass ground cover, unlike street trees in a more 

densely developed urban area. The lower branches of many trees were pruned, but cano-

pies were mature and healthy with no obvious signs of disease or damage. Although dif-

ficult to assess without below ground excavation, it was unlikely root systems were se-

verely restricted by impervious surfaces, as the nearest roads and sidewalks occurred be-

yond the drip-line of all trees and often at distances >10 m from each tree. As is common 

in urban areas, surface soils at all sites were moderately compacted with an average bulk 

density of 1.43 g cm–3. Although tree roots can penetrate compaction levels as high as 1.6 

g cm–3 (Bartens et al. 2008), root growth could have been restricted in our study trees. 

Management regimes were considered low-maintenance at all sites with regular mowing, 

but little or no irrigation and no fertilizer use according to personal communications with 

the landowners. Total nitrogen and organic carbon contents of soils were lowest at the 

Grove site, highest at the CTC site, and ranged from 0.15% to 0.26% and 1.6% to 3.0%, 

respectively, across sites.  

 

Field Measurements  

Making physiological measurements on trees in an urban ecosystem presents nu-

merous technical and logistical challenges, including the need to obtain permission from 

multiple landowners and limitations on activities such as tree coring and destructive sam-
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pling. These constraints limited our ability to evaluate some sources of spatial variation in 

sap flow within trees, including axial, circumferential, and radial variation. We attempted 

to assess and reduce those sources of spatial variation that are known to contribute dis-

proportionately large errors when scaling up tree transpiration, as discussed below. 

From May to November, 2007 and from April to November, 2008, we measured 

sap flux density per unit conducting sapwood area (JS) on our study trees using Granier-

type heat dissipation probes (Granier 1987, Lu et al. 2004). We made sap flux measure-

ments at a single height of 1.4 m on each tree. Although JS is known to vary axially with 

height on the bole, choosing a measurement height that has been standard in many other 

studies allowed us to more directly compare JS rates among the trees in this study as well 

as with measurements from the literature. Sensors were installed on the north and south 

sides of each tree to sample across a wide range in canopy exposure to solar radiation, a 

potential source of circumferential variation in JS (Lu et al. 2004). As younger sapwood 

(less than 30 years old) often contributes a disproportionately large amount to whole-tree 

sap flux (Melcher et al. 2003, Ford et al. 2004, Gebauer et al. 2008), sensors were in-

serted radially into the sapwood only to a depth of 2 cm. To prevent thermal interference, 

the heated probe of each sensor was installed 10 cm above the unheated probe. To pro-

vide waterproofing and thermal insulation, we sealed the sapwood–air interface of the 

sensor with silicone and covered the sensors in reflective bubble wrap. Temperature dif-

ferences between the heated and unheated sensors were taken every 15 s and half-hour 

averages were computed and stored in data loggers (CR1000, Campbell Scientific Inc., 

Logan, UT, USA). JS in g H2O m–2 s–1 was calculated following Granier (1987) as: 
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where ∆TM (ºC) is the maximum nighttime temperature difference between the heated 

and unheated sensors, and ∆T is the mean temperature difference between sensors during 

each half-hour measurement interval. While it has been suggested that Granier-type sen-

sors should be calibrated for each new species to which they are applied (Lu et al. 2004), 

this was not practical in our study due to the destructive harvesting necessary for the cali-

bration process. Many studies, however, have shown that the original calibration coeffi-

cient is relatively independent of wood anatomy or tree species (Catovsky et al. 2002, Lu 

et al. 2004). We used the software package BaseLiner (version 2.4.1, Hydro-Ecology 

Group, Duke University) to calculate ∆TM and JS. To allow for seasonal changes in ther-

mal properties of wood, ∆TM was calculated as the maximum temperature difference 

measured over each 24 h cycle. As this method can lead to an underestimate of nocturnal 

JS, we only calculated ∆TM when nighttime vapor pressure deficit remained below 1 kPa 

(Oishi et al. 2008). On days when nighttime vapor pressure deficit exceeded 1 kPa, ∆TM 

was estimated by linear interpolation. Due to short sapwood depth and sensor contact 

with heartwood, we corrected sap flux estimates from Quercus rubra (Table 3-2) follow-

ing Clearwater et al. (1999) and Oishi et al. (2008).  

To express transpiration per unit canopy area (EC), each tree’s daily sum of JS in g 

H2O cm–2 day–1 was multiplied by the ratio of cross-sectional sapwood area to projected 

canopy area and adjusted for radial variation in sap flow. Projected canopy area was de-
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termined by measuring canopy width in two orthogonal directions on each tree. The 

cross-sectional sapwood area of each tree was determined by measuring sapwood depth 

on two increment cores collected at a height of 1.4 m on the north and south sides of each 

tree during the winters following sap flux measurements. Following Lu et al. (2004), ac-

tive xylem was distinguished from heartwood and non-active sapwood based on visual 

inspection immediately after cores were removed from the tree. Heartwood and non-

active sapwood did not appear as translucent as water-filled active xylem when cores 

were held up to the light. Many studies emphasize the importance of accounting for radial 

variation in JS when scaling to whole-trees, as it can lead to significant overestimates of 

transpiration if a constant JS rate is assumed across the entire sapwood depth (Ford et al. 

2004, Gebauer et al. 2008). While it was not feasible to directly measure JS at multiple 

depths in our study, we did apply generalized radial trend relationships for gymnosperms 

and angiosperms developed by Pataki et al. (In review) when scaling JS to EC. Although 

there is still variability associated with using these radial trend relationships, the error in-

troduced was random rather than the systematic overestimate that would result from as-

suming a constant JS rate across the entire sapwood depth.  

Transpiration per unit leaf area (EL) was calculated by dividing EC by the maxi-

mum, mid-summer leaf area index (LAI) of each tree. In August 2008, the LAI of each 

tree at the Lauderdale and Saint Paul sites was measured using an optical plant canopy 

analyzer (model LAI-2000, LI-Cor, Lincoln, Nebraska, USA) on days when sky condi-

tions were overcast to avoid direct sunlight hitting the sensor. The mean LAI of each tree 

was calculated from ten LAI measurements taken around the bole at a height of 1 m 
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above the ground and a distance of 1 m away from the bole. To prevent interference with 

the measurements, a 270° view cap was used to block the 90° horizontal angle of the sen-

sor’s view that was nearest to the operator. The LAI-2000 optical sensor consists of five 

detectors arranged in concentric rings, each with a different field of view. To ensure that 

the field of view of each LAI measurement was within the tree canopy of interest, we 

used only the two inner rings (0–28° from zenith). While Villalobos et al. (1995) showed 

that reducing rings can lead to an overestimate of LAI for larger isolated trees, Ryu et al. 

(2010) showed that differences among different optical LAI estimation techniques were 

smallest when using the inner three rings of the LAI-2000. The LAI of evergreen nee-

dleleaf trees was corrected for leaf clumping using a correction factor of 1.6, according to 

the manufacturer’s recommendations for the LAI-2000. 

LAI was calculated using an isolated canopy model with computed crown dis-

tances in the LI-Cor FV2200 software, which is based on the vertical profile of each 

crown and does not assume a horizontally homogeneous canopy. Although the isolated 

canopy model is better suited for analyzing individual trees than the homogeneous can-

opy model, Broadhead et al. (2003) showed that the isolated canopy model still under-

predicted LAI of orchard-grown olive trees by 30%. We modeled each crown as a cylin-

der using measurements of tree height, height-to-crown, and mean crown radius that were 

collected on each tree in July 2008. This cylindrical crown model may also lead to an un-

derestimation of LAI, as it could represent too large of a volume over which leaf area is 

distributed, particularly in evergreen needleleaf trees. Despite the uncertainty associated 

with measuring LAI of individual trees, we expect that our measurements provide an ac-
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curate representation of the relative LAI differences among our study trees, as shown for 

LAI-2000 measurements in other urban studies (Peper and McPherson 2003).   

We measured a suite of micrometeorological variables at each study site, includ-

ing air temperature and relative humidity (model HMP45C, Campbell Scientific Inc., 

Logan, UT, USA) at two-thirds canopy height, and volumetric soil water content at 10 

cm depth (model ECH2O, Decagon Devices, Inc., Pullman, WA, USA). The soil water 

content measurements were calibrated relative to a set of gravimetric measurements made 

in the same soil type at the University of Minnesota climate station. These calibrations 

were conducted by oven-drying soil cores of a known volume that were collected across a 

two-week period. Photosynthetically active radiation (PAR) (LI-190, LI-Cor, Inc., Lin-

coln, NE, USA) was measured at a nearby climate station located on an open turfgrass 

lawn at the University of Minnesota Turfgrass Research, Outreach, and Education Center 

and precipitation data were obtained from the University of Minnesota climate station 

(both <1 km from our study sites). Micrometeorological data were collected every 15 s 

and half-hour averages were computed and stored on data loggers. Vapor pressure deficit 

was calculated from the humidity and air temperature measurements collected within the 

tree canopy at each study site.  

 

Data Analysis  

We tested for differences in sap flux and transpiration among plant functional 

types using linear mixed-effects models with multiple non-nested random effects. Plant 

functional type was treated as a fixed factor, and site and genus as non-nested, random 
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blocking factors. The significance level for all tests was α = 0.05. Statistical tests for sig-

nificant differences among genera, xylem anatomy type, and shade tolerance were not 

computed because our field experiment was designed only to formally test differences 

between the evergreen needleleaf and deciduous broadleaf plant functional types. Day-

time (PAR > 0 µmol m–2 s–1) mean vapor pressure deficit was normalized for day length 

(DZ) following Phillips and Oren (1998). We used exponential saturation models to ana-

lyze the relationships between JS and DZ following Ewers et al. (2001). To calculate an-

nual sums of EC in 2008 we filled gaps in daily JS by developing exponential saturation 

models of the relationship between daily sums of JS and daytime mean vapor pressure 

deficit over a moving window of 21 days. Statistical analyses were performed using the R 

(version 2.8) statistical language (R Development Core Team 2010). 

 

 

Results 

Environmental Conditions 

The seasonal patterns of daily cumulative PAR, air temperature, daytime vapor 

pressure deficit, soil moisture, and precipitation were similar during the two years of 

study, although spring air temperature and vapor pressure deficit were higher in 2007 

than in 2008 (Figure 3-1). The middle of the growing season (i.e. 14 June – 7 Sept. [DOY 

165– 250]) was on average warmer and wetter in 2007 compared to 2008, with mean air 

temperatures of 22.7 and 21.8ºC, respectively, and cumulative rainfalls of 245 and 127 

mm, respectively. In addition, both day and night air temperatures were higher on aver-
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age during the 2007 growing season (Table 3-3). In both years, most large (>10 mm) pre-

cipitation events occurred in July and August, but in 2007 those events were on average 

twice as large as in 2008 (Figure 3-1). Within a single year, sites differed significantly in 

volumetric soil water content averaged across the entire measurement period (P < 0.001 

in both 2007 and 2008) due in part to differences in soil texture. The higher soil moisture 

and seasonal pattern at the Grove site was also due to occasional irrigation by homeown-

ers using automatic sprinklers, whereas the other sites received no irrigation. To account 

for the site differences in soil texture and irrigation, the mixed-effects statistical models 

used in our analyses treat site as a random blocking factor. 

 

Sap flux density  

Seasonal patterns of sap flux density (g H2O cm–2 day–1) varied among the seven 

tree genera (Figure 3-2). For those genera sampled in both 2007 and 2008 (i.e., Picea, 

Pinus, and Fraxinus), while some of the inter-annual variation in the magnitude of daily 

sums of JS can be attributed to different study sites and trees, the seasonal patterns of 

daily JS within each genera were consistent across the two years. At the beginning and 

end of both growing seasons, daily JS varied among genera mainly due to plant functional 

type differences in leaf habit. Four deciduous genera (Fraxinus, Ulmus, Tilia and Jug-

lans) had low values of daily JS when trees were leafless in early spring (before DOY 

140) and late fall (after DOY 300). In contrast, evergreen genera (Picea and Pinus) had 

high rates of daily JS in early spring and did not have low rates of daily JS until the daily 

mean air temperature dropped below 0ºC in late fall of 2008 (Figure 3-1, Figure 3-2). 
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Daily patterns of sap flux density in 2008 showed higher rates of JS (g H2O m–2 s–1) 

across the entire day for evergreen species during April and May, with less pronounced 

but still significantly higher JS in October and November, than deciduous species (Figure 

3-3). 

Although some genera were only measured at one site (Tilia, Juglans, and Quer-

cus), patterns of JS during the middle of the growing season (June to August) suggest that 

differences in xylem anatomy may play a role. In both conifer (Picea and Pinus) and dif-

fuse-porous genera (Tilia and Juglans), daily JS peaked in May or June and then de-

creased as the growing season progressed (Figure 3-2). In contrast, daily JS in ring-porous 

genera (Fraxinus, Ulmus, and Quercus) was relatively uniform across the growing season 

(Figure 3-2). In June and July 2008, the daily patterns of JS showed that diffuse-porous 

genera had on average higher rates of JS across the day than did either conifer or ring-

porous genera (Figure 3-3). However, by August all three xylem anatomy types showed 

similar diurnal patterns of JS. The morning increase in JS and evening decline in JS oc-

curred at similar times of day for all xylem anatomy types, although the timing of these 

diurnal events varied across the year with changes in day length.   

In 2008, daily JS showed a saturating response to increasing DZ during the grow-

ing season (Figure 3-4). In conifer (Picea and Pinus) and diffuse-porous genera (Tilia and 

Juglans), daily JS reached higher asymptotic maxima early in the growing season than 

late in the growing season, as highlighted by the decline in parameter a of the exponential 

saturation models in June and September (Figure 3-4, Table 3-4). In addition, daily JS 

reached a maximum at higher values of DZ in June than in September, indicating stomatal 
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closure was initiated at lower values of DZ in September than in June. In contrast, the re-

sponse of daily JS to increasing DZ did not change across the growing season in ring-

porous genera (Fraxinus and Ulmus). Daily JS reached similar maximum values (parame-

ter a, Table 3-4) at similar values of DZ in both June and September. Data for conifer and 

ring-porous genera sampled in 2007 were consistent with these results (data not shown).  

Daily JS showed two distinct responses to increasing daily sums of PAR in 2008 

(Figure 3-5). In conifer (Picea and Pinus) and diffuse-porous genera (Tilia and Juglans), 

daily JS had a linear response to increasing PAR, with a stronger correlation in conifer 

genera (Picea R2 = 0.93, P < 0.001 and Pinus R2 = 0.90, P < 0.001 vs. Tilia R2 = 0.85, P 

< 0.001 and Juglans R2 = 0.72, P < 0.001, respectively). In ring-porous genera (Fraxinus 

and Ulmus), daily JS had a saturating response with PAR. Unlike the responses of daily JS 

to increasing DZ, the responses of daily JS to increasing PAR generally did not vary 

across the 2008 growing season (June to September). Tilia was the only genus to show a 

decrease in the slope of the JS to PAR relationship between June and September.  

Over the middle of the 2008 growing season (DOY 165 – 250), when all genera 

had maximum LAI, daily JS had a slight, but significant, positive response to increasing 

soil moisture in Picea (R2 = 0.37, P < 0.001), Pinus (R2 = 0.18, P < 0.001), and Tilia (R2 

= 0.53, P < 0.001). Daily JS, however, was not significantly explained by soil moisture in 

Juglans (R2 = 0.002, P = 0.29), Fraxinus (R2 = –0.007, P = 0.48), and Ulmus (R2 = 0.004, 

P = 0.26) genera. Volumetric soil water content ranged from 8% to 22% at the Lauder-

dale site and 12% to 28% at the Saint Paul site over this time period.  
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When averaged over the middle of the 2008 growing season (DOY 165 – 250), 

daily JS was not significantly different among plant functional types (P = 0.53). Although 

our study was not designed to formally test for differences among genera, xylem anat-

omy, or shade tolerance, growing season means of daily JS (Table 3-5) suggest that there 

were not large differences among these tree classification schemes (Table 3-2). 

 

Transpiration  

The magnitude and seasonal patterns of daily transpiration per unit canopy area 

(EC), varied markedly between the evergreen needleleaf and deciduous broadleaf plant 

functional types (Figure 3-6). When averaged over the middle of the 2008 growing sea-

son, evergreen needleleaf trees transpired almost twice as much water per unit canopy 

area per day as deciduous broadleaf trees (1.90 and 1.11 kg H2O m–2 day–1, respectively, 

P = 0.014). This variation in daily EC was largely due to plant functional type differences 

in canopy structure. Compared to deciduous broadleaf trees, evergreen needleleaf trees 

had higher LAI (5.5 and 8.8 m2 m–2, respectively, P = 0.11, Table 3-2) and significantly 

smaller projected canopy area (73.6 and 31.1 m2, respectively, P = 0.02, Table 3-2). Not 

only did evergreen needleleaf trees have higher daily EC values on average across all 

months of the 2008 measurement period, but they also remained active over a much 

longer growing season than the deciduous broadleaf trees. On average, the evergreen 

needleleaf trees sustained transpiration rates of over 0.5 kg H2O m–2 day–1 for at least 

eight months in 2008, compared to only four months in deciduous broadleaf trees (Figure 

3-6). Consequently, the differences we found between plant functional types in average 
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growing season daily EC were further exaggerated at the annual scale. Cumulative annual 

EC of evergreen needleleaf trees was on average 307 kg H2O m–2 yr–1, while the annual 

EC of deciduous broadleaf trees was 153 kg H2O m–2 yr–1 (P = 0.003, Figure 3-7). This 

estimate of total annual water loss from evergreen needleleaf trees is likely a slight un-

derestimate because our spring measurements began after these trees were already 

physiologically active (Figure 3-2). In the middle of winter, however, air temperature is 

typically below freezing in this area and transpiration from evergreen needleleaf trees is 

likely to be minimal. 

When averaged over the middle of the 2008 growing season (DOY 165 – 250), 

daily transpiration per unit leaf area (EL) was not significantly different among plant 

functional types (P = 0.57). Daily EL, when averaged over the middle of the 2008 grow-

ing season, also did not suggest any differences due to genera, xylem anatomy, or shade 

tolerance (Table 3-5), although our experimental design did not allow formal statistical 

tests for these differences.  

 

 

Discussion 

Sap flux density differences among tree types 

Genera showed marked differences in both the magnitude and pattern of daily sap 

flux density, largely due to differences in leaf habit among plant functional types and 

suggestive of differences in xylem anatomy. Evergreen needleleaf trees are among the 

most cold tolerant of tree species, with some species capable of surviving temperatures as 
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low as –60ºC (Havranek and Tranquillini 1995). An evergreen leaf habit consequently 

allows trees to remain physiologically active over a longer growing season than trees 

with a deciduous leaf habit. Similar to the results of this study, Catovsky et al. (2002) 

found that Tsuga canadensis, an evergreen needleleaf species, had relatively high JS 

when coexisting deciduous broadleaf species were leafless in a northeastern USA forest. 

We also found patterns of JS during the middle of the growing season consistent with 

other studies that show differences in water use among xylem anatomy types. For exam-

ple, Bush et al. (2008) found that ring-porous species growing in Salt Lake City, Utah 

showed relatively constant maximum JS rates across the growing season, while diffuse-

porous species showed steady declines in maximum JS rates.  

Although we did not observe species’ differences in sap flux that could be ex-

plained by differences in shade tolerance, our study was not designed to formally test this 

idea and thus it warrants further study. It may be that shade tolerance is relatively more 

important for establishment and timing of growth than for regulating adult tree water use. 

Typically shade tolerance is a trait assessed in juvenile trees and can vary across the life-

time of a tree, with juveniles of a given species usually exhibiting greater shade tolerance 

than adults (Niinemets and Valladares 2006). Consequently, the species-specific shade 

tolerance rankings we used may not be particularly relevant for the fully mature, planted 

trees we studied.  

 

Responses to environmental drivers 
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Seasonal patterns of daily JS are generally thought to relate to species’ differences 

in vulnerability to xylem cavitation and stomatal sensitivity to vapor pressure deficit. The 

variation in species’ responses to vapor pressure deficit and PAR that we observed in a 

suburban ecosystem over the growing season lends support to these ideas. Consistent 

with the idea that ring-porous species are more vulnerable to cavitation because of their 

large earlywood vessels (Hacke et al. 2006, Taneda and Sperry 2008), we found that ring-

porous genera appeared to exercise greater stomatal regulation at high DZ and more con-

stant stomatal regulation across the growing season. Reductions in sap flux via stomatal 

closure at high DZ may protect the xylem of ring-porous species from cavitation, but po-

tentially at the expense of photosynthesis and carbon gain. Although we did not directly 

measure photosynthesis in this study, the saturating response of JS to increasing PAR in 

ring-porous species suggests that these species are limited in their ability to use high light 

conditions for photosynthesis. The growing season declines in maximum JS, as well as DZ 

at maximum JS, that we observed for conifer and diffuse-porous species are also consis-

tent with evidence that these xylem anatomy types can maintain relatively high hydraulic 

conductance at low xylem pressure, but do so at the risk of some drought-induced xylem 

cavitation over time (Hacke et al. 2006, Sperry et al. 2006, Willson and Jackson 2006, 

Taneda and Sperry 2008). The linear response of JS to increasing PAR in conifer and dif-

fuse-porous species suggests that these species permit greater carbon uptake and growth 

during high light, high vapor pressure deficit conditions. Because we did not directly 

measure cavitation in this study, alternative hypotheses that may explain the observed 

decline in JS over the growing season include artifacts of sensors measuring a higher pro-
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portion of less functional, older xylem as trees grow radially (Melcher et al. 2003), 

physiological changes associated with leaf senescence (Matile 2000), pectins, gums, res-

ins, latex, or tylose formation blocking xylem over time (Neumann et al.), or changes in 

water uptake by roots (Snyder and Williams 2007).  

Over the same range of vapor pressure deficit, our measured rates of JS were simi-

lar to published values for the same tree species in natural forest ecosystems (Ewers et al. 

2002, Lagergren and Lindroth 2002, Pataki and Oren 2003). This suggests that, under 

similar environmental conditions, water use measurements from forests could be extrapo-

lated and applied to trees in a low-management, suburban ecosystem such as our study 

area. However, because urban areas tend to have a wider range of vapor pressure deficit 

than surrounding areas, these extrapolations should be made with caution. It is likely that 

we observed distinct water use patterns by xylem anatomy type because our JS measure-

ments spanned a wider range of vapor pressure deficit than is typical of natural temperate 

forests. Consistent with this, in Salt Lake City, Utah, Bush et al. (2008) found distinct 

seasonal patterns of sap flux between ring and diffuse-porous species across a wide range 

in vapor pressure deficit. In addition, the extrapolation of measurements from natural for-

ests may be difficult because of non-overlapping species composition. To the best of our 

knowledge, this is the first study to measure JS in Fraxinus pennsylvanica, Juglans nigra, 

Picea pungens, and Pinus nigra, which are common in urban areas of the north-central 

and northeastern United States. However, given that there were >80 tree species identi-

fied in our study area, it would be desirable to obtain measurements for additional com-

mon urban species in future studies. 
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Given expected changes in regional climate, plans to use trees as “green infra-

structure” to manage ecosystem services related to evapotranspiration will require par-

ticular attention to species selection. With climate change, air temperature and vapor 

pressure deficit are expected to increase in many urban areas (Solomon et al. 2007). Co-

occurring increases in atmospheric humidity, on the other hand, could result in no 

changes in urban vapor pressure deficit (Santer et al. 2007). Our results suggest that spe-

cies composition will affect changes in evapotranspiration from urban ecosystems, along 

with changes in land use, management practices, and development. Our data suggest that 

water fluxes from areas with mostly ring-porous species, for example, may be relatively 

unchanged compared to areas dominated by conifer or diffuse-porous species. However, 

future study is required to confirm these trends. At the same time, increases in air tem-

perature will also likely influence the seasonality of evapotranspiration rates due to 

changes in leaf phenology. Higher air temperatures in urban areas compared to rural areas 

have already been associated with earlier green-up of urban vegetation and changes in 

regional net primary productivity (Imhoff et al. 2004). Earlier bud break could lead to 

higher water fluxes in the spring, particularly in areas dominated by diffuse-porous tree 

species. On the other hand, in areas dominated by evergreen needleleaf species, water 

fluxes may increase across the year, as the number of days with a mean air temperature 

above 0ºC increases. Predicting ecosystem responses to climate change is a complex and 

challenging task. Therefore, we caution that these ideas should be considered hypotheses 

and investigated with future studies. 

 



 

 65 

Transpiration differences among tree types 

Canopy structure and growing season length played important roles in distin-

guishing species’ differences in transpiration rates. Differences in canopy structure may 

be particularly exaggerated in urban areas due to disparities in pruning practices between 

coexisting evergreen needleleaf and deciduous broadleaf trees. While lower branches of 

deciduous broadleaf trees are often pruned and reduce the LAI per tree, these branches 

are frequently left in place on evergreen needleleaf trees and increase the LAI per tree. 

These differences in canopy structure, along with differences in projected canopy area 

and growing season length, yielded the significantly higher daily and annual transpiration 

rates of evergreen needleleaf trees on a per unit canopy area basis than deciduous broad-

leaf trees. Although relatively few studies express tree transpiration on a per unit canopy 

area basis, Catovsky et al. (2002) found that hemlock (Tsuga canadensis) trees had lower 

annual transpiration per unit canopy area than did deciduous broadleaf species in a north-

eastern USA forest. These contrasting results are likely because hemlock trees have lower 

LAI than most other evergreen needleleaf species (Waring et al. 1978).  

To estimate the tree transpiration component of urban water budgets, differences 

between evergreen needleleaf and deciduous broadleaf trees in growing season length 

and canopy structure offer an approach for scaling up species differences in water use. 

Projected canopy area is also a logistically easy and nondestructive metric to assess in 

urban ecosystems compared to the more traditional metrics used to scale up tree transpi-

ration in natural forest ecosystems, such as stand-level sapwood area per hectare or leaf 

area index (Granier et al. 1996, Ewers et al. 2002, Bovard et al. 2005, Tang et al. 2006, 
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Ford et al. 2007, McLaren et al. 2008, Oishi et al. 2008). While stands of trees do exist in 

urban areas, in general trees are more isolated and patchily distributed across urban land-

scapes, making it difficult to measure and extrapolate stand-level features (e.g. sapwood 

area per hectare). The distribution of trees in savanna ecosystems is similarly patchy, 

which is why in a Mediterranean oak savannah ecosystem, projected canopy area was 

also used for scaling up the tree transpiration component of a water budget (Paco et al. 

2009). Additionally, logistical constraints may limit the ability to collect extensive data 

for urban ecosystems. For instance, the number of individual homeowner permissions 

needed to core privately owned trees for sapwood area measurements in urban areas 

could be quite extensive and difficult to obtain. The allometric equations often used to 

estimate stand-level sapwood area or leaf area in forest ecosystems may not be suitable 

for application in urban ecosystems because they can be highly site specific and remain 

under-developed for open-grown, urban trees (Peper and McPherson 2003). We com-

pared our measurements of sapwood area to values calculated using published allometric 

equations for the same species in forest ecosystems (Lundblad and Lindroth 2002, 

Wullschleger and Hanson 2006, Gebauer et al. 2008) and found that the allometric equa-

tions on average overestimated our measurements by 26% (y = 1.26x, R2 = 0.86, P < 

0.001). However, for trees with a sapwood area less than 400 cm2, the allometric equa-

tions overestimated our measured values by only 18% (y = 1.18x, R2 = 0.76, P < 0.001). 

In contrast, projected canopy area can be easily assessed in urban areas using forest in-

ventories and remote sensing imagery (Nowak et al. 1996, Walton et al. 2008). Tree 

cover maps and forest inventories already exist for many cities and thus are readily avail-
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able for this type of scaling. A combination of high-resolution remote sensing products 

(e.g., QuickBird and LiDAR) and techniques now allow deciduous and evergreen tree 

canopies and ground cover classes to be detected in urban areas (Tooke et al. 2009).  

Regardless of the approach used to estimate tree canopy cover in urban areas, the 

spatial heterogeneity of urban microclimates will complicate efforts to scale up and pre-

dict the tree transpiration component of urban water budgets (Peters and McFadden 

2010). For example, even the extrapolation of our measurements to street trees in the 

same city would potentially be complicated by the differences in environmental condi-

tions experienced by trees grown over impervious surfaces compared to trees grown over 

turfgrass. When grown over asphalt, trees experience more desiccating atmospheric con-

ditions that cause some species to show increased rates of water loss, whereas others 

show reduced stomatal conductance and lower transpiration rates (Cregg 1995, Kjelgren 

and Montague 1998, Mueller and Day 2005, Leuzinger et al. 2010). 

 

 

Conclusions 

Sap flux measurements in a suburban neighborhood in the north-central United 

States showed that the magnitude and seasonality of transpiration in common urban tree 

species differed significantly with plant functional type (evergreen needleleaf and de-

ciduous broadleaf). The measurements also showed patterns of sap flux consistent with 

differences in xylem anatomy (conifer, ring-porous, and diffuse-porous) among tree spe-

cies. As the growing season progressed, conifer and diffuse-porous genera had increased 
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stomatal regulation to high vapor pressure deficit, while ring-porous genera maintained 

greater and more constant stomatal regulation. The variation among tree species’ re-

sponses to vapor pressure deficit suggests that evapotranspiration from urban forest eco-

systems in response to climate change will depend in part on species composition. Ever-

green needleleaf trees had significantly higher growing season means and total annual 

transpiration per unit canopy area (1.90 kg H2O m–2 day–1 and 307 kg H2O m–2 yr–1, re-

spectively) than deciduous broadleaf trees (1.11 kg H2O m–2 day–1 and 153 kg H2O m–2 

yr–1, respectively). This was because evergreen trees, in comparison to deciduous trees, 

had a smaller projected canopy area (31.1 and 73.6 m2, respectively), a higher leaf area 

index (8.8 and 5.5 m2 m–2, respectively), and a longer growth season (8 and 4 months, 

respectively). These plant functional type differences in canopy structure and growing 

season length offer an approach to scale up species’ differences in tree transpiration and 

predict the evapotranspiration component of urban and suburban water budgets for man-

agement of urban ecosystem services. 
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Table 3-1. Fractional contribution of nine tree genera to the total stem count, canopy 

area, and basal area (cross-sectional area measured at 1.4 m) of trees >5 cm DBH in a 

forest inventory of a suburban neighborhood of Minneapolis–Saint Paul, Minnesota. 

Genera are sorted by their fractional contribution to the total canopy area.  

Genus Stems 

(%) 

Canopy area 

(%) 

Basal area 

(%) 

Acer 16 22 21 

Quercus 6 14 16 

Fraxinus 13 13 10 

Ulmus 7 9 7 

Picea 18 8 13 

Populus 7 7 9 

Gledistia 2 5 3 

Pinus 7 5 8 

Betula 5 4 2 

Other genera 19 13 11 
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Table 3-2. Site, plant functional type, xylem anatomy, shade tolerance, mean projected canopy area, mean leaf area index (LAI), mean 

sapwood depth, mean diameter at 1.4 m (DBH), and mean height by tree species per year. Numbers in parentheses are one standard 

deviation of the mean. 

Species n 

 
 

Site  

Plant 
Functional 

Type 
Xylem 

Anatomy 
Shade 

Tolerancea 

Canopy 
Area 
(m2) 

LAI  
(m2 m–2) 

Sapwood 
Depth  
(cm) 

DBH  
(cm) 

Height 
(m)  

  
 

        
2007  
  

 
        

Fraxinus 
pennsylvanica 

2 
 

CTC deciduous 
broadleaf 

ring-
porous 

mid 
 

101.6 
(59.8) 

— 
 

10.0 
(0.1) 

49.1 
(2.0) 

19.4 
(2.7) 

Picea glauca 
 

3 
 

Grove evergreen 
needleleaf 

conifer 
 

high 
 

14.3 
(6.8) 

— 
 

2.9  
(1.3) 

16.7 
(5.5) 

9.8 
(3.4) 

Picea pun-
gens 

4 
 

Grove evergreen 
needleleaf 

conifer 
 

high 
 

11.8 
(1.2) 

— 
 

4.3  
(1.6) 

16.8 
(5.0) 

9.6 
(2.7) 

Pinus strobes 
 

1 
 

Grove evergreen 
needleleaf 

conifer 
 

mid 
 

28.7 
(NA) 

— 
 

6.6  
(NA) 

15.2 
(NA) 

10.3 
(NA) 

Quercus ru-
bra 

5 
 

CTC deciduous 
broadleaf 

ring-
porous 

mid 
 

85.1 
(30.1) 

— 
 

1.8  
(0.3) 

42.9 
(7.7) 

20.8 
(3.5) 

 
  

 
        

2008  
  

 
        

Fraxinus 
pennsylvanica 

4 
 

Lauderdale 
Saint Paul 

deciduous 
broadleaf 

ring-
porous 

mid 
 

75.9 
(11.1) 

4.1 
(1.3) 

8.8  
(3.3) 

38.6 
(11.4) 

17.7 
(5.5) 

Juglans nigra 
 

2 
 

Saint Paul deciduous 
broadleaf 

diffuse-
porous 

low 
 

96.4 
(71.0) 

4.6  
(0.2) 

4.8 
(0.04) 

40.8 
(25.1) 

15.0 
(4.0) 

Picea abies 
 

2 
 

Lauderdale evergreen 
needleleaf 

conifer 
 

high 
 

46.3 
(16.7) 

9.1  
(2.3) 

3.0  
(0.7) 

49.7 
(7.0) 

20.8 
(5.4) 
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Picea glauca 
 

2 
 

Saint Paul evergreen 
needleleaf 

conifer 
 

high 
 

26.0 
(2.4) 

11.3 
(0.1) 

5.9  
(0.3) 

29.9 
(5.4) 

13.0 
(0.8) 

Pinus nigra 
 

2 
 

Lauderdale evergreen 
needleleaf 

conifer 
 

low 
 

33.6 
(1.0) 

7.6  
(0.4) 

7.7  
(1.8) 

41.5 
(6.3) 

20.0 
(1.7) 

Pinus sylves-
tris 

2 
 

Saint Paul evergreen 
needleleaf 

conifer 
 

low 
 

18.4 
(6.7) 

7.1  
(1.5) 

8.6  
(1.3) 

21.0 
(2.9) 

9.1 
(3.0) 

Tilia ameri-
cana 

2 
 

Saint Paul deciduous 
broadleaf 

diffuse-
porous 

high 
 

28.1 
(2.0) 

10.2 
(0.9) 

7.7  
(0.5) 

22.8 
(1.8) 

12.8 
(0.3) 

Ulmus pumila 
 

2 
 

Lauderdale deciduous 
broadleaf 

ring-
porous 

mid 
 

90.8 
(70.6) 

2.8  
(0.4) 

2.6  
(0.9) 

50.8 
(12.6) 

20.7 
(4.7) 

Ulmus tho-
masii 

2 
 

Saint Paul deciduous 
broadleaf 

ring-
porous 

mid 
 

68.1 
(36.3) 

6.5  
(0.8) 

3.0  
(0.1) 

44.4 
(7.0) 

13.1 
(0.7) 

a (Niinemets and Valladares 2006) 
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Table 3-3. Average maximum, mean, and minimum air temperature (Tair) for day and 

night periods during the 2007 and 2008 growing seasons (DOY 165–250). Day was de-

fined as time periods when incoming solar radiation was >10 W m–2. Numbers in paren-

theses are one standard deviation of the mean. 

 Maximum 

Tair (ºC) 

Mean 

Tair (ºC) 

Minimum 

Tair (ºC) 

2007    

Day 27.2 (3.9) 24.0 (3.3) 18.2 (2.7) 

Night 24.7 (3.4) 20.9 (2.6) 18.1 (2.6) 

    

2008    

Day 26.5 (3.1) 23.3 (2.9) 17.1 (3.0) 

Night 23.8 (3.1) 19.8 (2.7) 16.9 (3.0) 
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Table 3-4. Parameters for the exponential saturation model JS  = a(1 – exp(–bDZ)) for six 

genera in June and September 2008. 

  June September 
Genus n a b a b 

Fraxinus 4 159.1 1.5 139.4 1.7 
Juglans 2 207.6 1.5 129.4 2.1 
Picea 4 232.4 0.8 156.0 0.7 
Pinus 4 186.5 1.1 141.8 0.8 
Tilia 2 376.2 0.7 140.9 1.1 
Ulmus 4 150.5 1.5 156.1 1.6 
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Table 3-5. Growing season means of daily sap flux density per unit sapwood area (JS), 

transpiration per unit canopy area (EC), transpiration per unit leaf area (EL), and annual 

sums of EC for six genera in 2008. Numbers in parentheses are ±1 standard error. 

Genus n 

Growing Sea-
son Mean JS 

(g cm–2 day–1)  

Growing Season 
Mean EC  

(kg m–2 day–1) 

Growing Season 
Mean EL 

(kg m–2 day–1) 
Annual Sum EC 

(kg m–2 yr–1) 
Fraxinus 4 153.91 (20.78) 0.91 (0.34) 0.24 (0.09) 122.87 (50.02) 
Juglans 2 186.26 (35.99) 0.76 (0.52) 0.19 (0.11) 97.20 (78.51) 
Picea 4 158.67 (29.38) 1.80 (0.42) 0.18 (0.08) 294.81 (62.76) 
Pinus 4 152.58 (29.38) 2.01 (0.42) 0.28 (0.09) 319.22 (62.76) 
Tilia 2 210.97 (35.99) 1.87 (0.52) 0.23 (0.11) 240.75 (78.51) 
Ulmus 4 148.19 (29.39) 1.18 (0.42) 0.31 (0.09) 171.51 (62.76) 
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Figure 3-1. Photosynthetically active radiation (PAR), mean daily air temperature (Tair), 

mean daytime vapor pressure deficit (D), soil water content (SWC), and precipitation in a 

suburban neighborhood of Minneapolis–Saint Paul, Minnesota. PAR and precipitation 

were measured at climate stations in nearby open turfgrass lawns. Tair and D were meas-

ured at a total of four stands: Grove and CTC sites in 2007 and Lauderdale and Saint Paul 
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sites in 2008. Only the 2007 and 2008 means of Tair and D are shown because in 2007 

significant site differences were small in magnitude (0.9ºC, P < 0.001 and 0.1 kPa, P < 

0.001, respectively) and in 2008 sites were not significantly different (P = 0.72 and P = 

0.61, respectively). Soil water content was measured at the same four stands.  
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Figure 3-2. Daily sums of sap flux density per unit sapwood area (JS) for seven tree gen-

era measured in a suburban neighborhood of Minneapolis–Saint Paul, Minnesota. Each 

panel represents the mean of all trees per genus measured for a given year. Early spring 

(April) sap flux density observations are not available for 2007 because measurements 

did not commence until May. In 2007, measurements were made at the CTC and Grove 

sites. In 2008, measurements were made at the Lauderdale and Saint Paul sites. See Table 
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3-2 for the sites at which each genus was measured. Missing data represent days when 

equipment failed due to power interruptions. Numbers in parentheses are integrated sums 

of JS in kg H2O cm–2 across the measurement period and n number of trees measured, re-

spectively.  
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Figure 3-3. Average diurnal patterns of sap flux density per unit sapwood area (JS) for 

three groups of trees in a suburban neighborhood of Minneapolis–Saint Paul, Minnesota: 

evergreen needleleaf conifer genera (triangles), deciduous broadleaf diffuse-porous gen-

era (circles), and deciduous broadleaf ring-porous genera (squares). Data shown are from 

April to November 2008. Error bars represent ± 1 standard error. Numbers in parentheses 

are n number of trees measured per group. 
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Figure 3-4. Daily sums of sap flux density per unit sapwood area (JS) in response to day 

length normalized mean daytime vapor pressure deficit (DZ) in a suburban neighborhood 

of Minneapolis–Saint Paul, Minnesota. Data shown are from June (open circles) and Sep-

tember (closed circles) in 2008. Each panel represents the mean of all trees measured per 

genus with n number of trees shown in parentheses. Lines are exponential saturation 

curves of the form: y = a(1 – exp(–bx)). Note the different vertical axis for Tilia.  
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Figure 3-5. Daily sums of sap flux density per unit sapwood area (JS) in response to daily 

sums of photosynthetically active radiation (PAR) in a suburban neighborhood of Min-

neapolis–Saint Paul, Minnesota. Data shown are from June (open circles) and September 

(closed circles) in 2008. Each panel represents the mean of all trees measured per genus 

with n number of trees shown in parentheses. Note the different vertical axis for Tilia. 
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Figure 3-6. Daily sums of transpiration per unit canopy area (EC) in evergreen needleleaf 

(closed circles) and deciduous broadleaf (open circles) plant functional types in a subur-

ban neighborhood of Minneapolis–Saint Paul, Minnesota. Symbols represent monthly 

averages from April to November 2008. Error bars represent ±1 standard error.  
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Figure 3-7. Total annual transpiration per unit canopy area (EC) in evergreen needleleaf 

and deciduous broadleaf plant functional types in a suburban neighborhood of Minneapo-

lis–Saint Paul, Minnesota. Cumulative water loss was summed from April to November 

2008. Error bars represent ±1 standard error. 
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Chapter 4 

Seasonal contributions of vegetation types to suburban evapotran-

spiration 

 

 

Summary 

Evapotranspiration is an important term of both energy and water balances in urban areas 

and is an important ecosystem service of urban vegetation. The spatial heterogeneity of 

urban surface types with different seasonal water use patterns (e.g. trees and turfgrass 

lawns) complicates efforts to predict and manage urban evapotranspiration rates, necessi-

tating a surface type, or component-based, approach. In a suburban neighborhood of 

Minneapolis–Saint Paul, Minnesota, USA, we simultaneously measured ecosystem 

evapotranspiration and its main component fluxes using eddy covariance and heat dissi-

pation sap flux techniques to assess the relative contribution of plant functional types 

(evergreen needleleaf tree, deciduous broadleaf tree, cool-season turfgrass) to seasonal 

and spatial variations in suburban evapotranspiration. Component-based evapotranspira-

tion estimates agreed well with measured water vapor fluxes, although the imbalance be-

tween methods varied seasonally from an overestimate of 20% in spring to an underesti-

mate of 11% in summer. Turfgrasses represented the largest contribution to total annual 

evapotranspiration in recreational and residential land-use types (87% and 64%, respec-

tively), followed by trees (10% and 31%, respectively), with the relative contribution of 
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plant functional types dependent on fractional cover and seasonal differences in daily wa-

ter use. Recreational areas had higher annual evapotranspiration than residential areas 

(467 versus 324 mm year–1, respectively) and altered seasonal patterns of evapotranspira-

tion due to greater turfgrass cover (74% versus 34%, respectively). Our results suggest 

that plant functional types offer a useful approach to predict the seasonal patterns of 

evapotranspiration among cities, as well as with changes in climate, land use, or vegeta-

tion composition that may disproportionately impact urban vegetation types.  

 

Introduction 

Evapotranspiration is an important term of both energy and water balances urban 

areas and consequently plays a key role in management decisions related to conservation 

of water resources, mitigation of urban heat islands, and reduction of storm water runoff. 

Managing these ecosystem services requires accurate assessments of urban evapotranspi-

ration rates, and indeed water vapor fluxes have been measured from numerous cities rep-

resenting different climates, geographical regions, and land-use types (Grimmond and 

Oke 1999, Nemitz et al. 2002b, Spronken-Smith 2002, Moriwaki and Kanda 2004, Of-

ferle et al. 2006, Balogun et al. 2009). Collectively, these studies show that cities vary in 

magnitude and seasonality of evapotranspiration due to differences in climate, irrigation, 

and vegetation cover. For example, densely built-up city centers or downtown areas with 

high impervious surface cover tend to have lower evapotranspiration rates and smaller 

evaporative fractions (Nemitz et al. 2002b, Grimmond et al. 2004) than residential areas 

with short buildings and high vegetation cover (Grimmond et al. 1996, Moriwaki and 
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Kanda 2004, Grimmond et al. 2006, Balogun et al. 2009). Recent studies additionally 

suggest that plant growth form is another important factor controlling total evapotranspi-

ration in urban areas, with turfgrass-dominated areas showing higher water fluxes than 

tree-dominated areas (Kotani and Sugita 2005, Offerle et al. 2006, Balogun et al. 2009). 

The spatial heterogeneity of urban landscapes, however, greatly complicates the extrapo-

lation of these ecosystem-scale measurements to other urban and suburban areas, as vege-

tation composition varies widely within and between cities. The management of urban 

ecosystem services necessitates an approach to quantifying urban evapotranspiration rates 

according to the major land-surface types present, hereafter referred to as a component-

based approach. Partitioning of ecosystem water fluxes among stand types or species has 

been previously investigated in natural ecosystems (Baldocchi et al. 2000, Oishi et al. 

2008, Paco et al. 2009), yet this information is relatively lacking in urban ecosystems.   

Plant functional types provide a potentially useful approach for partitioning the 

seasonal patterns of urban evapotranspiration, as they represent major physiological and 

biophysical differences among plant species (Reich et al. 1997) and they also can be 

uniquely identified in urban landscapes using high-resolution satellite imagery (Tooke et 

al. 2009). For example, evergreen needleleaf trees tend to have lower leaf-level transpira-

tion rates than deciduous broadleaf trees (Givnish 2002), while both tree types tend to 

have deeper roots and access to additional sources of water compared to cool-season 

grasses (Jackson et al. 1996, Ludwig et al. 2004). Plant functional types also represent 

distinct seasonal patterns in physiological activity, or phenology, among plant species. 

For example, cool-season turfgrasses, which are ubiquitous across temperate urban land-



 

 87 

scapes (Milesi et al. 2005), are physiologically active primarily in the spring and fall 

(Zhang et al. 2007), while evergreen needleleaf and deciduous broadleaf trees show peak 

function in mid-summer (Givnish 2002). Many studies have quantified evapotranspira-

tion rates of turfgrass (Feldhake et al. 1983, 1984, Zhang et al. 2007) and, to a lesser ex-

tent, of trees in urban areas (Whitlow and Bassuk 1988, Whitlow et al. 1992, Bush et al. 

2008), yet no work has examined the combined effects of these plant functional types on 

the seasonality of urban evapotranspiration. 

Here we report a two-year study in which we made independent measurements of 

total ecosystem evapotranspiration and its main component fluxes to better understand 

how vegetation influences the spatial and seasonal variation in suburban evapotranspira-

tion. We measured ecosystem evapotranspiration using an eddy covariance system 

mounted 40 m above the landscape, tree transpiration using heat dissipation sap flow sen-

sors, and turfgrass evapotranspiration using a 1.35 m portable eddy covariance system. 

Our main objectives were to: 1) determine the magnitude and seasonal patterns of subur-

ban evapotranspiration; 2) evaluate how well scaled component-based estimates match 

measured ecosystem evapotranspiration rates; 3) determine how the magnitude and sea-

sonality of ecosystem evapotranspiration varies between residential and recreational land-

use types; and 4) examine the seasonal water use patterns of vegetation types and their 

influence on ecosystem evapotranspiration in recreational and residential land-use types. 
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Methods 

Site information 

Our study was conducted in a first-ring suburban neighborhood in the Minneapo-

lis–Saint Paul metropolitan area in east-central Minnesota, USA (44º59'N, 93º11'W). 

Prior to rapid residential development in the 1950s, the prominent land-use types in the 

area were farms and nurseries. The area has a cold temperate climate with mean annual 

temperature of 7.4ºC and mean annual precipitation of 747 mm. Due to its location near 

the center of the metropolitan area, the study area was influenced by the urban heat island 

effect that has been documented for Minneapolis–Saint Paul (Winkler et al. 1981, Tod-

hunter 1996, Sen Roy and Yuan 2009). The relatively flat terrain made this landscape 

suitable for eddy covariance measurements from the KUOM broadcast tower located in 

the center of our approximately 7 ha study area (Figure 4-1). The area immediately adja-

cent to the tower consisted of residential land use (single-family housing) to the north-

west and northeast and recreational land use (golf course) to the southwest. Vegetated 

surfaces consisted primarily of forested patches, isolated trees, and open turfgrass lawns. 

Of the over 80 tree species identified in this area, the dominant canopy species were Acer 

negundo (boxelder), Acer saccharinum (silver maple), Fraxinus pennsylvanica (green 

ash), Gleditsia tricanthos (honey locust), Picea glauca (white spruce), Populus deltoides 

(cottonwood), Quercus alba (white oak), and Ulmus americana (American elm), with a 

mean tree height of 12 m.  

We selected four sites with stands of trees suitable for sap flux measurements 

within our study area (Figure 4-1) (Peters et al. in press). Sites were selected to include 
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representative tree species and sizes with the total number of sites limited by numerous 

logistical constraints (e.g., equipment, landowner permission, site suitability, signal cable 

lengths, and access to power). Trees at all sites were grown under park-like conditions 

with open-canopies and a turfgrass ground cover. The lower branches of many trees were 

pruned, but canopies were mature and healthy with no obvious signs of disease or dam-

age. Root systems were not likely restricted by impervious surfaces, as the nearest roads 

and sidewalks occurred beyond the drip-line of all trees and often at distances >10 m 

from each tree. Surface soils at all sites were moderately compacted with an average bulk 

density of 1.43 g cm–3, as is typical of urban soils (Craul 1985). Management regimes 

were considered low-maintenance at all sites and included regular mowing, but had little 

or no irrigation and no fertilizer use based on personal communication with the landown-

ers. 

We made eddy covariance measurements over a 1.5 ha turfgrass field that was lo-

cated within the footprint of the KUOM tall tower (Figure 4-1). This site was representa-

tive of low-maintenance lawns in the area, as it was mowed to a height of 7 cm approxi-

mately once per week with clippings left to decompose on the surface and was not irri-

gated or fertilized. C3 cool-season turfgrass species, Poa pratensis (Kentucky bluegrass), 

Lolium perenne (perennial ryegrass) and Festuca arundinacea (tall fescue), dominated 

this site. Surface soils at this site were slightly compacted with an average bulk density of 

1.22 g cm–3. 
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Measuring suburban evapotranspiration and its component fluxes 

Latent (LE) and sensible (H) heat fluxes over the suburban landscape were meas-

ured from the 40 m level on the KUOM broadcast tower using an eddy covariance system 

consisting of a 3-D sonic anemometer (CSAT3, Campbell Scientific, Inc., Logan, Utah, 

USA) and a closed-path infrared gas analyzer (LI-7000, LI-Cor, Lincoln, Nebraska, USA). 

The measurement height was >2× the mean height of the trees, which overtopped the 

roofs of the houses. The sonic anemometer and the filtered air inlet for the gas analyzer 

were mounted on a 3 m boom that was oriented toward the northwest (315°). The gas 

analyzer and the data-acquisition system were housed in an insulated, thermostatically 

controlled, heated and ventilated rack-mount computer enclosure at the base of the tower. 

The water vapor channel of the gas analyzer was calibrated using a dew point generator 

(LI-640, LI-Cor, Lincoln, Nebraska, USA) in a nearby laboratory, with two different LI-

7000 instruments cycled regularly between the lab and the tower. Air was sampled 

through a 9.5-mm I.D. pure FEP tubing at a rate of 23 SLPM and a by-pass flow rate of 

7.5 SLPM through 4-mm I.D. pure PTFE tubing and was delivered to the gas analyzer 

using a system of needle valves, mass-flow meters, and two rotary vane vacuum pumps 

(Gast models 1023 and 211 for the main and the by-pass pumps, respectively, Benton 

Harbor, Michigan, USA). The digital data from the sonic anemometer was transmitted to 

the base of the tower using a pair of fiber optic media converters linked by multimode fi-

ber optic cable to avoid RF interference from the broadcast tower. Data collected with the 

sonic anemometer and infrared gas analyzer were recorded at 10 Hz using in-house soft-
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ware running on a utility-grade UNIX server at the base of the tower (V120, Sun Micro-

systems, Santa Clara, California, USA).  

Thirty minute turbulent fluxes, including ecosystem evapotranspiration (Etotal), 

were computed using a slightly modified version of eth-flux (Mauder et al. 2008). Follow-

ing Vickers and Mahrt (1997), a filter was implemented to remove spikes in the sonic data 

likely caused by data communication. A maximum of five values exceeding ±6 standard 

deviations within a 300 s moving window were removed. This procedure was repeated 

three times for each 30 min block. The time lag due to the transport of air through the tub-

ing was calculated using the peak of the cross-correlation function between the vertical 

wind velocity and the water vapor concentration. The mean lag for the water vapor sig-

nals was 11 s. All subsequent analyses were performed using the R (version 2.8) statisti-

cal language package (R Development Core Team 2010). The sonic temperature was cor-

rected following Schotanus et al. (1983). High-frequency losses in the fluxes were cor-

rected following Eugster and Senn (1995) using a damping-loss constant of 0.28 s–1. Data 

were screened to remove periods when instruments were being serviced and wind direc-

tions were from the southeast (90 to 180º) to avoid interference from the tower structure. 

Land use associated with these wind directions was also atypical of the predominantly 

residential area because it was experimental crop plots cultivated by the University of 

Minnesota. Gaps in measurements from January 2007 to December 2008 represented 

48% of the data, due to unfavorable wind directions (20%) from behind the tower (90–

180º) and power outages (28%). We performed a minimal level of filtering to maximize the 
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amount of data. Due to the complexity of the suburban land surface and our focus on 

comparing scaled-up surface type fluxes to measured Etotal, we did not gap-fill the tall 

tower data for the analyses presented here. 

Measured Etotal should balance against the sum of its component fluxes such that: 

 

! 

E
total

= E
T

+ E
G

+ E
W

     (1) 

 

where ET is evapotranspiration from trees, EG is evapotranspiration from turfgrass lawns, 

and EW is evaporation from open water (e.g. ponds and swimming pools). Each of these 

surface type fluxes was either independently measured or modeled as described below. 

Evaporation from bare soil and impervious surfaces was assumed to be negligible be-

cause bare soil represented a small fraction of the study area (~7%) and impervious sur-

faces effectively prevent evaporation from soils below. 

ET is composed of tree transpiration (TT) and rainfall interception loss from tree 

canopies (IT) such that: 
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       (2) 

 

In our study area, Peters et al. (in press) found species’ differences in TT per unit canopy 

area were largely explained by plant functional type differences in canopy structure and 

growing season length. Consequently, we used evergreen needleleaf and deciduous 

broadleaf plant functional types to estimate ET at the ecosystem scale, such that: 
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! 

ET = ETeg + ETdec      (3) 

 

where ETeg is evapotranspiration from evergreen needleleaf trees and ETdec is evapotran-

spiration from deciduous broadleaf trees. 

TT was measured using Granier-type heat dissipation sap flow (Granier 1987, Lu 

et al. 2004) on a total of 37 trees (17 trees in 2007 and 20 different trees in 2008) across 

four sites. Trees represented seven different genera (Picea, Pinus, Quercus, Fraxinus, 

Ulmus, Tilia, and Juglans) and two plant functional types (evergreen needleleaf and de-

ciduous broadleaf) (Peters et al. in press). Measurement periods ran from May to No-

vember in 2007 and April to November in 2008. The software package BaseLiner (ver-

sion 2.4.1, Hydro-Ecology Group, Duke University) was used to calculate sap flux den-

sity per conducting sapwood area. To minimize underestimates of nocturnal sap flow we 

calculated reference temperatures only on nights when vapor pressure deficit did not ex-

ceed 1 kPa (Oishi et al. 2008). TT per unit canopy area was calculated as the product of 

each tree’s sap flux density and the ratio of cross-sectional sapwood area to projected 

canopy area. Cross-sectional sapwood area was determined from multiple cores per tree 

using visual estimates apparent immediately after removal from the trunk (Lu et al. 

2004). Adjustments were made for radial variation in sap flow according to Pataki et al. 

(In review).  

IT was estimated using a tree-based adaptation of the Rutter canopy interception 

model (Rutter et al. 1975, Valente et al. 1997). The crown of each tree was considered a 



 

 94 

closed canopy and interception loss calculated on a canopy area basis. Following Wang et 

al. (2008), we modeled crown storage capacity of both evergreen needleleaf and decidu-

ous broadleaf trees as a function of leaf area index (LAI) with a specific leaf storage of 

0.2 mm. The seasonal pattern of LAI was modeled using piece-wise logistic equations fit 

to stand-level LAI measurements (LAI-2000, LI-Cor, Lincoln, Nebraska, USA) that were 

collected biweekly at sap flux sites from prior to leaf-out to after senescence in 2007 and 

2008 (Peters and McFadden 2010). Maximum LAI values for evergreen needleleaf and 

deciduous broadleaf trees were determined from mid-summer LAI measurements on each 

study tree in 2008 (Peters et al. in press) and LAI ranges were determined from seasonal 

LAI patterns observed in homogeneous stands of evergreen needleleaf and deciduous 

broadleaf trees in 2006 (Peters and McFadden 2010). Modeled LAI of evergreen nee-

dleleaf trees ranged from a minimum of 7.75 m2 m–2 in winter to a maximum of 8.8 m2 

m–2 in summer, while modeled LAI of deciduous broadleaf trees ranged from a minimum 

of 0 m2 m–2 in winter to a maximum of 5.5 m2 m–2 in summer. IT was modeled every half-

hour by calculating potential evapotranspiration (EP) in kg H2O m–2 s–1 using the 

Priestley-Taylor equation (Priestley and Taylor 1972): 
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where α is a standard calibration constant of 1.26, RN is net radiation in MJ m–2 s–1, G is 

ground heat flux in MJ m–2 s–1, λ is latent heat of vaporization in MJ kg–1, Δ is the slope 
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of the saturation vapor pressure temperature curve in kPa ºC–1, and γ is the psychrometric 

constant in kPa ºC–1.  

 Through our analyses comparing measured and component-based estimates of 

Etotal, we determined it was important to include irrigated and non-irrigated turfgrass 

vegetation types when scaling up EG to the suburban ecosystem. Because most tree cano-

pies in our study area have a turfgrass understory, we also included two understory 

turfgrass vegetation types in our estimate of EG, such that:  

 

! 

EG = EGnirr + EGirr + EGunder _ eg + EGunder _ dec   (5) 

 

where EGnirr is evapotranspiration from non-irrigated turfgrass lawns, EGirr is evapotran-

spiration from irrigated turfgrass lawns, EGunder_eg is evapotranspiration from turfgrass 

growing below evergreen needleleaf tree canopies, and EGunder_dec is evapotranspiration 

from turfgrass growing below deciduous broadleaf tree canopies. 

 EGnirr was measured using the eddy covariance method over a 1.5 ha turfgrass field 

located in the footprint of the KUOM tall tower. LE and H heat fluxes were measured 

using an eddy covariance system consisting of a 3-D sonic anemometer (CSAT3, Camp-

bell Scientific, Logan, Utah, USA) and an open-path infrared gas analyzer (LI-7500, LI-

Cor, Lincoln, Nebraska, USA) oriented toward the west (270°) at a height of 1.35 m 

above the ground on a portable meteorological tripod (905, Met One Instruments, Grants 

Pass, Oregon, USA). Wind velocity, air temperature, and scalar concentrations of water 

vapor were recorded at 20 Hz using a datalogger (CR5000, Campbell Scientific, Logan, 
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Utah, USA) and fluxes were computed over 30-minute periods by applying a time lag if 

needed, and calculating the covariance between the vertical wind speed and the water va-

por concentration. The turbulence data processing followed the same procedures as for 

the tall tower except that the open-path gas analyzer data were corrected for changes in 

air density and sensible heat following Webb et al. (1980) and high frequency losses in the 

fluxes were corrected using Moore’s (1986) transfer functions for line averaging and sen-

sor separation. Gaps in measurements from January 2007 to December 2008 represented 

42% of the data, due to unfavorable wind directions from behind the tower (0–180º), 

power outages, and unsatisfied quality criteria (Foken and Wichura 1996). Gaps in EGnirr 

fluxes were filled using multiple linear regression models of RN and air temperature with 

two-week windows and separate daytime and nighttime fitted coefficients.  

 EGirr was calculated using the Priestly-Taylor equation with α equal to 0.87. Also 

known as the crop coefficient, α ranges from 0.6 to 1.14 for non-stressed, cool-season 

grasses (Carrow 1995, Ervin and Koski 1998, Brown et al. 2001, Zhang et al. 2007).  

 EGunder_eg and EGunder_dec were modeled as linear functions of the solar radiation 

passing through each tree canopy (Feldhake et al. 1985, Eastham and Rose 1988). Radia-

tion passing through the canopy (RV) in W m–2 was calculated using the Beer-Lambert 

law (Campbell and Norman 1998) such that: 
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where RS is incident solar radiation at the top of the canopy in W m–2 and k is an attenua-

tion coefficient. LAI was modeled separately for evergreen needleleaf and deciduous 

broadleaf trees as described above. Following another urban study (Wang et al. 2008), we 

set k equal to 0.7 for both tree types. Calculated RV was used to predict EGunder_eg and 

EGunder_dec from monthly linear regression models of measured EGnirr and RS (R2 ranged 

from 0.76 to 0.94 across the 2007 and 2008 growing seasons).  

  EW, which included a few small ponds, water traps on the golf course, and resi-

dential swimming pools, was calculated using the Priestly-Taylor equation with α equal 

to 1.26.  

 

Meteorological measurements 

To assess the environmental conditions in which our study occurred, we measured 

a suite of meteorological variables. At the turfgrass site, RN and RS were measured at 2 m 

above the ground using a far-component net radiometer (model CRN1, Kipp and Zonen, 

Delft, Netherlands). G was measured at 5 cm depth at two locations at the turfgrass site 

using heat flux plates (HFT-3.1, Radiation and Energy Balance Systems, REBS, Seattle, 

Washington, USA). An integrating platinum resistance temperature probe (STP-1, REBS, 

Seattle, Washington, USA) was used to measure storage of heat in the upper 5 cm of soil, 

which was added to the measurements recorded by the heat flux plates. Volumetric soil 

water content was measured at 10 cm depth (ECH2O, Decagon Devices, Inc., Pullman, 

WA, USA) at the turfgrass site and calibrated relative to a set of gravimetric measure-

ments made in the same soil type at the University of Minnesota climate station. These 
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calibrations were conducted by oven-drying soil cores of a known volume that were col-

lected across a two-week period. We measured RN (CNR1, Kipp and Zonen, Delft, Neth-

erlands) from the KUOM broadcast tower at 150 m above ground. Precipitation data were 

obtained from the University of Minnesota climate station (<1 km from the KUOM tower 

site). Vapor pressure deficit (D) was calculated from the water vapor concentration and 

air temperature measurements at the KUOM tall tower and turfgrass sites.  

 

Scaling up component fluxes  

We assessed the land cover in the study area using satellite imagery, aerial photog-

raphy, a Geographic Information System (GIS) land-use database (ArcMap, version 9.3, 

ESRI, Redlands, California, USA), and an urban forest inventory. A land cover classifica-

tion was produced using QuickBird (2.4 m resolution) multispectral imagery acquired on 

26 July 2006 and leaf-off, true color aerial imagery (0.15 m resolution) acquired by Ram-

sey County on 8 April 2003. Preparation of the QuickBird imagery included orthorectifi-

cation using a 10 m digital elevation model, georectification using the Ramsey County 

survey control network, masking of water bodies using a GIS data layer, and normalized 

difference vegetation index (NDVI) thresholding to isolate the vegetated fraction of the 

image. The vegetation classes were then extracted using the following steps. First, an un-

supervised isodata classification was used to separate areas covered by trees, turfgrass, 

and shadow. Second, the shadowed area was masked and re-classified using a supervised 

classifier. Third, the tree class was separated into deciduous broadleaf and evergreen nee-
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dleleaf tree classes using a green and red normalized band ratio from the leaf-off color aer-

ial imagery. Fourth, irrigated and non-irrigated turfgrass areas were separated using a 

minimum-distance supervised classification. Fifth, swimming pools were classified using a 

simple ratio of the blue to the near infrared bands of the QuickBird imagery, within the 

residential land-use area. We assessed the accuracy of the land cover classification using 

the subplot centers of 150 randomly selected field plots that we surveyed in 2005 and 

2006 using the U. S. Forest Service Forest Inventory and Analysis (FIA) urban forest 

protocol (USDA Forest Service 2005). The overall per-pixel accuracy of the classification 

was 82%, with similar accuracies of ~80% for the deciduous tree, evergreen tree, and 

turfgrass classes, and 93% for the impervious surface class.  

Footprint models have been widely used to estimate the source area of eddy co-

variance measurements of Etotal (Schmid 1994, Kljun et al. 2004); however these models 

are restricted to measurements over extended homogeneous surfaces and were not de-

signed for application in spatially complex urban landscapes (Vesala et al. 2008b). Al-

though our study area contains considerable spatial heterogeneity in surface types, it does 

not violate these model assumptions as much as a densely built-up city center or down-

town area because it has a relatively flat topography, a dense tree canopy that overtops 

most of the buildings, and lacks deep street canyons caused by tall buildings. Therefore, 

to allow for comparisons between measured Etotal and scaled component fluxes, we used a 

parameterized version of a Lagrangian stochastic footprint model (Kljun et al. 2004) to 

estimate the crosswind integrated footprint of each half-hourly measurement of Etotal. We 

ran the footprint model using a fixed boundary-layer depth of 1000 m and a roughness 
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length calculated from the eddy covariance measurements. As the Kljun et al. (2004) pa-

rameterization does not predict two-dimensional flux source areas, we used the following 

approach based on Barcza et al. (2009) to obtain a spatial sample of the fractional cover 

of land surface types within the source area. First, we used the footprint model to calcu-

late distance from the tall tower to the maximal contribution point as well as the distances 

corresponding to every tenth percentile of the footprint for each half-hourly measurement 

of measured Etotal. Second, we plotted the 10 points of the flux footprint along the mean 

wind direction on the land cover map in a GIS and calculated the fractional cover of each 

component class within a 1 ha circular area (radius = 56 m) around each point. Third, we 

calculated the average of the 10 sampled areas, each weighted by the crosswind-

integrated footprint corresponding to that point, to obtain the final estimate of the frac-

tional land cover that contributed to each half-hourly flux measurement. To estimate the 

fractional cover of turfgrass underneath the tree canopy, we calculated the difference be-

tween the percent turfgrass cover from field measurements on FIA plots (which included 

understory vegetation) and the percent turfgrass cover derived from the satellite data 

(which could not detect the understory). On average, 50% of the tree-covered area had a 

turfgrass understory and this value was used to represent the fractional cover of under-

story turfgrass for the entire footprint area.  

For comparison with measured Etotal, component fluxes were converted from a per 

cover area basis to a per ground area basis by multiplying ETeg, ETdec, EGnirr, EGirr, EGun-

der_eg, EGunder_dec, and EW by the fractional cover estimates and summing the terms. Com-

parisons between measured and component-based Etotal methods were restricted to half-
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hour periods in 2007 and 2008 when friction velocity u* > 0.2 m s–1 and scaled Monin-

Obukhov length zm/L ≥ –200 and ≤ 1. We conducted an error analysis of the component-

based estimates of Etotal by propagating errors associated with the land cover classifica-

tion, measured and modeled component fluxes (Taylor 1982). EGnirr was assumed to have 

a relative error of 20%, which is typical of eddy covariance measurements in general 

(Baldocchi et al. 1988). EGirr was assumed to have a relative error of 16%, based on the 

published range of α reported for cool-season turfgrass species (Carrow 1995, Ervin and 

Koski 1998, Brown et al. 2001, Zhang et al. 2007). For both evergreen and deciduous 

trees, TT was assumed to have a relative error of 40%, based on the measured variation in 

annual sums among individual trees. IT was assumed to have a relative error of 40% and 

23% for deciduous and evergreen trees, respectively, based on measured variation in 

LAI. Because EW, EGunder_dec, and EGunder_eg were minor components of Etotal and we did 

not have a strong quantitative basis for estimating their respective errors, they were ex-

cluded from this error analysis.  

To compare measured Etotal from a residential neighborhood and a recreational 

land-use area in a golf course, we delineated two regions of interest (Figure 4-1) based on 

the Ramsey County GIS database. We restricted land use comparisons to periods when 

the 10% flux contribution fell exclusively within one of the two land-use types during 

daytime conditions (RS > 10 W m–2). Annual Etotal from recreational and residential land-

use areas was determined by scaling component fluxes according to their respective land 

cover fractions shown in Table 4-1. 
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Results 

Land cover 

Open turfgrass lawns were the dominant land cover type in our suburban study 

area, representing 53% of the tall tower footprint, followed by 29% tree cover, and 15% 

impervious surface cover (Table 4-1). Of the tree-covered area, 86% was composed of 

deciduous broadleaf species and 14% of evergreen needleleaf species. A turfgrass under-

story was present in 52% of tree-covered areas. Vegetation cover varied considerably be-

tween the two dominant land-use types, such that turfgrass cover dominated the recrea-

tional area and tree cover dominated the residential area. The recreational area had 40% 

higher turfgrass cover, 54% more irrigated turfgrass cover, 23% less tree cover, and 13% 

less impervious surface cover than the residential area. The difference in percent cover of 

irrigated turfgrass between residential and recreational areas was confirmed with personal 

observations during the FIA field inventory that most homes did not have automatic irri-

gation systems.  

 

Environmental conditions 

 The seasonal patterns of RN, air temperature, and D were relatively similar be-

tween the two years of study, but there were several periods with higher D in the summer 

of 2007 compared to 2008. The seasonal patterns of rainfall and soil moisture varied con-

siderably between 2007 and 2008 (Figure 4-2). Not only was total annual rainfall higher 

in 2007 (749 mm) and more similar to the 30-year average (747 mm) than 2008 (550 



 

 103 

mm), the seasonal distribution of rainfall varied as well (National Climatic Data Center 

2004). In 2007, the greatest amount of precipitation occurred in September (170 mm), 

whereas in 2008 it occurred in April (109 mm). August was the wettest month (103 mm) 

over the 30-year average (National Climatic Data Center 2004). Consequently, rainfall 

patterns in 2007 were relatively more similar to the long-term average than in 2008. Air 

temperature and D were also higher in late spring and early summer in 2007 compared to 

2008. Soil moisture reached a growing season (April to November) low of 17% on aver-

age in May of 2007 compared to a low of 11% on average in August of 2008. 

 

Ecosystem evapotranspiration   

Etotal from the suburban landscape, measured from the 40 m level on the KUOM 

tower, varied seasonally across the two years of study (Figure 4-3). On average, daytime 

(RS > 10 W m–2) sums of Etotal were near zero in winter in both 2007 and 2008 and 

showed increased rates from April to October. In April and May, we observed higher 

daytime sums of Etotal on average in 2007, but in July and August we observed higher 

daytime Etotal on average in 2008. Daytime Etotal peaked in June of 2007 at an average rate 

of 2.7 mm day–1 and in July of 2008 at an average rate of 3.1 mm day–1. The prevailing 

northwest wind direction led Etotal to be relatively more representative of residential than 

recreational land-use areas (Figure 4-1). We consider this systematic bias when interpret-

ing these results.  

In mid-summer (June to August), the eddy covariance system at the 40-m level of 

the tall tower had an energy budget closure of 70%. This imbalance did not vary with 



 

 104 

wind direction or between residential and recreational land-use types. To estimate the en-

ergy budget closure at the tall tower we used G measured at the turfgrass site, which does 

not contain any impervious surfaces. Therefore, it is likely that G is an underestimate for 

the suburban landscape and may increase the energy imbalance. The average midday 

(11:00 – 15:00 h) evaporative fraction (LE/RN) and Bowen ratio (H/LE) were 0.93 and 

0.24, respectively, in mid-summer. We similarly observed a mid-summer energy budget 

closure of 75% with the 1.35 m portable eddy covariance system at the turfgrass site, but 

with a higher midday evaporative fraction (0.41) and lower Bowen ratio (0.37).  

 

Component evapotranspiration fluxes 

The magnitude and seasonal patterns of evapotranspiration varied considerably 

among the plant functional types represented in this study. Across the 2008 growing sea-

son (April to November), average daily EGnirr was higher than either ETeg or ETdec on a per 

cover area basis (Figure 4-4). EGnirr and ETeg were similar at the beginning and end of the 

growing season and both remained >1 kg H2O m–2 day–1 on average for at least seven 

months in 2008, compared to only four months for ETdec. All three plant functional types 

showed maximum daily evapotranspiration rates in June. Mid-summer daily evapotran-

spiration in 2008 also varied among the four turfgrass components represented in this 

study (Figure 4-4b) with average daily EGirr (3.10 kg H2O m–2 day–1) higher than EGnirr 

(2.99 kg H2O m–2 day–1), EGunder_dec (0.07 kg H2O m–2 day–1), and EGunder_eg (0.01 kg H2O 

m–2 day–1). Data for plant functional types measured and modeled in 2007 were consis-

tent with these results (data not shown). 
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IT represented 27% and 32% of annual ETdec and ETeg, respectively. On summer 

days with rain events, daily ETdec and ETeg were 44% and 22% higher, respectively, than 

on days without rain events. Although precipitation events were originally filtered out of 

the EGnirr measurements, gap-filled EGnirr showed a 22% decline on summer days with 

rain events. We were unable to separate evaporation and transpiration components of 

turfgrass because the eddy covariance measurements used at the turfgrass site represent 

only total evapotranspiration.  

 

Comparing component-based and eddy covariance-measured Etotal   

 Compared to component-based estimates of Etotal with all open canopy turfgrass 

scaled as EGnirr, component-based estimates that included a modeled EGirr vegetation type 

showed better agreement with measured Etotal, particularly in summer when winds were 

from the southwest (R2 = 0.66 and 0.73, respectively, Figure 4-5). Including EGirr reduced 

the summer imbalance from an underestimate of 7% to 3% in the southwest quadrant, 

and had little effect on the imbalance in spring and fall or when winds were from the 

northwest or northeast. For the remainder of our analyses, all component-based estimates 

of Etotal consequently included modeled EGirr.  

Overall, component-based estimates of Etotal underestimated measured Etotal by an 

average of 3%, with the component-based approach explaining 83% of the variation in 

measured fluxes when a linear regression model was fit through the origin (y = 1.03x, P < 

0.001). 30-minute estimates of component-based Etotal had a mean relative error of 21%. 

The imbalance between the two methods, however, varied seasonally with the compo-
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nent-based approach resulting in a 20% overestimate of measured fluxes in spring, an 

11% underestimate in summer, and a 9% overestimate in fall (Figure 4-6). The largest 

overestimates of measured Etotal tended to occur when winds were from the southwest, 

while underestimates tended to occur when winds were from the northwest or northeast 

and during periods of high RN (>800 W m–2), high H fluxes (>175 W m–2), and high D 

(>2 kPa). Accounting for TT differences among xylem anatomy types (conifer, ring-

porous, and diffuse-porous) instead of plant functional types reduced the overall imbal-

ance such that measured Etotal was overestimated by 1% and varied seasonally from a 

25% overestimate in spring to a 6% underestimate in summer. The imbalance was also 

relatively unaffected by the method used to sample the land cover fractions associated 

with each half-hourly flux. Using only the maximum contribution point or the non-

weighted mean of the 10 footprint contribution points changed the overall imbalance by –

0.007% and +0.003%, respectively.  

 

Comparing Etotal from two suburban land-use types   

 Measured Etotal varied in magnitude and seasonality between the two suburban 

land-use types represented in our study (Figure 4-7). Recreational areas had higher aver-

age daytime Etotal than residential areas in the spring and fall, as well as during the 

drought conditions of June 2007. In addition, recreational areas had a lower average mid-

day Bowen ratio in mid-summer than residential areas (0.69 and 1.08, respectively). Day-

time Etotal was relatively similar between the two land-use types in late summer (August 

and September) and winter.  
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Annual sums of Etotal, which were based on the sum of scaled component fluxes, 

were higher on average from the recreational area (467 mm yr–1) compared to the resi-

dential area (324 mm yr–1) (Figure 4-8a). Despite large differences in total annual rainfall 

between 2007 and 2008, the inter-annual variation in annual Etotal was relatively small for 

both residential and recreational land-uses. In 2007 and 2008, annual Etotal from recrea-

tional areas represented 62% and 85% of annual precipitation, respectively, while annual 

Etotal from residential areas represented 42% and 61% of annual precipitation, respec-

tively. EG was the largest component of annual Etotal in both recreational and residential 

areas (87% and 64%, respectively), followed by ET (10% and 31%, respectively), and EW 

(3% and 5%, respectively). EGirr was a much larger component of annual EG in recrea-

tional than residential areas (83% vs. 23%, respectively), while ETdec was the dominant 

component of annual ET in both land use types (95% and 83%, respectively) because de-

ciduous trees were more abundant than evergreen trees in the suburban area we studied.  

The contribution of different vegetation types to Etotal in 2008, as determined from 

the sum of scaled component fluxes, varied seasonally in both land-use types (Figure 4-

8b,c). EGirr had the highest proportional contribution to Etotal in July, while the maximum 

contribution from EGnirr occurred in spring (April and May) and fall (October and No-

vember). The largest contribution from ETdec occurred in August and September, while 

the highest contribution from ETeg, albeit small, was in April and November, particularly 

in residential areas. Data for vegetation contributions in 2007 were consistent with these 

results (data not shown). 
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Discussion 

Suburban evapotranspiration rates 

Ecosystem evapotranspiration (Etotal) observed in this study fell within the range 

of values represented for other suburban residential areas around the world (Grimmond 

and Oke 1999, Grimmond and Oke 2002, Spronken-Smith 2002, Moriwaki and Kanda 

2004, Offerle et al. 2006, Vesala et al. 2008a, Balogun et al. 2009). The evaporative frac-

tion (0.37) we observed was most similar to that measured in older suburban areas in 

North America, such as Chicago (Grimmond et al. 1994). Among suburban areas previ-

ously studied in North America, the fraction of available energy used for evaporation 

ranges from 0.22 to 0.46, with the highest values associated with recently developed ex-

urban areas dominated by open turfgrass lawns and trees with small canopies and the 

lowest values associated with older suburbs dominated by mature tree canopies (Balogun 

et al. 2009). With 29% tree cover and 53% turfgrass cover, the footprint area of our study 

had a higher vegetation cover than is typical of North American cities (Nowak et al. 

1996, Grimmond and Oke 2002). Although it has been suggested that advected energy 

from impervious surfaces can partially compensate for the decrease in vegetated surfaces 

in urban compared to rural ecosystems (Oke 1979), the Etotal measured in this study re-

mained less than values measured in temperate hardwood forests of North America. For 

example, growing season Etotal rates >3 mm day–1 are commonly observed at hardwood 

forests in northern Wisconsin (Cook et al. 2004), Indiana (Schmid et al. 2000), Michigan 
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(Schmid et al. 2003), North Carolina (Oishi et al. 2008), and Tennessee (Wilson et al. 

2001).  

 The seasonality of suburban Etotal observed in this study was more similar to pat-

terns found in temperate hardwood forests from southern latitudes than northern latitudes 

of North America. For example, in a mixed deciduous forest in Oak Ridge, Tennessee, 

Wilson et al. (2001) observed Etotal rates that were significantly above zero from April to 

October, similar to patterns found in our study. Additionally, in a deciduous maple-beech 

to oak-hickory transition forest in south-central Indiana, Schmid et al. (2000) found in-

creased Etotal from May to October. In contrast, elevated Etotal occurred only from May to 

September in an upland hardwood forest in northern Wisconsin (Cook et al. 2004), and 

from late May to September in a hardwood-boreal transition forest in the lower peninsula 

of Michigan (Schmid et al. 2003). These comparisons suggest that the urban heat island 

effect, in addition to the high percent cover of turfgrasses that are active in the spring and 

fall, may have played an important role extending the growing season at our suburban 

study site, relative to surrounding rural areas. This is consistent with analyses that find 

increases in annual net primary productivity in urban areas, particularly in cold regions, 

which have been attributed to extended growing seasons caused by the urban heat island 

effect (Imhoff et al. 2004).  

 

Scaling component-based fluxes  

 Our comparison of measured and component-based estimates of Etotal showed that 

component-based approaches can capture much of the seasonal and spatial variability in 
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suburban Etotal with a similar accuracy (79%) to that of eddy covariance measurements 

(~80%) (Baldocchi et al. 1988). Similar to studies in forest ecosystems, we found that 

component-based estimates of Etotal slightly underestimated measured values, particularly 

at high flux rates in summer (Hogg et al. 1997, Wilson et al. 2001, Bovard et al. 2005, 

Oishi et al. 2008). Unlike these forest studies, however, we found that component-based 

estimates tended to overestimate measured fluxes in spring and fall. Several potential 

sources of error may explain these discrepancies between methods, including 1) errors 

associated with the measurements or models used to estimate component fluxes, 2) a 

mismatch in the spatial footprints associated with the measured and scaled fluxes, 3) un-

der-sampling species’ differences in water use, and 4) the spatial heterogeneity of urban 

microclimates.  

The measurements and models used to estimate components of Etotal in this study 

all contribute some degree of uncertainty when scaling up Etotal. Previous studies from 

forest ecosystems have found that heat dissipation sap flux techniques may underestimate 

transpiration, particularly during periods of high radiation (Hogg et al. 1997, Wilson et al. 

2001, Bovard et al. 2005, Oishi et al. 2008), and could explain the component-based un-

derestimates we observed during summer. The lack of energy balance closure observed at 

the tall tower and turfgrass sites, although typical of eddy covariance systems in general 

(Wilson et al. 2002), suggests a systematic underestimate of both Etotal and EG. While an 

underestimate of EG may help explain the summer imbalances, it is contrary to explaining 

the overestimates observed in spring and fall. Depending on the seasonal variation in LAI 

among trees in our study area, the modeled seasonal LAI patterns also represent a source 
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of error in our estimates of IT, EGunder_eg, and EGunder_dec. As comparisons between compo-

nent-based and measured estimates of Etotal were restricted to periods with high quality 

data and exclude most rainfall events, it is unlikely that the IT component significantly 

contributed to the observed imbalances. The seasonal pattern of understory turfgrass 

evapotranspiration, however, is consistent with the observed imbalances. EGunder_eg and 

EGunder_dec were highest in spring and fall when tree LAI was low, and EGunder_eg and EGun-

der_dec were lowest in mid-summer when tree LAI was high (data not shown). It is also 

likely that using a constant coefficient equal to 0.87 in the Priestley-Taylor equation to 

model EGirr led to an overestimate of Etotal in spring and fall and an underestimate in 

summer. Studies show that α varies seasonally in non-stressed, cool-season grasses, with 

lowest values in spring and fall and highest values in summer (Ervin and Koski 1998, 

Brown et al. 2001, Zhang et al. 2007).  

  Even in urban areas with relatively flat topography, flux footprints are particu-

larly difficult to assess due to the spatial heterogeneity of surface types and complex 

transport of scalars, and can lead to the mischaracterization of footprint areas when scal-

ing up component fluxes (Vesala et al. 2008a, Vesala et al. 2008b). While we did not at-

tempt to replicate the 2-D source area associated with each measured half-hourly value of 

Etotal, we did find that component-based estimates of Etotal were not greatly affected by 

different methods of sampling the land cover classification map. Consequently, we be-

lieve the misrepresentation of the footprint area to be a relatively minor source of error in 

our component-based estimates of Etotal.  
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Species-rich ecosystems, such as ours, additionally complicate efforts to scale up 

measurements made on only a few individuals, species, or sites, as water use can be 

highly variable among tree (Oren et al. 1998, Pataki and Oren 2003, Kumagai et al. 2005) 

and turfgrass species and among management regimes (Zhang et al. 2007). Although the 

effect was relatively small, including TT differences among xylem anatomy types resulted 

in a 4% reduction in the overall imbalance compared to using the coarser plant functional 

type categories. Management practices, including irrigation, fertilization, mowing height, 

and canopy shading can also significantly impact rates of water loss from turfgrass 

(Feldhake et al. 1983, Zhang et al. 2007). The large differences in daily evapotranspira-

tion between our measured non-irrigated turfgrass and our modeled values of irrigated 

and understory turfgrass suggest that irrigation management effects were captured in sea-

sonality, but fertilizer and mowing practices were not accounted for. Occasional irriga-

tion by homeowners, particularly during periods of low soil moisture in mid-summer, 

was also not accounted for and may contribute to the observed underestimate of meas-

ured fluxes in summer. Evapotranspiration from unmeasured understory plants has addi-

tionally been suggested to contribute to observed imbalances in forest ecosystems 

(Bovard et al. 2005, Oishi et al. 2008). It is unlikely that evapotranspiration from com-

mon suburban understory vegetation types, such as woody shrubs, vegetable or flower 

gardens, contributed significantly to the Etotal in our study area because their cover repre-

sented less than 2% of the landscape. Although the seven tree genera and one turfgrass 

lawn we studied provides a limited sampling of species’ differences in water use, the 

relatively good match that we found between component-based and measured Etotal sug-
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gests that this group of plant functional types captured much of the species’ variation in 

water use within the suburban landscape we studied. 

Finally, microclimate variability in urban areas (Bonan 2000, Byrne et al. 2008, 

Peters and McFadden 2010) may lead to a relatively more important source of error in 

urban component-based estimates of Etotal than in natural ecosystems. The spatial hetero-

geneity of urban surface types with different energy balances and heat storage capacities 

results in the advection, or lateral transport, of heat from paved surfaces with high sensi-

ble heat fluxes to vegetated surfaces with high latent heat fluxes (Oke 1979, Spronken-

Smith et al. 2000). Advection can be an important energy source to irrigated urban parks 

and lawns, causing elevation of EG rates by up to 35% (Oke 1979, Feldhake et al. 1983, 

Spronken-Smith et al. 2000). Trees grown over asphalt can transpire 30% more water 

than trees grown over turfgrass (Kjelgren and Montague 1998), while some tree species 

initiate stomatal closure and have reduced rates of water loss (Kjelgren and Montague 

1998, Montague and Kjelgren 2004). In addition, sparsely planted trees can have TT rates 

two to three times higher than those of densely planted trees (Hagishima et al. 2007) and 

windbreaks can reduce EG rates by 25% (Danielson and Feldhake 1981). Our study trees 

had relatively open growth forms compared to forest-grown trees, yet they were all 

grown under generally more park-like conditions as compared to trees in more densely 

built-up urban areas. Consequently, our TT measurements likely underestimate ET rates of 

trees growing in complete isolation or near paved surfaces. This idea was further sup-

ported by the large underestimates of Etotal we observed during periods of high net radia-

tion, high sensible heat fluxes, and high vapor pressure deficit from northwest and north-
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east wind directions. In contrast, the turfgrass site was a relatively large lawn that was 

less likely to have been exposed to advected sources of energy compared to smaller resi-

dential lawns surrounded by sidewalks, driveways, and streets. It is difficult to determine 

whether our EG measurements provide a systematic overestimate or underestimate of wa-

ter loss from residential yards. As microclimate effects are an important source of uncer-

tainty in predicting component-based Etotal in urban and suburban ecosystems, future 

studies should focus on how best to account for this variability when scaling.  

 

Contributions of trees and turfgrasses to suburban Etotal  

The relative contribution of trees and turfgrass to annual Etotal was driven largely 

by fractional cover and plant functional type differences in daily water use. Studies from 

forest ecosystems similarly show that the relative contribution of different tree species to 

Etotal is driven both by species’ abundances on the landscape, often measured as contribu-

tions to total basal area or leaf area, and by species-specific differences in water use 

(Wullschleger et al. 2001, Tang et al. 2006). Despite their higher rates of water use than 

deciduous broadleaf trees, evergreen needleleaf trees had a nearly negligible contribution 

to Etotal in our study area due their relatively small fractional cover of the landscape. 

Turfgrass, however, due its high cover and high daily EG rates across the growing season, 

represented the largest proportional contribution (87% and 64% in recreational and resi-

dential areas, respectively) to annual Etotal in our study area. Pasture grasses in natural 

savannah ecosystems, by contrast, represent a much smaller component (20–44%) of Eto-

tal than trees (Baldocchi and Xu 2007, Paco et al. 2009). While these studies are from sa-
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vanna ecosystems with similar percent tree cover to our study area, it is important to note 

they are from areas with a Mediterranean climate and very different species composi-

tions.  

The proportional contribution of different vegetation types to suburban Etotal var-

ied seasonally due to different patterns in physiological activity among plant functional 

types. While evergreen needleleaf and deciduous broadleaf trees both have maximum 

physiological function in the middle of summer in temperate ecosystems, the evergreen 

leaf habit and high cold tolerance allows evergreen needleleaf trees to remain physiologi-

cally active over a longer growing season than either deciduous broadleaf trees or cool-

season turfgrasses (Havranek and Tranquillini 1995, Catovsky et al. 2002, Givnish 2002). 

Correspondingly, we observed the highest proportional contribution to Etotal from decidu-

ous broadleaf trees in late summer and, albeit small, the highest contributions from ever-

green needleleaf trees in April and November when deciduous trees were leafless. Our 

observation of a mid-summer low in the contribution to Etotal from non-irrigated turfgrass 

is consistent with the mid-summer dormancy of cool-season turfgrasses (Feldhake et al. 

1984, Fry and Huang 2004, Zhang et al. 2007).  

 

Land-use comparisons   

Similar to other urban studies, we found that the magnitude of Etotal varied be-

tween land-use types according to differences in the total cover and composition of vege-

tation (Grimmond and Oke 1999, Spronken-Smith 2002, Offerle et al. 2006, Vesala et al. 

2008a, Frey et al. 2010). Seasonal patterns of Etotal were also highly influenced by the 
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phenology of the dominant vegetation type. For example, the turfgrass-dominated recrea-

tional area not only showed higher annual Etotal than the deciduous tree-dominated resi-

dential area, but it specifically showed higher rates of Etotal in spring and fall when cool-

season turfgrasses are most active. In addition, our study extends these previous findings 

to show that turfgrass management, particularly through irrigation inputs, is another im-

portant factor influencing the spatial and seasonal variability of suburban Etotal. The rela-

tively high evaporative fluxes we measured from the recreational area during drought 

conditions in 2007 suggest that increased irrigation during periods of low soil moisture 

can significantly alter Etotal from urban areas. While homeowners also maintain irrigated 

turfgrass lawns, management intensity can vary widely among individual landowners 

(Larson et al. 2009). To predict suburban Etotal, these results suggest it will be important 

to know not just the total vegetation cover in urban landscapes, but also the fractional 

cover of different vegetation types and turfgrass management practices. In addition, it is 

likely that changes in land-use, vegetation composition, or turfgrass management prac-

tices, particularly related to irrigation use, will lead to changes in total water fluxes from 

urban and suburban ecosystems.  

Given the growing interest among cities in using “green infrastructure” to manage 

problems such as stormwater runoff and energy demand, it is important for urban plan-

ners and designers to consider the trade-offs among different potential landscape configu-

rations (Mitchell et al. 2008). For example, in arid regions the water conservation benefits 

of low water-use species must be weighed against the cooling benefits of high water-use 

species (Larson et al. 2009, Shashua-Bar et al. 2009). In contrast, cities in mesic regions 
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with frequent rainfall events may value the storm water interception benefits of vegeta-

tion with large canopies relatively more than other ecosystem services related to Etotal 

(Wang et al. 2008). Although we found that cool-season turfgrasses had higher rates of 

water loss than evergreen needleleaf and deciduous broadleaf trees per unit cover area, 

the overall cooling effect of turfgrass was not necessarily higher than that of trees. This is 

because trees also provide cooling by intercepting solar radiation and shading the ground 

beneath canopies (Peters and McFadden 2010). In the arid communal settlement of 

Midreshet Ben Gurion, Israel, for example, Shashua-Bar et al. (2009) found that turfgrass 

lawns shaded by tree canopies resulted in both a greater reduction in air temperature and 

a 50% reduction in water use compared to un-shaded turfgrass lawns.  

By approximating runoff as the difference between measured precipitation and 

annual component-based Etotal, we estimate runoff to represent 26% and 48% of annual 

precipitation on average from the recreational and residential areas in our study, respec-

tively. While these estimates neglect irrigation inputs, changes in storage, and ground wa-

ter recharge and should be used with caution, they are within the range of annual runoff 

fractions previously reported for watersheds in the Minneapolis–Saint Paul metropolitan 

area (Brezonik and Stadelmann 2002). These results are in agreement with studies show-

ing that increased pervious surfaces in urban areas decrease direct runoff (Brezonik and 

Stadelmann 2002, Mitchell et al. 2008, Wang et al. 2008, Haase 2009). Although it is be-

yond the scope of our study to offer specific planting recommendations to cities inter-

ested in managing ecosystem services with green infrastructure, this study advances our 

ability to quantify the relative contributions of different vegetation types to suburban Eto-
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tal, an important step in evaluating decisions related to the seasonal management of urban 

water and energy budgets.  

Despite the good agreement we found between component-based and measured 

Etotal in the suburban ecosystem we studied, differences in species composition among 

cities make it complex to extrapolate our component measurements of evapotranspiration 

to other urban and suburban areas, particularly in more southern latitudes. For example, 

the turfgrass site in this study only represented cool-season turfgrass species, as warm-

season species are not typically planted in the climate zone associated with Minnesota. 

Yet cool and warm-season turfgrasses have large differences in evapotranspiration, with 

cool-season species using up to 45% more water during the growing season compared to 

warm-season species (Feldhake et al. 1983, Zhang et al. 2007). Cities located in warmer 

climates with higher frequencies of warm-season turfgrasses will need to consider these 

species’ differences in water use when scaling up and predicting urban Etotal.  

 

 

Conclusions 

We quantified seasonal variations in evapotranspiration from a suburban land-

scape in the Upper Midwest region of the United States, with peak rates >3 mm day–1 in 

summer. The good agreement between our component-based and measured Etotal, with an 

overall imbalance of 3%, suggests that the major plant functional types captured most of 

the spatial and temporal variability required to quantify urban Etotal. Component-based 

estimates overestimated measured Etotal in spring (20%) and fall (10%) and underesti-



 

 119 

mated measured Etotal in summer (11%), likely due to errors associated with the irrigated 

turfgrass model and variability from microclimate effects. We found turfgrass was the 

major component to annual Etotal from both recreational and residential land-uses types 

(87% and 64%, respectively) due to a high fractional cover (74% and 34%, respectively) 

and higher average rates of water use per cover area in mid-summer than deciduous 

broadleaf or evergreen needleleaf trees (1.4, 2.3, and 3.0 kg m–2 day–1, respectively). The 

maximum contribution to Etotal from non-irrigated turfgrass occurred in spring and fall, 

irrigated turfgrass in mid-summer, deciduous broadleaf trees in late summer, and ever-

green needleleaf trees in early spring and late fall. Turfgrass-dominated recreational land-

use areas had higher average annual Etotal compared to deciduous tree-dominated residen-

tial areas (467 and 324 mm year–1, respectively), as well as an altered seasonal pattern of 

Etotal with higher fluxes in spring and fall, and during a mid-summer drought. These re-

sults suggest that a plant functional type approach could be used to estimate and compare 

Etotal among different cities and to evaluate the effects of changes in land use, vegetation 

composition, or management practices on urban water and energy budgets.  
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Table 4-1. Cover types by percentage of the flux footprint area, residential land-use area, 

and recreational land-use area. Percent cover was determined from the land cover classi-

fication map shown in Figure 4-1 and does not include turfgrass under tree canopies. The 

footprint area was defined as the total area bounded by the 10% contour line (Figure 4-1).  

 

Suburban land-
scape 

Deciduous 
tree  
(%) 

Evergreen 
tree  
(%) 

Non-
irrigated 
turfgrass 

(%) 

Irrigated 
turfgrass 

(%) 

Open 
water 
 (%) 

 
 

Impervious 
surfaces 

 (%) 
 
Footprint area  25 4 18 35 2 

 
15 

Residential area 37 6 25 9 2 
 

22 

Recreational area 19 1 11 63 2 
 

5 
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Figure 4-1. Land cover classification derived from 2.4-m resolution QuickBird imagery 

for a 1 km radius surrounding the KUOM tall tower (indicated by the letter K at the ori-

gin) in a suburban neighborhood of Minneapolis–Saint Paul, Minnesota. The mobile 

tower in the turfgrass field is indicated by the letter T. The Lauderdale (L), Saint Paul 

(S), and Grove (G) sap flux sites are indicated by the letters corresponding to their 

names. The CTC sap flux site was located in a residential area 1.3 km south of the map 

edge and is not shown. The white lines are isopleths representing the relative footprint 

contribution to the measured fluxes at the 40 m level of the tall tower from January 2007 

to December 2008, as presented in Rebmann et al. (2005). Yellow lines delineate the 

residential and recreational land-use areas that were used to bin the data for the analyses 
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in Figure 4-7 and Section 3.6. Stippled areas in the SE corner of the map indicate low 

herbaceous vegetation in experimental crop plots. 
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Figure 4-2. Environmental conditions in a suburban area of Minneapolis–Saint Paul, MN 

from 1 January 2007 to 31 December 2008. (A) Daily totals of net radiation (RN) were 

measured at the 150 m level of the KUOM tower. (B) Mean daily air temperature (Tair) 

and mean daytime vapor pressure deficit (D) were measured at the 40 m level of the 

KUOM tower. (C) Soil water content (SWC) was measured at 10 cm depth at the 

turfgrass site. Gaps in soil water content data indicate time periods when the instrumenta-

tion failed.  
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Figure 4-3. Daytime (RS > 10 W m–2) sums of ecosystem evapotranspiration (Etotal) per 

month measured at the 40 m level of the KUOM tower over a suburban area of Minnea-

polis–Saint Paul, Minnesota. Dark lines represent median daytime sums of Etotal, the box 

represents the 75th and 25th percentiles, and the dotted lines represent the maximum and 

minimum values. n varies from 4 to 20 days per month. The gap in the fall of 2008 indi-

cates a period when the instrumentation was out of service following a lightening strike.  
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Figure 4-4. (A) Average daily sums of measured evapotranspiration per cover area for 

non-irrigated turfgrass (squares, EGnirr), evergreen needleleaf trees (triangles, ETeg), and 

deciduous broadleaf trees (circles, ETdec) per month across the 2008 growing season in a 

suburban area of Minneapolis–Saint Paul, Minnesota. EGnirr was measured using a port-

able eddy covariance tower and ETeg and ETdec were calculated from heat dissipation sap 

flow measurements and a canopy interception model. (B) Average summertime (June to 

August) daily sums of evapotranspiration per cover area in 2008 for measured and mod-

eled vegetation components. Evapotranspiration from irrigated turfgrass (EGirr) was mod-

eled using the Priestley-Taylor equation and evapotranspiration from understory turfgrass 

(EGunder_eg and EGunder_dec) were modeled using the Beer-Lambert law. Error bars are ±1 

standard error and n varies from 8 to 31 days per month.  
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Figure 4-5. Comparison of half-hourly measured and scaled component sums of ecosys-

tem evapotranspiration (Etotal) in a suburban area of Minneapolis–Saint Paul, Minnesota. 

Component sums were constructed either (A) without a separate irrigated turfgrass com-

ponent (EGirr) or (B) with EGirr. Etotal was measured at the 40 m level of the KUOM tower. 

Data shown are from summer (June to August) in 2007 and 2008 when winds were from 

the southwest. Lines represent the 1:1 line. 
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Figure 4-6. Comparison of half-hourly measured and scaled component sums of ecosys-

tem evapotranspiration (Etotal) in a suburban area of Minneapolis–Saint Paul, Minnesota 

during (A) spring (April and May), (B) summer (June to August), and (C) fall (Septem-

ber to November). Etotal was measured at the 40 m level of the KUOM tower. Component 

sums were constructed as ET + EG + EW. Data shown are from 2007 and 2008. Lines rep-

resent the 1:1 line. 
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Figure 4-7. Average daytime ecosystem evapotranspiration (Etotal) per month measured 

over two land-use types, recreational (open circles) and residential (closed circles), in a 

suburban area of Minneapolis–Saint Paul, Minnesota. Etotal was measured at the 40 m 

level of the KUOM tower. Data shown were restricted to daytime (RS > 10 W m–2) peri-

ods without precipitation. Error bars are ±1 standard error and n varies from 17 to 270 

half-hourly data points per month. 
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Figure 4-8. (A) Annual precipitation and annual evapotranspiration of scaled component 

fluxes, trees (ET), turfgrass (EG), and open water (EW), from the residential (res.) and rec-

reational (rec.) land-use areas (Figure 4-1). ET includes evapotranspiration from ever-

green needleleaf (ETeg) and deciduous broadleaf trees (ETdec). EG includes evapotranspira-

tion from irrigated (EGirr), non-irrigated (EGnirr), and understory turfgrass (EGunder_eg and 

EGunder_dec). The average proportional contribution of vegetation components, ETdec (cir-

cles), ETeg (triangles), EGirr (open squares), and EGnirr (closed squares), to ecosystem 

evapotranspiration (Etotal) from (B) residential and (C) recreational land-use areas per 
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month. Data shown include only daytime periods (RS > 10 W m–2) in 2008 and n varies 

from 254 to 892 half-hourly data points per month. 
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Chapter 5 

Conclusions 

 

 

The studies presented here have quantified how different functional types of trees affect 

the climate and hydrology of a suburban ecosystem. The field study presented in Chapter 

2 extended our previous understanding of microclimate effects of urban vegetation to 

show that the seasonal leaf development of trees plays a role in modulating soil and sur-

face temperatures in urban ecosystems. The field studies presented in Chapter 3 and Ap-

pendix 1 are among the few studies to have directly measured whole-tree transpiration 

and canopy photosynthesis rates on urban trees, and they provide new insight into how 

best to scale up the tree component of urban water and carbon budgets. The field study 

presented in Chapter 4 is the first to directly compare measured and component-based 

estimates of evapotranspiration in an urban ecosystem, and provides insight into how to 

quantify evapotranspiration in other cities and with changes in land-use or climate. The 

combined results of these studies suggest that trees play a large role in reducing local sur-

face and soil temperatures in urban areas, while contributing a smaller proportion than 

turfgrass to the total evaporative water loss from a suburban ecosystem in Minneapolis–

Saint Paul, Minnesota. The tree contribution to suburban evapotranspiration, however, 

varies with plant functional type and fractional cover. Therefore, caution should be used 

in extrapolating the results of these studies to cities in different geographical regions with 

a different species composition and climate.  
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Research Summary 

 In Chapter 2, I showed that urban forest types have distinct seasonal patterns of 

soil and surface temperature that are largely explained by differences in tree cover and 

changes in LAI, rather than by plant functional type. I demonstrated that sites with higher 

percent tree cover and greater LAI reduced soil temperatures by up to 7˚C and surface 

temperatures by up to 6˚C relative to open lawns with near-zero LAI. Additionally, I 

found that site differences in soil temperature and turfgrass ground cover were better pre-

dicted by LAI, while percent tree cover better predicted surface temperature. For scaling 

up to larger metropolitan areas, I showed that field-based estimates of tree cover were 

better than 2.4 m resolution satellite imagery at predicting mid-summer LAI and tempera-

ture values under the urban forest canopy because they take into account gaps within in-

dividual tree canopies.  

In Chapter 3 and Appendix 1, I showed that common urban tree species differed 

significantly in magnitude and seasonality of transpiration and canopy photosynthesis 

according to differences in plant functional type. I found evergreen needleleaf trees had 

significantly higher annual transpiration (307 kg H2O m–2 yr–1) and canopy photosynthe-

sis (1.02 kg C m–2 yr–1) per unit canopy area than deciduous broadleaf trees (153 kg H2O 

m–2 yr–1 and 0.38 kg C m–2 yr–1, respectively), largely due to their smaller projected can-

opy area (31.1 and 73.6 m2, respectively), higher leaf area index (8.8 and 5.5 m2 m–2, re-

spectively), and longer growing season (8 and 4 months, respectively). My sap flux 

measurements also showed species’ differences in sap flux that were consistent with dif-
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ferences in xylem anatomy found in previous studies. The results of this study served as 

the framework for scaling up species’ differences in tree transpiration to estimate ecosys-

tem evaporative water losses in the study presented in Chapter 4.  

In Chapter 4, I showed that a plant functional type-based approach to estimating 

ecosystem evapotranspiration is useful for predicting measured water vapor fluxes from 

suburban landscapes. Overall, I found component-based estimates underestimated meas-

ured fluxes by 3%, although this imbalance varied seasonally from +20% to –11%. I 

showed that turfgrass-dominated recreational land-use areas had higher annual 

evapotranspiration (467 mm yr–1) than deciduous tree-dominated residential areas (324 

mm yr–1). Seasonal patterns of evapotranspiration from recreational and residential land-

use areas were consistent with the dominant plant functional type. I determined that 

turfgrass was the major component to annual evapotranspiration from both recreational 

and residential land-uses types (87% and 64%, respectively) due to its high fractional 

cover and high daily water use, yet the contribution of different plant functional types 

varied seasonally.  

 

Implications for future research 

 While I have identified several factors that directly and indirectly control land–

atmosphere exchanges of energy, water, and carbon in suburban ecosystems, there are 

many others that potentially limit the extrapolation of these results to other urban ecosys-

tems and should be examined in future research. In Chapter 2, I showed that variability in 

canopy structure can influence suburban microclimates; however, impervious surfaces 
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with different surface energy balances also can play a role in creating microclimate vari-

ability in urban areas. Future studies should examine how tree transpiration and photo-

synthesis rates vary with exposure to different microclimates. The trees studied in Chap-

ter 3 were all grown under park-like conditions. Our understanding of the controls on ur-

ban tree transpiration and photosynthesis would be improved by expanding this in future 

studies to street trees grown near impervious surfaces. As was demonstrated in Chapter 4, 

microclimate variability is a large source of uncertainty in scaling up component-based 

water fluxes. Therefore, an assessment of the importance of microclimate variation is 

needed to more accurately predict total evapotranspiration rates in other cities.  

Species diversity can be high in urban areas, greatly complicating the extrapola-

tion of measurements made on only a few species or sites. Therefore, future studies will 

need to assess the variation among a broader range of common urban tree species. Spe-

cies composition also differs among cities, limiting the extrapolation of results from these 

studies to other cities, particularly those located in different geographical regions and 

climate zones. While I found species’ differences in transpiration and canopy photosyn-

thesis could largely be explained by plant functional type in a suburban neighborhood of 

Minneapolis–Saint Paul, Minnesota, this may not be the case in other cities with differing 

species composition or level of diversity. Plant functional types that were not present in 

my study system, such as C4 warm-season turfgrasses, should be the focus of future stud-

ies in cities where these species are common. 
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Conclusion 

 This dissertation on the impact of trees to the temporal variability in urban carbon 

and water budgets advances our understanding of how urban ecosystems function 

through biophysical effects of and feedbacks on urban trees. This research has important 

implications for managing urban ecosystem services and for evaluating the effects of 

changes in land-use, vegetation composition, management practices, and climate on 

land–atmosphere exchanges of energy, water, and carbon in urban and suburban ecosys-

tems. The conclusions from this work will serve as a foundation for future basic research 

in urban forestry and urban ecology, as well as applied research in using trees as “green 

infrastructure” components to manage urban ecosystem services.  
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Appendix 1 
 
Estimating canopy photosynthesis using leaf gas-exchange and sap 

flow measurements 

 

 

Introduction 

Cities represent large sources of CO2 to the atmosphere, yet vegetation, through 

the processes of photosynthesis and carbon storage in biomass, can act as a significant 

sink of CO2 in urban areas (Soegaard and Møller-Jensen 2003, Grimmond et al. 2006). In 

the United States, cities are increasingly using forest inventories to evaluate the potential 

carbon storage of urban trees (Nowak and Crane 2002, Nowak et al. 2008). While these 

methods estimate net carbon storage by trees at time scales of years to decades, they can-

not provide a mechanistic understanding of canopy carbon uptake at shorter time scales. 

To predict urban ecosystem responses to climate change, it is necessary to know how 

canopy photosynthesis of urban trees responds to changes in environmental drivers at di-

urnal, seasonal, and inter-annual time scales. In addition, tree species vary in the magni-

tude and seasonality of carbon uptake rates (Catovsky et al. 2002, Givnish 2002), compli-

cating efforts to scale up species’ differences in carbon uptake in species-rich urban eco-

systems.  

In this study, I combined continuous measurements of sap flow with species-

specific leaf-level gas exchange measurements to model canopy photosynthesis during 

the 2008 growing season for the dominant tree species in a suburban neighborhood of 
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Minneapolis–Saint Paul, Minnesota. My objectives were 1) to determine how suburban 

tree species vary in their canopy photosynthesis rates across the growing season; and 2) 

to evaluate the ability of plant functional types to predict the tree component of urban and 

suburban carbon budgets.  

 

Methods 

During the 2008 growing season, I collected leaf-level gas exchange measure-

ments in tree canopies at the Lauderdale and Saint Paul sites (described in Chapter 3) and 

at two Minneapolis parks, Logan Park and Windom Park (5 and 4 km, respectively, from 

our study area). Logan Park and Windom Park were both located in a residential area 

similar to the other two sites. The Lauderdale site was sampled on one day in each of the 

months of July and September, at the Saint Paul site in June, August, and September, at 

the Logan Park site in August and October, and at the Windom Park site in August and 

September. Table A1-1 describes the number of trees in each species that were sampled 

at each site. To maximize the number of high quality measurements, the sampling days 

were restricted to weather conditions with clear skies and low winds. On each sampling 

date, gas exchange measurements were made throughout the day (08:00–15:00 h) on 

leaves that were accessible from an aerial lift truck. Leaves were sampled throughout the 

canopy of each tree. Most of the leaves sampled were exposed to direct sunlight during 

part of the day because all trees had open canopies and were grown under park-like con-

ditions. Six to 43 leaves were sampled within each canopy on each sampling day depend-
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ing on the size of the canopy and the ability to access different parts of the canopy from 

the aerial lift truck.  

In-situ measurements of leaf-level photosynthesis and stomatal conductance were 

made using a portable infrared gas-exchange system (LI-6400, LI-Cor, Lincoln, Ne-

braska, USA) that was set to match existing environmental conditions of air temperature, 

irradiance, and water vapor concentration. Ambient air was drawn through a dry empty 

carboy to stabilize air temperature and water vapor concentrations in the LI-6400 leaf cu-

vette. The clear LI-6400 leaf cuvette provided ambient light conditions. The conifer 

chamber (LI-6400-05) was used to measure leaves on evergreen needleleaf trees. CO2 

cartridges were used to provide a constant reference CO2 concentration of 390 ppm, 

which was representative of local CO2 concentrations at the study sites. For deciduous 

broadleaf species, the measuring area of the standard LI-6400 leaf cuvette determined the 

sampled leaf area. For evergreen needleleaf trees, sampled needles were collected and 

scanned to determine their area using ImageJ (version 1.36b) software (Abramoff et al. 

2004).  

Canopy-level conductance (GC) in m s–1 was determined from continuous sap 

flow measurements at the Lauderdale and Saint Paul site (described in Chapter 3) using a 

simplified form of the Penman-Monteith equation that assumes an aerodynamically well-

mixed canopy (Monteith and Unsworth 1990):  

 

! 

GC =
"#EC

cp$D
        (1) 
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where λ is the latent heat of vaporization (MJ kg–1), γ is the psychrometric constant (kPa 

ºC–1), ρ is the density of air (kg m–3), EC is tree transpiration per canopy area (kg H2O m–2 

s–1), and D is the vapor pressure deficit between the leaf interior and the bulk air (kPa). D 

was calculated using measurements of air temperature and relative humidity within tree 

canopies at each site, as leaf and air temperature were assumed to be similar due to a 

well-mixed canopy. It is reasonable to assume a well-mixed canopy in this study area due 

to the diversity of surface types likely creating a high surface roughness. EC was calcu-

lated from sap flow measurements, as described in Chapter 3. GC was converted to mol 

m–2 s–1 using the Ideal Gas Law: 

 

! 

G
Cmol

=
G
C
P

RT
        (2) 

 

where P is air pressure (Pa), T is air temperature (K), and R is the ideal gas law constant 

(m3 Pa K–1 mol–1).  

 To convert GCmol to canopy-level photosynthesis (AC) per canopy area (g C m–2 s–

1), or gross primary productivity (GPP), I developed species-specific linear regression 

models between leaf-level photosynthesis and stomatal conductance, following Catovsky 

et al. (2002). Linear regression models were fit through the origin in the form y = ax. AC 

was calculated by multiplying GCmol by the slope, or parameter a, of the linear regression 

model for each species. I separately tested each tree species for significant differences in 

the regression slopes among seasons, canopy positions, and sites to evaluate the need for 

specialized regression equations. 
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Results 

The relationship between stomatal conductance and leaf-level photosynthesis var-

ied among the nine species sampled during the 2008 growing season (Figure A1-1). For 

those species measured at more than one site, there were no significant differences in this 

relationship among sites (F[1,97] = 0.84 for F. pennsylvanica; F[1,27] = 0.02 for P. glauca; 

F[1,73] = 2.53 for P. sylvestris; F[2,105] = 1.00 for T. americana, all P > 0.16). The relation-

ship was also not significantly different between summer (June to August) and fall (Sep-

tember and October) sampling dates for all species except Fraxinus pennsylvanica, where 

the slope of the relationship was slightly higher on average in fall than summer (F[1,97] = 

29.6, P < 0.001 for F. pennsylvanica; P > 0.10 for all other species). In addition, the rela-

tionship did not differ between upper and lower canopy layers (all species P > 0.15, Fig-

ure A1-1).  

The parameter used to convert GCmol to AC was generated by the linear regression 

analysis shown in Table A1-1. Although leaves were sampled throughout the height of 

the tree canopies, access restrictions due to the aerial lift truck meant that most of the 

measured leaves were in the outer canopy and thus were exposed to more direct sunlight. 

Consequently, the linear regression models may be more representative of sun-adapted 

than shade-adapted leaves, which could lead to a potential overestimate of AC. 

 Seasonal patterns of AC per canopy area (g C m–2 day–1) varied among the six tree 

genera studied in 2008 (Figure A1-2). Evergreen needleleaf genera (Picea and Pinus) had 

higher daily AC across the entire growing season than deciduous broadleaf genera (Frax-
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inus, Ulmus, Tilia and Juglans), reaching maximum AC rates of  >10 g C m–2 day–1 in 

May and June. Daily AC of three of the deciduous genera (Fraxinus, Ulmus, and Juglans) 

remained <5 g C m–2 day–1 across the entire growing season. Tilia, however, had daily AC 

>8 g C m–2 day–1, particularly in early summer. 

Annual sums of AC per canopy area ranged from 0.25 to 1.13 kg C m–2 yr–1 across 

genera, and differed significantly between plant functional types (P = 0.002, Figure A1-

3). Evergreen needleleaf trees had greater annual AC than deciduous broadleaf trees (1.01 

and 0.38 kg C m–2 yr–1, respectively). The actual difference in annual AC between ever-

green needleleaf and deciduous broadleaf trees could be slightly larger because our spring 

sap flow measurements began after evergreen needleleaf trees were already physiologi-

cally active (Figure 3-2).  

 

Discussion 

Annual sums of canopy photosynthesis per canopy area (AC) found in this study 

(0.25–1.13 kg C m–2 yr–1) were similar to those found in a forest ecosystem in the north-

eastern USA, where annual AC ranged from 0.30–1.06 kg C m–2 yr–1 for two deciduous 

broadleaf and one evergreen needleleaf species (Catovsky et al. 2002). However, in con-

trast, Catovsky et al. (2002) results showed that the evergreen needleleaf species they 

measured, hemlock (Tsuga canadensis), had lower annual and daily AC across the middle 

of the growing season than the two deciduous broadleaf species, red maple (Acer rubrum) 

and red oak (Quercus rubra). This difference can be partly attributed to the relatively low 

LAI of hemlock trees, compared to most evergreen needleleaf species (Waring et al. 
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1978). While the average annual AC of the deciduous trees measured by Catovksy et al. 

(2002) was higher (0.84 kg C m–2 yr–1) than values observed in this study (0.38 kg C m–2 

yr–1), no tree species were the same in both studies. Another way of evaluating the annual 

AC estimates in this study is to compare them to predictions generated by an urban forest 

growth model based on allometric equations (Nowak and Crane 2002, Nowak et al. 

2008). Nowak et al. (2002) found that net productivity of urban forests in the United 

States ranged from 0.18 to 0.66 kg C m–2 yr–1 on a canopy area basis. Assuming net pro-

ductivity is a constant 50% of GPP (Waring and Running 1997), these values are also 

similar to the carbon uptake rates observed in this study.  

Overall, my results suggest that plant functional types offer a useful approach to 

scale up species’ differences in AC in suburban landscapes, as was found for species’ dif-

ferences in tree transpiration in Chapter 3. With the availability of ecosystem fluxes of 

CO2 from the KUOM eddy covariance tower, data from this study will be used to evalu-

ate the tree component on a suburban carbon budget, as was done for ecosystem 

evapotranspiration in Chapter 4.   
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Table A1-1. Number of trees measured, site, and parameters from the linear regression 

model, y = ax, between leaf-level photosynthesis and stomatal conductance for nine tree 

species. Numbers in parentheses represent ±1 standard error. 

 
Species n Site a R2 
Fraxinus penn-
sylvanica 

3 
2 
5 

Lauderdale 
Saint Paul 
 

 
 
40.03 (2.05) 

 
 
0.79 
 

Juglans nigra 1 Saint Paul 45.13 (1.40) 0.94 
 

Picea abies 2 Lauderdale 58.72 (6.26) 0.83 
 

Picea glauca 2 
2 
4 

Logan 
Saint Paul 

 
 
94.96 (2.02) 

 
 
0.99 
 

Pinus nigra 2 Lauderdale 79.10 (3.36)  0.95 
 

Pinus sylvestris 2 
3 
5 

Logan 
Saint Paul 

 
 
68.06 (1.68) 

 
 
0.93 
 

Tilia americana 1 
1 
1 
3 
 

Lauderdale 
Saint Paul 
Windom 

 
 
 
56.07 (2.12) 

 
 
 
0.85 
 

Ulmus pumila 2 Lauderdale 30.60 (1.94) 0.79 
 

Ulmus thomasii 4 Saint Paul 43.09 (1.74) 0.85 
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Figure A1-1. Relationship between leaf-level photosynthesis (µmol m–2 s–1) and stomatal 

conductance (mol m–2 s–1) for nine tree species in a suburban neighborhood of Minneapo-

lis–Saint Paul, Minnesota. Data shown were from upper (open circles) and lower (closed 

circles) canopy layers and were collected from June to October, 2008 from Saint Paul, 

Lauderdale, Windom Park, and Logan Park sites. Each panel represents all trees meas-

ured for a given species with the number of trees shown in parentheses. Lines are linear 

regressions of the form: y = ax. Regression slopes and sites for each species are given in 

Table A1-1. 

 



 

 158 

 
Figure A1-2. Daily sums of canopy photosynthesis per unit canopy area (AC) for six tree 

genera in a suburban neighborhood of Minneapolis–Saint Paul, Minnesota. Each panel 

represents the mean of all trees per genus. Data shown are from the 2008 growing season. 

Numbers in parentheses are the number of trees per genus. 
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Figure A1-3. Annual sums of canopy photosynthesis per unit canopy area (AC) in ever-

green needleleaf and deciduous broadleaf plant functional types in a suburban neighbor-

hood of Minneapolis–Saint Paul, Minnesota. Cumulative carbon uptake was summed 

from April to November 2008. Error bars represent ±1 standard error. 

 
 


