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ABSTRACT


Quantifying biogenic volatile organic compound (BVOC) emissions is critical in the development of effective ozone and fine particle control strategies in certain of California's airsheds.  However, because of the diversity and complexity of California's vegetation (e.g. more than 6000 plant species), as well as the large areal extent of its airsheds, additional field data are needed to produce reliable gridded, speciated BVOC emission inventories from current and future ARB modeling efforts.  The principal objectives of this field-based research project were to generate data to validate and further develop methods for estimation of leaf masses and assignment of plant species identities for natural plant communities of Central California, resulting in improved BVOC emissions estimations.  To meet these objectives, we measured leaf area index (LAI) in natural plant communities; harvested blue oaks in a native savanna to develop leaf mass and leaf area data for this high-emitting species; conducted quantitative field-based analyses of the GAP landcover vegetation database for Central California; and continued to work collaboratively with ARB staff to further develop a state-of-the-science methodology for the generation of a quantitative statewide BVOC emission inventory for California.  Among our principal findings were that LAI values given by an ARB database appear to be plausible; the volumetric method for estimating leafmasses, and corresponding leaf area indices, for oaks gave good agreement with field measurements based on whole-tree harvests; leafmass density for a natural stand of blue oak trees was lower than values for eastern deciduous forests; and the GAP GIS database for Central California, while showing substantial agreement with species found in the field, exhibited enough discrepancies between GAP listings and our field surveys to imply the need for a careful review of the utility of GAP for BVOC inventory development in California.  The detailed data and methods validation resulting from this field program will be directly useful in testing and improving current BVOC emissions models being developed by ARB, including the statewide BEIGIS model. 

1.0 EXECUTIVE SUMMARY

It is now well known that volatile organic compounds (VOC) are emitted from vegetation, including urban landscapes, agricultural crops, and natural plant communities in unirrigated areas.  The overall magnitudes of biogenic volatile organic compound (BVOC) emissions of an individual plant are affected by its leafmass and by its intrinsic BVOC emission rates, as well as by environmental factors such as temperature and light intensity.  An accurate estimate of the magnitude of BVOC emissions relative to anthropogenic VOC emissions in California’s airsheds is critical for formulating effective strategies to reduce concentrations of fine particles, ozone, and other secondary air pollutants which affect human health and reduce yields of agricultural crops.  

Although considerable attention has been given to determining BVOC emission rates in past research, leafmass quantification and plant species composition and dominance may be the weaker links in the development of BVOC emissions estimates both for plants in urban settings and for emission inventories at a regional level.  Of particular interest in this regard are California native oaks, because of their high emission rates, large aereal extent, and large foliar masses. For California airsheds, the development of the GAP landcover database in principle offers plant species-specific data useful for BVOC emission inventories.  However, although GAP is arguably the most recent and comprehensive landcover database available, it has been developed for other purposes, especially for identifying habitats of threatened plant or animal species, and thus may lack the degree of quantification needed for biogenic emissions inventory development.  Moreover, the translation of landcover data such as GAP to emissions models is problematic because a dimension of leaf mass must be added to the existing data of plant species distribution.  However, leaf area index (LAI) databases derived from data collected via remote sensing methods may offer the information needed to calculate leaf masses to complement GAP or other descriptions of species composition. 

The present study addressed these issues through an integrated field study employing a “ground-truth” approach, generating experimental data with which to test existing empirical relationships and remote-sensing data.  Results of this project will be useful in improving biogenic VOC emission inventories, and informing airshed modeling approaches for development of future ozone and fine particle control strategies by the Air Resources Board.  The study was divided into three major subprojects: obtaining LAI values for varied plant communities, measuring leaf mass and LAI for native blue oaks; and evaluating the GAP landcover database.  The study was conducted in Central California.  

To obtain LAI values, plant canopies were measured along transects at six geographically diverse sites with plant canopy analysis instruments returning LAI values based on light interception.  Also, independent LAI values for the transects were obtained through a volumetric method.  These values were compared to LAI values supplied by ARB which had been derived from remote-sensing data.  Native oak trees were evaluated for LAI with a plant canopy analysis instrument, and their dimensions were measured in the field, followed by whole tree harvest and separation and weighing of leaves.  Measured weight of leaves was compared for each tree to estimates from published equations, and estimates derived from calculations of crown volumes.  The GAP database was evaluated through field surveys at the same six sites used for LAI measurements, which were selected in cooperation with ARB to represent BVOC “hotspots” and vegetation of interest, and at which foliage dimensions of all plants along randomly selected transects were measured and species identities noted.  These field data were then compared with species identities and crown closure information listed in the GAP database.

The LAI values from the plant canopy analysis instruments were below the values derived from the volumetric method for all transects except one.  The volumetric method, in which a vertical dimension was added to areal coverage data, was found to give plausible LAI values for chaparral and savanna locations, but values calculated for stands containing large oak trees with high stand densities (trees per acre or hectare) appeared to be too large, based on other LAI estimation methods and values reported in the literature.  Also, for many plant species, key data for calculating leaf mass from crown volumes or converting leaf mass to leaf area were not available from our previous work, and such data would have to be obtained or estimated if ARB were to adopt a volumetric approach, or to convert LAI to leaf mass for species found in California airsheds.  The LAI values from maps supplied by ARB were similar to values derived from plant canopy instruments, and were similar to most reported values for similar plant species or communities found in Mediterranean-climate landscapes in California and Europe.  For the oak-harvest site, the LAI value supplied by ARB was in good agreement with the experimentally determined value based on whole-tree harvest.  The remote sensing data for LAI given by the ARB database appeared to be plausible and to fit the cover types for which they were given, and the approach of obtaining LAI from remote sensing data appears to be promising.

The volumetric method worked well for estimating the leaf masses of native oak trees, with tree crowns modeled with a paraboloid shape yielding estimates closer to the experimentally measured whole-tree harvest values than for any other geometric solid.  Calculations of leaf mass and leaf area per area of ground surface area gave values lower than those reported for eastern U.S. forests by a factor of two or more.  However, a BVOC emission estimate indicates blue oaks may be significant contributors of isoprene to California airsheds where this species is plentiful. 

In the nine polygons surveyed, a total of 39 additional species not listed by GAP were found to be present in amounts sufficient to consider them as potential co-dominants. However, the listings of oak species and others considered to be important in their magnitudes of biogenic emissions were in reasonable agreement with field data.  Agreement of the GAP database with field data was found to vary between locations surveyed, but BVOC emission calculations based on field data rather than the GAP database would give lower results for a majority of locations surveyed.  The quantitative and species-specific nature of the GAP database represents an advance in landcover classification.  While those features of the GAP database may prove useful for BVOC emission inventory development, our data suggest utilization of GAP data for this purpose must be undertaken with caution by ARB modeling staff.

This project has provided data vital for quantifying BVOC emissions in Central California.  These results strengthen and validate the methodology currently used by ARB in developing the statewide BEIGIS model.  However, landcover data for plant species composition and distribution remain problematic based on our assessment of the GAP database for Central California. Also still unresolved is the issue of scaling emission rates measured at leaf- or branch-level to whole-tree or landscape-scale flux measurements, and an inter-comparison of results at these different scales would be important in validating current ARB BVOC emission inventory methodology.  BVOC fluxes should also be measured for oak savannas for comparison to estimates derived from ARB models.  

2.0
INTRODUCTION AND BACKGROUND

2.1
Introduction
As the result of several decades of cost-effective air pollution control programs by the California Air Resources Board (ARB), and a succession of regional air quality agencies, air pollution in the California South Coast Air Basin (SoCAB) reached a fifty year low in 2000.  The reduction in ozone first stage alerts in the SoCAB, for example, from a high of 121 in 1978 to none in 1999 and 2000 (SCAQMD 2000).  This is a profound achievement given the enormous growth in population and emission sources in the SoCAB over the period of these control programs.  Unfortunately, the degree of improvement in other airsheds of California, including the Central Valley, have not been nearly as dramatic (ARB 1997).

One possible contributing factor to the disparity in progress in various California airsheds is the role of volatile organic compounds (VOC) from vegetation, or biogenic VOC (BVOC).  Modeling studies by the ARB suggest that development of specific emission control strategies for reducing ambient ozone in certain areas of California is dependent upon estimated emissions of BVOC.  These studies, using the Urban Airshed Model (UAM), showed that emissions of hydrocarbons from vegetation can make the difference between NOx vs. VOC emission controls being the most effective in reducing ozone concentrations (Jackson 1997).

The study of Benjamin et. al. (1997) estimated isoprene and monoterpene emissions in the SoCAB to be no more than 10% of anthropogenic VOC, and therefore BVOC are not expected to limit the effectiveness of VOC controls in the SoCAB (until anthropogenic VOC emissions are reduced far below current levels).  In contrast, however, in heavily vegetated airsheds in California, BVOC emissions may limit the effectiveness of VOC control, setting a floor under the reduction in ozone that can be achieved by reducing anthropogenic VOC [although at present there remains too much uncertainty in current BVOC estimates for airsheds other than the SoCAB to draw definitive modeling conclusions (Jackson 1997)].  

Concern about the possible critical role of BVOC emissions is reinforced by  (a) the fact that on average many BVOC are as reactive, or more reactive, in the atmosphere than emissions from mobile or stationary anthropogenic sources (Carter 1994, Benjamin and Winer 1998); and (b) a growing body of research from studies throughout the world suggesting that BVOC can constitute a significant and even dominant contribution to the overall VOC inventory in both regional airsheds and the global atmosphere (WBH 1997, BEMA 1997).

Given the key role played by BVOC in the atmosphere, and the enormous costs associated with further reducing VOC and NOx in California to meet state and federal air quality standards, it is critical to quantify the essential databases needed to assemble reliable BVOC emission inventories; to expand and refine predictive methods for emission rates and leafmass constants; and to further develop and validate key components of ARB BVOC models such as BEIGIS.  Indeed, placing the air quality role of biogenic hydrocarbons on a more quantitative basis must be ranked as a priority of state and federal air quality regulators.

2.2
Background
The emission of reactive hydrocarbons such as isoprene and monoterpenes by vegetation has been known for several decades (Went 1960, Rasmussen 1972) and the ARB (with characteristic foresight) funded one of the earliest experimental investigations of the emissions and role of such compounds in air pollution in California (Winer et. al.  1983).  Only in the last decade, however, has interest in the fundamental and applied aspects of BVOC in the atmosphere expanded dramatically, both in the scientific and regulatory communities.  

Research presented at recent conferences (WBH 1997, Gordon Research Conference 2000), as well as recent advances in understanding the atmospheric chemistry of BVOC (Atkinson and Arey 1997), also reinforce the need to generate reliable emission rate and biomass data unique to each region, illustrating that data generated for the other parts of the United States may have limited utility for California, for reasons elaborated below.

In the sections which follow, we provide a brief overview of research from this laboratory, and other researchers, relevant to California’s airsheds; summarize the BVOC research needs facing the ARB in California at the time the present research project was initiated; present the overall and specific objectives of our proposed research; describe our approach to generating the required data; and discuss the expected benefits to ARB’s development of sound future control programs.  We emphasize that the overarching goal of the proposed research was to continue, as we have in the past projects, to provide direct, collaborative support to ARB’s on-going effort to develop a state-of-science methodology for development of BVOC emissions inventories and models unique to California’s airsheds.

2.3
Selected Previous BVOC Studies in California 

2.3.1
Green Plant BVOC Emission Rate Measurements in the Central Valley
In support of an ARB Program to develop a biogenics emission inventory for California’s Central Valley, including the Sacramento and San Joaquin Valley Air Basins, Winer and co-workers (Winer et al. 1989, 1992; Arey et al. 1991a,b) measured the rates of emission of speciated hydrocarbons from more than thirty of the most important (based on acreage) agricultural and natural plant types relevant to California’s Central Valley.  Four dozen individual compounds were identified as emissions from agricultural and natural plant species studied.

Data obtained in this study demonstrated again there can be large variations in emission rates from a single specimen of a given plant species, as well as from multiple specimens of a cultivar.  Mean emission rates for total monoterpenes ranged from none detected in the case of beans, grapes, rice and wheat to as high as 12-30 µg per hour for pistachio and tomato (normalized to dry leaf and total biomass, respectively).  Agricultural species were found to be overwhelmingly monoterpene emitters and not isoprene emitters  (Winer et al. 1992).

2.3.2
South Coast Air Basin (SoCAB)

Causley and Wilson (1991) reported a study to estimate biogenic emissions for the SoCAB modeling domain in which a software system was developed to produce gridded hourly estimates of biogenics in this area.  Utilizing California specific emission factors for individual plant species, they generated emission estimates for the isoprene and several monoterpenes.  Emissions were spatially allocated using USGS GIS data for various land use categories, and the effects of environmental factors were accounted for using Tingey algorithms and canopy shading adjustment factors.

Three 24-hour gridded biogenic inventories were generated for an August 7-9, 1990 episode, with total emissions of approximately 200 TPD.  Isoprene constituted 37% of the inventory and alpha- and beta-pinene and myrcene accounted for 95% of the monoterpene emissions.  As in the other studies of this kind, the authors noted the need to determine the sensitivity of the generated inventory to factors with large uncertainties, including biomass spatial allocation and measurements, assignments of known plant emission factors to species with unknown factors, and adjusting for canopy effects (Causley and Wilson 1991).

2.3.3
Desert Research Institute Study in the Central Valley

The Desert Research Institute developed a biogenics emission inventory for the SJVAQS/AUSPEX region, based on a combination of satellite imagery used to identify vegetation classes and Radian’s Emissions Model System (Tanner et al. 1992).  Of 39 identified vegetation classes one was agricultural, two were urban, three consisted of sand, water or snow-covered areas with negligible biogenic hydrocarbon emissions and the remaining 33 classes were natural vegetation communities with varying degrees of specificity in plant species distribution.

For each species known to be present in each natural community, community-specific biomass factors were assigned, as were either measured emissions rate factors or an emission factor (EF) based on a surrogate species from the same genus or family.  Although a large portion of the species leaf biomass in the AUSPEX area was accounted for by plant species with measured EF or surrogate EF from species from the same genes, there were major uncertainties in EF assignments for important species in the AUSPEX area due to limitations in the experimental database.

Agricultural emissions were spatially defined only on a county basis, using a species mix of 10 crops identified as significant emitters by Winer et al. (1989, 1992).  Agricultural acreages for 1990 were used along with biomass estimates provided by Sidawi and Horie (1992) based on summaries of literature data.  Based on county-wide data, Tanner et al. (1992) obtained a preliminary estimate that about 15% of the total biogenic hydrocarbon emissions by mass in the AUSPEX region, approximately 480 of a total 3360 metric tons per day, were produced by agricultural crops.

2.3.4
Biogenics II Project in the Southern San Joaquin Valley
In an ARB-supported project of Winer, Karlik and co-workers, much of the experimental work was conducted at the University of California’s Shafter Research and Extension Center, near Bakersfield.  In this project the emission rates of isoprene from nearly seventy plant species were measured, the great majority of which had no previous experimental emission rate data (Karlik and Winer 2001a).  These measurements extended over two summer seasons, in many cases involving repeated measurements during the season.  This study substantially expanded the emission rate database for key California plant species.  These new experimental data were used to test the efficacy of the predictive taxonomic method published earlier from our group (Benjamin et al. 1996).

A second major phase of this study was conducted at Shafter for plant species of relevance to both the Central Valley and other areas of California and involved experimental comparison of calculated vs. measured leaf mass for urban trees.  One of the most serious deficiencies in current efforts to assemble BVOC emission inventories for urban areas is an absence of reliable leaf mass constants for key plant species.  Although destructive whole tree sampling has been used to derive leafmasses of forest trees, few such studies have been conducted for trees or shrubs in urban settings.  Through a variety of strategies, we were able to identify nearly two dozen mature trees of appropriate species at several locations for total leafmass determinations.  Plant height and radius were measured, and a geometric solid which best fit the form of each plant in the field identified.  From these data the crown volume could be calculated.  Finally, the complete trees were then harvested and all leaves removed, dried and weighed.  From the resulting data the actual experimentally measured whole-tree leaf masses were compared to leaf masses calculated by several different methods.  This research was reported at the international workshop (WBH 1997) and was subsequently published (Winer et al. 1998, Karlik and Winer 1999).  

2.3.5
 San Diego County of the SCOS 97 Study Region

At the request of the ARB, a field study of the validity of the GAP geographic information system (GIS) database for San Diego County, which at that time had the least well characterized BVOC inventory of any of the counties in the SCOS97 study domain.  A field protocol for sampling vegetation composition and dominance using line transects was developed and peer-reviewed by appropriate UCLA faculty, and by David Stoms, Principal Investigator for the GAP database in the San Diego County area.  Using a statistically randomized selection of transect sites within polygons chosen for their likely high BVOC emissions, we collected data needed to test the validity of the GAP assignment of plant species assemblages in the natural areas of San Diego County.  Further details of this study have been published (Chung and Winer 1999).

2.3.6
Biogenics III Study in the Southern San Joaquin Valley

An integrated field study with four principal components was funded by ARB and conducted in 1999-2000 in the southern San Joaquin Valley (Winer and Karlik 2001).  In that study plant emissions of total BVOC were characterized for more than 200 plant species with a portable gas analyzer.  Results were used as a further test of the taxonomic method for BVOC emission rate assignments (Benjamin et al. 1996).  Leaf mass estimates were developed for urban trees larger than those studied previously (Winer et al. 1998, Karlik and Winer 1999) and compared to values derived from whole-tree harvest.  Native blue oak trees were measured and harvested to evaluate leaf mass estimation methods for that species in a natural setting.  (Additional data for the present study were taken from the same trees.)  The field protocol developed by Chung and Winer (1999) was used to assess the GAP database in 18 polygons with vegetation types ranging from riparian to montane woodlands.  A stratified randomized sampling design was used, the observations of plant cover in the field were quantitatively compared to GAP-listed vegetation.  The results of the GAP portion of the study have been submitted for publication (Karlik et al. 2001).

2.4
Statement of the Problem
As discussed above, quantifying BVOC emissions and understanding the atmospheric reactivity of isoprene, monoterpenes and other BVOC are critical elements in the development of effective ozone attainment strategies.  ARB funded research has produced a wealth of data related to biogenic hydrocarbon emissions in California and substantial progress has been made in characterizing the atmospheric chemistry of BVOC.  However, even allowing for the fact not all plant species emit significant quantities of BVOC, because of the enormous diversity and complexity of California’s vegetation  (i.e. 6000 species), as well as the large areal extent of its airsheds, substantial gaps remain in the data needed to produce a gridded, speciated, day-specific BVOC inventory for the entire state.  

For example, to date less than 5% of all California plant species have undergone even qualitative measurements of BVOC emissions.  Although a taxonomic predictive method recently proposed from this research group (Benjamin et. al 1996) shows promise, additional validation is needed to place such a system on a robust statistical foundation.  Similarly, to date less than 1% of California species have had experimental leafmass-to-volume ratio determinations.  Although additional data, some from the first systematic whole tree measurements ever conducted for urban species, were obtained from our previous ARB project (Karlik and Winer 1999), these data have not yet been tested on the basis of taxonomy or structural class to permit more accurate extrapolation to the more than 95% of California plant species for which no data are available.  The lack of such species-specific leafmass measurements has forced the use of structural class averages for recently generated BVOC inventory estimates for Ventura and Santa Barbara Counties (Chinkin et al. 1996, Karlik and Winer 2001c), an unsatisfactory approach.  An alternative approach for calculating leafmass from leaf are a index (LAI) data has been untested for California.  Of particular concern for natural plant communities are oaks which are high isoprene emitters and, given their populations and leaf mass, are a dominant genus of trees in California in producing BVOC fluxes.  Leafmass and LAI are not well characterized among oaks, especially for oaks in rangeland settings.

Assignment of spatial allocation of vegetation and species identity (i.e. characterization of composition and dominance) may be the weakest link in the entire BVOC inventory development process at this time.  Newly available GIS-based landcover databases such as GAP may be a valuable source of plant species identity and distribution.  The prototype study conducted in San Diego County (Chung and Winer 1999) and successive study in the southern San Joaquin Valley have provided important data for understanding the utility of the GAP database for BVOC emission inventory development.  However, additional field validation was needed to further characterize GAP in other parts of the Central Valley. 

It must be emphasized that only with the development and validation of the databases described above, can reliable spatially- and temporally-resolved BVOC emissions models be developed for the rest of California, comparable to the inventory we have developed, with partial ARB support, for the South Coast Air Basin (Benjamin et al. 1997).

2.5
Objectives

2.5.1
Overall Objectives

The overall objective of this research was to assess, through ground-based measurements, satellite-derived databases which contain descriptions of LAI and plant composition in the Central California Ozone Study (CCOS) domain.  This study will allow further understanding of uncertainties associated with these databases, and enable refinement of BVOC emissions calculations for Central California.  Data from the satellite-derived GAP and LAI databases were to be compared to ground-based measurements at selected sites, with emphasis placed on sites found to be hotspots of BVOC emissions based on preliminary runs of the Air Resources Board BVOC emission inventory model.  As part of this project, the investigators also continued to work closely with ARB staff to further develop and refine the methodology for development of a statewide BVOC emission inventory.

2.5.2
Specific Objectives


The specific objectives of this research project were to:

•
Validate satellite-derived LAI data through field measurements, based upon at least two measurement methods, obtained over a range of vegetation densities and ecosystem types in Central California.

•
Assess plant community descriptions contained in the GAP Analysis Project (GAP) database through quantitative descriptions of plant species identities, through field notation and measurements of plants.  GAP polygons were selected in cooperation with ARB modeling staff to represent hotspots of calculated BVOC emissions. 

•
Provide support for ARB staff in utilizing research results to adjust BVOC input data, and to estimate upper and lower bounds of BVOC emissions for specific areas.  


In the following chapters we describe in detail how each of these objectives were carried out, the results obtained, and their implications and significance.
3.0
LEAF AREA INDEX MEASUREMENTS AND ESTIMATES FOR BVOC INVENTORY DEVELOPMENT IN CENTRAL CALIFORNIA
Gridded BVOC inventories require a spatially-allocated, species-specific description of leaf mass distribution to accompany species-specific emission rates for calculation of BVOC fluxes.  Estimates of leaf mass may be obtained through a variety of methods, and measurements may be made with instruments at ground-level or from remote sensing platforms. Methods based on remote sensing technologies may offer economies of scale for calculation of leaf mass, but validation should be undertaken of such methods including cross-checking with ground-based measurements.  

3.1
Calculation of Leaf Mass and Leaf Area

Specific leaf weight (SLW) is the species-specific ratio of leaf mass to one-sided leaf area.  Leaf mass may be calculated by multiplying specific leaf weight (SLW) by leaf area (LA) as seen in equation 1:

SLW (g m-2) x LA (m2) = Leaf Mass (g)





(1)

The development of species-specific quantitative leaf-area-to-leaf-mass conversions may allow application of leaf area data not previously useful (Winer et al. 1998).  The inverse of SLW is specific leaf area (SLA) (m2 g-1).  A compilation of SLA and SLW data is underway, which will make use of experimental results from several sources including those from a 1996-97 ARB-funded study of urban trees in the Bakersfield area in south Central California (Winer et al. 1998).  For biogenic emission inventories, leaf mass may be described as leaf mass per unit area of land beneath foliage.  Leaf biomass density (LMD) (g m-2) refers to leaf mass per unit planar area of canopy or crown projection, or per unit area of land surface.  In this report, we use the term crown to refer to the above-ground foliage of discrete individual plants while canopy refers to the contiguous foliage of adjacent plants.

Another approach to leaf mass estimation is through a volumetric method, in which leaf mass for respective plant crowns is estimated by modeling plant crowns as simple geometric solids.  (Winer et al. 1983, Horie et al. 1991, Karlik and Winer 1999).  Using this method, data of planar coverages of plant species can be converted into foliar volumes by multiplying by canopy height, and then converted to leaf mass through multiplying by an appropriate leaf mass constant. Leaf mass constant (g m-3) describes leaf mass per unit volume within a crown of foliage (Winer et al. 1983, Miller and Winer 1984, Horie et al. 1991, Karlik and Winer 1999).  The resulting value may then be normalized per unit ground surface area of canopy projection to give LMD:

     Crown Vol (m3) x Leaf Mass Constant (g m-3) x Projected Area (m-2) = LMD (g m-2)
(2)

3.1.1
Leaf Area Index

A useful description of leaf area contained within a plant crown or canopy is the leaf area index (LAI).  LAI is the dimensionless ratio of leaf surface area to unit area of crown or canopy projection, usually described with units of m2 m-2.  Leaf surface area may include one side or both sides of leaves, and in this report LAI is considered to be one-sided leaf surface area.  LAI describes the photosynthetic apparatus of a plant canopy or plant community and has been identified as one of the most useful descriptors of plant foliage for characterizing energy and mass exchange in global scale research (Spanner et al. 1990b).  Leaf area dominates the total aboveground surface area of trees at all canopy levels.  LAI may be used when compiling a BVOC emissions inventory because it is proportional to total green leaf area (Landsberg and Gower 1997), and may be used to calculate LMD.  Multiplying LAI by SLW yields a value for LMD as seen in equation 3:

SLW (g m-2) x LAI (m2 m-2) = LMD (g m-2)




(3)

3.1.2
Estimating Leaf Cover Through Remote Sensing Methods
Estimates of leaf mass or leaf area derived through remote sensing approaches are based principally on the absorption of certain wavelengths of light by chlorophyll, and reflection of other wavelengths.  A measure of greenness may be made by comparing measurements of red reflectance radiation (630-690 nm), which exhibits a nonlinear inverse relationship to green biomass, with measured near-infrared (760-900 nm) reflectance radiation, which exhibits a non-linear direct relationship (Tucker 1979).  These relationships have lead to the development of a vegetation indices (VI), such as the simple ratio (SR) and the normalized difference vegetation index (NDVI), that can in turn be used to estimate the quantity of green biomass of vegetation or leaf area. Reflectance bands in the near-infrared (NIR) and red (RED) wavelengths are used to calculate the NDVI as follows (Peterson et al. 1987):

NDVI = (NIR - RED) / (NIR + RED)





(4)

NDVI = ([760-900 nm] - [630-690 nm]) / ([760-900 nm] + [630-690 nm])
(5)

Because of expansive coverage, of particular interest are data from instruments on satellite platforms which may be used to derive VI.  On a regional or global scale, the NDVI can be calculated using satellite data gathered with the National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution Radiometer (AVHRR) or the Landsat-TM.  VI are descriptive of how much radiation a plant crown intercepts, and a summary of VI and the equations used to derive them is shown in Table 3-1. 

[image: image1.png](@)

©

NDVI

(b) ¥* =0.949

Green leaf area index

NDVI

o o B
>
O -
Z
T T T _l T T T T T T
10 12 14 -4 -3 -2 -1 0 1 2
In [Green leaf area index]
1.0
C
0.8 ° .Do' k o o
2° 7%
089 ep o
.%o
Q.
0.4- “e ©
.O
0.2 %
0.0
T T T T T
5 10 15 20

Total leaf area index



Table 3-1.
Vegetation indices and the equations used to derive them.  Reproduced from Fassnacht et al. (1997).

3.1.3
Derivation of LAI from NDVI or other VI  

On a regional basis, the interception of light by vegetation will depend primarily on leaf area but also on the dominant plant species, growth habit, foliage clumping, leaf angle distribution, soil reflectance, and, to some extent, atmospheric conditions and azimuth angle.  For these reasons calculated VI values have some inherent site/species specificity.  Attempts to reduce the variability in spectral reflectance indices between different locations have concentrated on the use of improved environmental correction algorithms that can account for much of the variation attributable to atmosphere or azimuth (Loveland et al. 1991).  

NDVI, SR, or another VI derived from spectral reflectance data may be used to estimate LAI.  To couple the VI to LAI, either an empirical approach or an analytical approach may be used (Nikolov 1997a,b).  In an empirical approach, field measurements of LAI are correlated with the VI.  In an analytical approach, a canopy radiative transfer model is used to relate the dependent variable, LAI, to VI.  An additional LAI retrieval algorithm has been developed, which is based upon an inversion of a canopy radiative transfer model (Nikolov 1997a,b).  Use of this algorithm may give more accurate values for LAI than those from earlier algorithms, especially at higher values of LAI, and may not require development of empirical VI-LAI relationships for all plant communities.

Also, recently developed radiative-transfer models and correction algorithms capture quite well the primary effects of differing illumination and viewing conditions on the reflectance of discontinuous vegetation covers and may improve canopy estimates in California plant communities (Wu and Strahler 1994). 

3.1.4
The Use of NDVI for Leaf Area Estimation

The NDVI can be used to estimate biomass by correlating index values to biomass values sampled from the field (Tucker 1979, Peterson et al. 1987, Law and Waring 1994a, Gamon et al. 1995).  However, the NDVI is better suited to estimating the leaf area or LAI of plants because absorption of light in the photosynthetically active radiation (PAR) range is a primary determinant for changes in the ratio of IR/red reflectance.  The NDVI is extremely sensitive to changes in canopy cover when the cover is low but its sensitivity to changes in LAI decreases as LAI increases beyond a threshold value. The upper threshold is indicated by a flattening of the asymptotic shape characteristic of LAI vs. NDVI curves.  Addition of more canopy layers makes little difference in the relative interception or reflectance of red and near-infrared radiation (Peterson et al. 1987).  Analysis of the NDVI calculated from LANDSAT-TM data showed that the LAI of coniferous vegetation across a latitudinal gradient in central Oregon could be accurately estimated up to a maximum LAI of 7-8 (Peterson et al. 1987).  Other estimates have placed the red radiance asymptote at a LAI of 4-5 in coniferous forests (Spanner et al. 1990a).  These values are somewhat greater than the saturation values expressed in woodland trees (LAI 2-3), wheat (LAI 2-3) and other broadleaf plants.  This may be due to differences in the spectral reflectance properties of needle-leaves compared to broad leaves.  The size, shape and orientation of needle-leafed canopies may enhance diffusion of light within the canopy with attendant small differences in the intensity of scattered radiation in the red (Peterson et al. 1987).  

Until recently, the relationships between NDVI and canopy structure, leaf mass, photosynthetic fluxes, and net primary productivity appeared to be most consistent in uniform vegetation; however, mounting evidence indicates that VI calculated from remote sensing data may be more useful than previously thought in communities where plants are separated and foliar characteristics are heterogeneous, such as in desert communities with low (< 1) overall LAI values (Gamon et al. 1995).  For example, Gamon et al. (1995) showed the description of leaf mass by NDVI to be most pronounced at low canopy densities, reaching an apparent maximum at LAI ( 2.  This result was supported in another study in which a simple radiative transfer model showed NDVI to be sensitive to changes in the fractional vegetation cover until canopy closure was reached, beyond which a further increase in LAI resulted in an additional small, asymptotic increase in NDVI (Carlson and Ripley 1997).

Earlier work indicated that application of NDVI was confounded in these environment types due to unpredictable soil reflectance properties (Asrar et al. 1992).  However, recently developed radiative-transfer models and correction algorithms capture quite well the primary effects of differing illumination and viewing conditions on the reflectance of discontinuous vegetation covers and should improve canopy estimates in Californian communities  (Wu and Strahler 1994, Nikolov 1997a).  Also, advancing remote sensing technologies are expected to improve pixel resolution, and thus reduce background effects which are especially important in arid region plant communities  (Ustin et al. 1986).  The description of leaf mass by NDVI at low canopy densities (LAI ( 2) may be well suited to future study of California’s vegetation since the NDVI is extremely sensitive to changes in canopy cover when the cover is low, but does not clearly distinguish between values relating to crown structure (such as leaf mass) when the index ranges from 20 – 100% of full scale (Gamon et al. 1995).  However, the method may not be suited for use in the Central California until the direct quantification of leaf mass using NDVI has been better established for arid environments.

3.1.5 VI and Field Data Acquisition
It is important to note that extensive ground surveys and collection of empirical field data have been included in past studies where a spectrally-derived vegetation index has been used to estimate biometric descriptors such as crown area, leaf mass, leaf area index, and leaf mass density.  At least limited measurements of plant parts are necessary to tether index values derived from spectral reflectances to quantifiable biometric parameters.  For example, in the analysis of IR/NIR bandwidth ratios and combinations by Tucker (1979), six grass canopy variables including wet and dry weights were measured in the field and plotted against the various spectral indices.  

Peterson et al. (1987) conducted extensive field sampling in 18 of the component biomes found along a transect of western Oregon as part of an investigation of the use of spectral reflectance indices to quantify vegetation growth.  All trees within a sample plot of 0.1 ha that had a bole diameter of greater than 5 cm were measured for various crown parameters including LAI.  Stemwood diameters were also measured so that foliage mass could be calculated using established allometric equations.  In cases where vegetation indices successfully describe leaf mass, the quantity of field data available for validation is extensive.  For this reason field measurements are possibly more critical to the evaluation of vegetation indices for use in biomass modeling in California due to a paucity of useful biometric data for indigenous plant communities.  A distinct scarcity of data still remains correlating NDVI values to LMD distribution in regions dominated with Mediterranean-type or desert vegetation.  Before LMD estimates derived from the NDVI are integrated into a BVOC emissions inventory for the Central California, additional field validation of remotely derived estimates with field-based leaf mass values should be a priority for BVOC emissions research. 

Using the NDVI, Gamon et al. (1995) estimated the green leaf area of three California vegetation types grassland, chaparral and oak woodland, located at the Jasper Ridge Biological Preserve near Stanford, California (Fig. 4.5a-c).  In canopies with LAI between 0 and 2, NDVI was a sensitive indicator of canopy closure.  For cover with an LAI greater than 2, typical of dense shrubs and trees, NDVI was relatively insensitive to changes in canopy structure.

3.2 Field Measurements of LAI


Many studies have estimated the LAI of plant communities through an indirect estimation method based on the relationship between a measurable variable and leaf area.  The inversion method was developed by Campbell and Norman (1981), and in this method below-canopy light interception is related to leaf area through an algorithm based on a Beer’s law relationship of light interception and foliar area.  Plant canopy analysis instruments have been developed which utilize this relationship to derive values for LAI, and two such instruments were used in the present study. 
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Figure 3-1.
Relationship of NDVI to (a) green leaf area index and (b) ln green leaf area index, for three California vegetation types in two seasons. Green leaf area index was derived by multiplying the total LAI by the percentage of leaf area that was green as opposed to twigs, stems and dead material.  (c) Relationship of NDVI to total LAI of three California vegetation types in two seasons.  Reproduced from Gamon et al. (1995).


Field sites in which measurements were made were selected in cooperation with ARB (Benjamin 2000) to represent areas of BVOC “hotspots” based on model output.  Data for the GAP study were also taken at these sites, and further details of locations and site selection are given in Chapter 5.

3.2.1
Estimating LAI Using the CI-110 Instrument
3.2.1.1
Principles of Operation of the CI-110
The CI-110 (CID, Inc.) estimates LAI from measurement of below-canopy light interception.  The instrument consists of a 0.5 m sampling wand fitted with a 150º zenith angle lens that captures a digital fish-eye image of vegetation from below a canopy.  The image is stored on a laptop computer for on-site or laboratory analysis using the CI-110 software provided with the instrument.  The instrument can be used under sunny, cloudy, or partly cloudy sky conditions.  CID Inc. support staff recommended that ideally images should be captured near dawn or dusk under conditions with diffuse light.  In California the predominant sky conditions were sun without clouds for our sampling season from June through September, 2000.  Through discussion (Peper 2000) we learned that a “solar disc” could be used to shade the sensor lens to permit accurate daytime sampling. The solar disc was a 16.5 cm diameter circular piece of card stock that was connected to a 1.5 m tripod with a 40 cm length of copper wire approximately 3.0 mm in diameter.  A copper wire attachment allowed for adjusting the position of the solar disc so that it directly shaded the sensor lens.

3.2.1.2
 Capturing an image

Images from below plant canopies were captured using a small digital camera located within the sensor head of the CI-110 sampling wand.  Prior to saving, images were viewed on the screen of the laptop computer using the CI-110 software to ensure that each image was representative of the canopy above.  A representative image was: 1) unaffected by direct sun-flecks, 2) not dominated by a single branch or leaf, and 3) included the vertical extent of the canopy.  Images were viewed on the screen of the laptop prior to saving an image file to the hard-drive.  The procedure for capturing a representative image from below a plant canopy varied somewhat according to the cover-type.  For single trees four images were taken at each of the cardinal directions from a mid point between the main stem and the drip-line.  For other vegetation types multiple readings could be taken in a line or grid pattern.

3.2.1.3
Use of the CI-110 Instrument in the Present Study
Ground-based LAI measurements were made beneath oaks and in natural vegetation using the CI-110.  However, the CI-110 was not used as the primary sampling instrument for LAI measurements in most of the natural landscapes we sampled due to difficulties in field operation of the instrument, especially on days with warm afternoon temperatures. 

For single trees such as the native blue oaks (Chapter 4), the CI-110 sensor was positioned to best capture a representative below-canopy image that included the entire crown of the tree being measured.  A standardized positioning protocol similar to the one used by Peper and McPherson (1998) was used with adjustments so some of the larger crowns could be fit into a single image.  Each tree was photographed from below four times using the CI-110.  The sensor was placed on a tripod at half the distance from the main stem to the outer drip line of the canopy in each of the four cardinal directions.  The sensor height was adjusted to four times the mean leaf length or no greater than 30 cm from below the lowest point of the crown. 

The CI-110 was also used to measure the LAI of three points, two in the coastal chaparral community of Casitas Lake and one in the coastal chaparral community in the Los Padres National Forest near Carmel Valley.  Individual LAI sampling points were spatially distributed using line transects.  The interval between sample points in a line transect was 10 m based on the coverage of a 150º below canopy fish eye image relative to the height of the canopy and also comparative studies using the LAI-2000 in the literature.  At 10 m intervals the CI-110 probe was positioned level below the canopy between 0.5–1.0 m in height. The procedure required one person to hold the probe while remaining below the level of the fish eye lens, and another operator to save an acceptable image to file.  In cases where vegetation was sporadic or below 30 cm the solar disc was used to avoid distortion of the image by sunlight.  

3.2.1.4
Image processing
Processing fish eye images captured using the CI-110 was accomplished using the composite software provided with the instrument.  The software allowed the user to derive an LAI value for a given below canopy image by manipulating three variables, 1) a zenith angle adjustment of the image, 2) an azimuth angle adjustment of the image, and 3) the gray scale pixel intensity.

A zenith angle adjustment of each image was done according to how much of the fisheye image was filled by the canopy.  Often, when capturing an image below the crown of a single tree or at the edge of a canopy, a portion of the image close to the horizon was open and was not representative of the crown or canopy.  In this instance a portion of the zenith between 90º at the horizon and 0º at the zenith could be shaded out and would not be used when assigning an LAI value to the image.  The CI-110 software divided each image into five concentric rings from the center to represent zenith divisions.  From the center the first ring encompassed 0 - 30º, the second 30 - 45º, the third 45 - 60º, the fourth 60 - 75º and the fifth 75 - 90º.  A portion of each image (usually around the horizon) was shaded from the image by entering the angle range the user required, for example between 75 - 90º to mask out the horizon.  The software then compacted the five zenith rings to fit between 0 and 75º before making the LAI estimation.  Note that the LAI estimation itself is based on an average value derived from all five zenith divisions based on an intricate series of equations related to absorption of light by the canopy based on the position of crown entities relative to the camera lens.  For this reason the number of zenith divisions could also be reduced if the user felt that the equations of, for example, the central three divisions were more representative of the canopy structure being investigated.

An azimuth angle adjustment was used when the user felt that one portion, along the horizontal plane, of the fisheye image being investigated did not represent the true canopy structure.  This may have been due to a building or other foreign object impacting a segment of an image, or if the main stem of a tree occupied a segment of the image.  The object could be shaded out of the image and would not be considered in deriving the LAI estimation.  The object was removed by specifying an angle range between 0º and 360º, for example, if the main stem occupied a small segment of the image it was removed by entering the range it occupied e.g., 45 ‑ 52º and a pie shaped segment would be shaded out of the image not affecting the LAI estimation.

Adjusting the gray scale intensity threshold was achieved by entering a value of pixel intensity on a percentage basis between 0% and 100% that the software would use to determine the canopy coverage and thus the LAI of a particular image.  For example, entering a value of 10% selected only those pixels in the image that were in the top 10% of gray scale intensity (almost black) the area and position of only those pixels relative to the area of the entire image were measured to make an LAI estimation.  Using a pixel intensity threshold of 90% selected those pixels that were in the upper 90% of the gray intensity scale (light gray - black), the area and position of those pixels relative to the entire image were measured in the LAI estimation.  The majority of our images were taken during daylight hours in high light environments.  Based on estimations using a model tree of known leaf area, we determined the most accurate threshold intensity level to overlay images captured in this light environment was 90%.  A 90% threshold selected all the dark thick growth canopy elements that were observed in the central portion of a tree or canopy and also selected the lighter gray colored pixels that represented canopy elements on the edges of a stand or tree crown.  

3.2.2
Estimating LAI using the LAI-2000 Instrument

The LAI-2000 (Li-Cor, Inc.) was used from August 7, 2000, until the end of our sampling season.  Due to reliability and portability, the LAI-2000 was the primary instrument used for ground-based measurements of LAI in the remote natural communities we sampled.  The instrument could conveniently be handled and operated by one person and was found to be durable enough to function when crawling through thick chaparral underbrush.  

3.2.2.1
Principles of Operation of the LAI-2000

The LAI-2000 calculates LAI based on the transmittance of diffuse light through a canopy using the inversion method described by Campbell and Norman (1989). The instrument measures below-canopy light intensity that is then compared with light intensity values measured above the canopy. The instrument sensor consists of five optical detectors distributed as concentric rings that measure light levels at five zenith angles simultaneously.  Similar to the fish-eye lens described of the CI-110, the LAI-2000 uses a lens to take a 150º hemispherical view of the sky above.  The inner ring measures the light intensity overhead in the zenith angle range between 0-13º from the vertical.  The second ring measures light transmittance between 16-28º, the third 32-43º, the fourth 47-58º and the fifth, 61-74º.  A reference value for above-canopy light intensity must be taken, usually in a clearing.  By dividing the amount of light measured in each ring above the canopy by that measured by the each respective ring below the canopy, a measurement of how light attenuates as it passes through a plant canopy is achieved.  Using these values the LAI-2000 software applies gap fraction analysis to obtain a value for LAI (Welles and Norman 1991).  In the field, measurements of canopy light interception can be made using one or two LAI-2000 instruments.  

3.2.2.2
 Single-unit application of the LAI-2000


Using a single unit to measure below-canopy light transmittance involved obtaining a single point reference value above the canopy to which the relative light interception of several below-canopy measurements were referenced.  Ideally, the below-canopy measurements were taken within 15–20 minutes of the above canopy reference measurement so that differing sky conditions would not affect an LAI calculation.  In general, for our single unit measurements 10 below-canopy measurements were taken for every above-canopy measurement.  On occasion in extremely thick underbrush or difficult terrain, five below-canopy measurements were taken for each above-canopy reference.  During our sampling season the sky conditions were consistently bright and sunny (common in summer in Central California) so sky conditions did not change too much during the time elapsed between taking the reference above-canopy measurement until obtaining below-canopy measurements.  Li-Cor technicians recommended that when taking an above canopy reference light value, a clearing of at least three times the height of the surrounding canopy should be used so that the reference is not affected by scattering or light absorption from objects in the vicinity, and these instructions were followed.

3.2.2.3
Measuring ground based LAI of natural California plant communities using the LAI-2000
Natural communities were sampled using the line transect method using 10 m intervals.  A cap covering 270º of the sensor was used (Strachan and McCaughey 1996).  For ground based measurement of LAI using the line transect method the LAI-2000 was programmed to capture either five or ten below-canopy light interception measurements between capturing each above-canopy reference value.  Below-canopy measurements were gathered at 10 m intervals. The quantity of below-canopy measurements captured between reference values was determined by the thickness of underbrush and the estimated time required to negotiate either 50 m (for five below canopy measurements) or 100 m (for 10 below-canopy measurements).  The below-canopy measurements were gathered as quickly as possible between reference values to maximum of 20 minutes between reference values.  On rare occasions the thickness of underbrush or the severity of the terrain meant that the series of below-canopy measurements could not be captured within 20 minutes and the time frame between reference values was extended to 30 - 40 minutes. 

Sampling a 500 m transect using the LAI-2000 was usually accomplished in cooperation with the GAP team (Chapter 5) by following the same transect.  The LAI-2000 could be strapped to the user conveniently to allow the operator to negotiate the underbrush or to allow the operator to assist with gathering volumetric data simultaneously while obtaining LAI data.  Transects usually extended 250 m in each of the cardinal directions from a central origin.  Above-canopy reference values were gathered at a clearing near the origin and then at 50 or 100 m intervals depending on the thickness of underbrush or terrain.  Clearings for above canopy reference values were selected based on their proximity to the transect points and their size.  Ideally clearings were up to three times the diameter of the height of the surrounding canopy.  

Reference and below-canopy values were captured using the 270( view cap, leaving a 90( space for capturing attenuated light.  When capturing the above canopy reading care was taken to ensure that the lens sat level (with the aid of the bubble level attached to the sampling arm) and that open segment faced away from direct sunlight and the operator.  A note was taken of the direction that the open segment faced at the time the reference value was taken so that the below-canopy measurements were gathered in the same direction.

3.2.2.4
Processing data gathered using the single-unit method
The LAI-2000 saved each 50 or 100 m (five or ten point) data set of below-canopy measurements as individual files.  Each of these files had been assigned a file name, date, time and direction at the time they were gathered so that the sampling element that the file represented could later be identified.  At the laboratory, the files were downloaded into a personal computer for processing by plugging the LAI-2000 into one of the computer data com ports.  The download was achieved using the composite software supplied with the instrument.  The LAI-2000 software integrated the below-canopy light attenuation values from each data set with the above canopy reference value to calculate a mean LAI value for each data set (50 m or 100 m transect section).  To allow for simplified data analysis, each of the data files retrieved from the LAI-2000 was imported into an Excel spreadsheet for upsizing from transect segment to transect to sample element to polygon.

3.2.2.5
Two unit application of the LAI-2000 for point measurements of LAI
Gathering above- and below-canopy light attenuation values simultaneously using two instruments, one positioned in a clearing proximal to the plant community under study, and one gathering below canopy values, had advantages over the single-unit application in that the location of the above-canopy measurements could be selected based on open space alone, rather than proximity to the sampling element itself.  This method was used to gather LAI values of uniform communities such as maintained recreational parkland.  The two unit method employed the 270( view cap and sample elements were measured as transects or in grid form (100 x 100 m).  Measurements were made at 5 m intervals so that analysis could be done using either a 5 or 10 m intervals between data points.  The LAI-2000 software facilitated the cross referencing (conjoining) of both the above- and below-canopy datasets through a linkage of datasets based on the time that each measurement was taken.  The time settings of the two instruments were synchronized.  The instrument positioned in the clearing was programmed to store an above canopy light attenuation value at given time interval, e.g., each minute or 30 seconds and was positioned in the clearing and leveled using a tripod.  The second instrument was used by the operator to take below-canopy measurements. 

3.2.2.6
Processing data gathered using the two-unit method
To join above-canopy data files with those taken below-canopy, the LAI-2000 software was used to link the files saved on the above canopy instrument with those saved on the below-canopy instrument.  The link was done based on the date and time the files were saved.  The software calculated the LAI of a given below-canopy light attenuation by comparison to the closest time that an above-canopy reading was taken by the second instrument.  Mean LAI values for each transect or grid element were imported into an Excel spreadsheet to facilitate allocation into a cover-based description of LAI.

3.2.3
Estimating LAI of Oak Trees Using Allometric Equations
The dimensions of oak trees in El Dorado County in a state park on the north shore of Folsom Lake, northeast of Sacramento, were measured during this study.  A grid measuring 100 m x 150 m was set up, which contained 115 oak trees.  Of these trees, 110 were blue oaks (Quercus douglasii), four were interior live oak (Q. wislizenii), and one was a canyon live oak (Q. chrysolepis).  For each tree, measurements were made of circumference at breast height, crown height, distance from the ground to the base of the crown, and crown radii in the four cardinal directions.  The leaf masses for these trees were then estimated using the regression equations for trunk circumference, mean crown radius, and crown projection developed from whole-tree harvest of blue oaks at a site near California Hot Springs (Chapter 4).  (We recognize that many of the oak trees at Folsom Lake were larger than the trees measured at the California Hot Springs site, but for this simple model we applied the regression equations developed from the Hot Springs oaks to all the trees at Folsom Lake.)  The sum of leaf masses were converted to leaf areas using an SLA value of 0.00603 m2 g-1 experimentally measured for blue oaks at the California Hot Springs site (Chapter 4).  Leaf areas were summed, and compared to the area of the grid.  For comparison, LAI values were measured with the Li-Cor 2000 instrument at points located at 10 x 10 m spacings within the grid.

3.2.4
Estimating LAI of Natural California Plant Communities Using the Volumetric Method


Data taken of plant species and crown dimensions for the GAP study (Chapter 5) were used to develop another independent estimate of LAI.  Crown volumes were calculated based on tree radii and crown height data, and values of leaf mass for each tree calculated by multiplying by a leaf mass constant.  The leaf mass constants were obtained from published values (Winer et al. 1983, Nowak 1991, 1996); where a leaf mass constant was not available for a specific species an average of similar species or a structural class average was used (Horie et al. 1991). The leaf masses for each species along a transect were summed, and converted to leaf area using SLA values of Winer et al. (1998).  A default SLA value of 0.006 m2 g-1, based on the data of Winer et al. (1998), was used if an experimental SLA value for the species was not available.  The calculated leaf areas for each species were then summed and compared to the area of the transects to obtain an LAI value for the species.  The LAI values were then summed to derive an overall LAI value for the transects.  

3.3
Results of LAI Measurements

3.3.1 LAI Measurements for Oak Trees:  CI-110 Measurements Compared to Data Derived from Whole-Tree Harvest

As seen in Table 3-2, LAI values from CI-110 measurements for blue oaks at the California Hot Springs site were comparable to those derived from whole-tree harvest of the stand.  (Additional data pertaining to leaf area, LAI, and leaf mass for the harvested oak stand may be seen in Chapter 4.)  Based on previous work, calculation of leaf area and corresponding LAI from whole-tree harvest and measurement of leaf mass are expected to differ from values obtained from measurements of all leaves made with a leaf area meter by about 5% (Winer et al. 1998).  LAI values derived from harvest were greater than CI-110 values for 10 of the 14 trees.  CI-110 values were within 50% of the values derived from harvest for seven of the 14 trees, and within a factor of two for 12 of the 14 trees.  

A grid measuring 30 x 30 m was also set up beneath the oak canopy at California Hot Springs.  Measurements were made with the CI-110 at 5 x 5 m spacings beneath the grid.  The resulting LAI value for the oak stand was 1.1, compared with 1.8 derived from whole-tree harvest (Chapter 4).  Since the 30 x 30 m grid was larger than the grid necessary to contain the driplines of the oak trees, and the oak grove was surrounded by open grassland, the LAI value from CI-110 measurements would be expected to be lower than that calculated from whole tree harvest (Chapter 4).  Indeed, a value of 1.1 is between an approximate value of 0.9 for the vicinity including the oak grove and a value of 1.8 for the oak grove itself.  

Table 3-2.
Comparison of LAI values measured with the CI-110 instrument to those derived from leaf mass data collected through whole-tree harvest.  

Oak Tree

LAI (m2 m-2)

   No.
CI-110
Harvest


1
2.8
5.9


2
3.0
4.7


3
3.3
3.7


4
3.0
5.5


5
1.4
3.9


6
3.1
2.5


7
3.0
7.7


8
2.9
4.8


9
3.2
4.5


10
3.2
2.8


11
3.2
4.3


12
3.3
2.9


13
3.3
5.7


14
3.2
2.6

3.3.2
LAI Values for Oaks at Folsom Lake Based on Allometric Equations
Mean LAI values (m2 m-2) for individual oak trees at Folsom Lake were 3.8, 4.3, and 4.3, based on allometric equations for circumference at breast height, mean crown radius, and crown projection, respectively.  For the site, the sum of calculated leaf areas divided by the site area (15000 m2) gave site LAI values of 1.6, 1.8, and 1.8 based on the respective allometric equations.  (Also, mean LMD (g m-2) values for individual trees were 630, 720, and 720; while site LMD values were 260, 290, and 290 based on allometric equations for circumference at breast height, mean crown radius, and crown projection, respectively.)  These values for LAI seem plausible.  As noted previously, the LAI value based on whole-tree harvest for a blue oak grove near California Hot Springs was 1.8 m2 m-2, and the site value there was estimated to be 0.9 m2 m-2 or less.  Considering the larger stature of the trees at Folsom Lake, a greater LAI value for the Folsom Lake site compared to the California Hot Springs site seems reasonable.

3.3.3
LAI Values for Natural Plant Communities Based on the Volumetric Method

Data for LAI for plant species calculated via the volumetric method are shown in Table 3-3.  Neither leaf mass constants nor SLA values were available for needle evergreen species, so LAI values could not be obtained for these species from plant dimension data through the volumetric method, and needle evergreen species are omitted from Table 3-3.  For points including Etsel Ridge Pt. 1, Sequoia National Forest Pts. 1-3, and Coe State Park Pts. 2 and 3, the crown volumes of needle evergreens were 10% or more of the sum of the crown volumes of broadleaf plants.  For Sequoia National Forest Pt. 2, the sum of crown volumes for Pinus contorta and Sequoiadendron giganteum was more than 100% of those for broadleaf species. Therefore, the cumulative LAI values for these points is likely considerably higher than those calculated and shown in Table 3-3. 

As seen in Table 3-3, for some points calculated LAI values were dominated by a few plant species.  For example, the points in Mendocino County were dominated by two oak species. An oak species also comprised most of the calculated LAI for Casitas Lake Pt. 1, Sequoia National Forest Pt. 1, and Coe State Park Pt. 1.  For other points, the calculated LAI was more evenly distributed among plant species.

For the Etsel Ridge Pts. 1-3, and Santa Clara Pt. 1, the sum of LAI values calculated for individual plant species was 20 or greater.  As noted above, these points were dominated by oaks, and the leaf mass constants used in calculations had been developed for urban trees.  The values for leaf mass constants may be too high for oaks in natural settings, where summer drought conditions, low nutrient levels, and overlap of crowns occurs, resulting in lower amounts of leaf mass and leaf area compared to what could be found in a well-watered, well-fertilized urban forest.  

3.4
Comparison of LAI Measurements

As seen in Table 3-4, LAI values from CI-110 and LAI-2000 measurements are presented with LAI values derived from volumetric calculation.  In addition, LAI values for the sites as supplied by the ARB (Scott 2001) from the work of Nikolov (1997a,b; 1999) are presented for comparison.  
Table 3-3.
LAI for plant species calculated from ground-based measurements of plant dimensions.1
Plant Species
Areal
Crown
Leaf
Leaf 
  SLW
Leaf
Area 
  LAI


Cover 
Vol.
Mass
Mass

Area
  of 





Const.



Trans.



(m2)
(m3)
(g m-3)
  (g)
 (m2 g-1)
 (m2)
(m2) 
(m2 m-2)

Ventura County--Casitas Lake:  Point 1
Quercus agrifolia
2071
18655
310
5782971
0.0057
32963
5700
5.7830

Ceanothus integerrimus
1105
3934
280
1101434
0.0060
6609
5700
1.1594

Prunus ilicifolia
582
2309
310
715642
0.0107
7657
5700
1.3434

Rhamus crocea
210
437
150
65604
0.0060
394
5700
0.0691
Rhamnus californica
155
337
150
50568
0.0060
303
5700
0.0532

Physocarpus capitatus
113
322
215
69166
0.0060
415
5700
0.0728

Quercus berberidifolia
65
228
310
70776
0.0057
403
5700
0.0708

Sambucus caerulea
42
180
215
38703
0.0060
232
5700
0.0407

Baccharis pilularis
21
71
215
15294
0.0052
80
5700
0.0140

Ribes sp.
19
35
215
7467
0.0060
45
5700
0.0079

Grindelia camporum
7
23
215
4858
0.0060
29
5700
0.0051

Adenostoma fasciculatum
7
15
215
3329
0.0060
20
5700
0.0035

Amsinckia menziesii
4
4
215
946
0.0060
6
5700
0.0010

Sum:
4400
26000

7900000

49000

8.6

Point 2

Ceanothus cuneatus
450
1562
280
437409
0.006
2624
5700
0.4604

Physocarpus capitatus
423
1275
215
274100
0.006
1645
5700
0.2885

Prunus ilicifolia
160
747
215
160503
0.0107
1717
5700
0.3013

Cercocarpus betuloides
188
741
215
159399
0.006
956
5700
0.1678

Salvia mellifera
488
677
215
145480
0.00408
594
5700
0.1041

Ceanothus integerrimus
181
662
280
185355
0.006
1112
5700
0.1951

Adenostoma fasciculatum
227
633
215
136110
0.006
817
5700
0.1433

Baccharis pilularis
242
539
215
115853
0.00522
605
5700
0.1061

Quercus agrifolia
93
376
310
116411
0.0057
664
5700
0.1164

Grindelia camporum
99
208
215
44821
0.006
269
5700
0.0472

Sambucus caerulea
31
128
215
27518
0.006
165
5700
0.0290

Adenostoma sparsifolium
48
72
215
15462
0.006
93
5700
0.0163

Rhamus crocea
36
70
150
10517
0.006
63
5700
0.0111

Salvia clevelandii
38
58
215
12405
0.00408
51
5700
0.0089

Quercus berberidifolia
12
24
310
7499
0.0057
43
5700
0.0075

Toxicodendron diversiloba
9
14
215
2985
0.006
18
5700
0.0031

Yucca whipplei
5
3
215
738
0.006
4
5700
0.0008

Sum:
2700

7800

1800000

11000

2.0

Table 3-3.
LAI for plant species calculated from ground-based measurements of plant dimensions.1 (Continued)

Plant Species
Areal
Crown
Leaf
Leaf 
  SLW
Leaf
Area 
  LAI


Cover 
Vol.
Mass
Mass

Area
  of 





Const.



Trans.



(m2)
(m3)
(g m-3)
  (g)
 (m2 g-1)
 (m2)
(m2) 
(m2 m-2)

Monterey County—Los Padres National Forest:  Point 1


Quercus berberidifolia
419
1218
310
377430
0.0057
2151
2520
0.8537

Arctostaphylos sp.
829
992
215
213273
0.006
1280
2520
0.5078

Ceanothus integerrimus
389
910
280
254701
0.006
1528
2520
0.6064

Adenostoma fasciculatum
424
489
215
105075
0.006
630
2520
0.2502

Quercus chrysolepis
81
279
310
86598
0.0057
494
2520
0.1959

Ceanothus dentatus
7
12
280
3230
0.006
19
2520
0.0077

Ceanothus cuneatus
3
6
280
1809
0.006
11
2520
0.0043

Sum:
2200
3900

1000000

6100

2.4

Point 2


Lithocarpus densiflora
1746
10429
215
2242182
0.006
13453
3180
4.2305

Quercus chrysolepis
303
4939
310
1530966
0.0057
8727
3180
2.7442

Ceanothus integerrimus
882
3358
280
940207
0.006
5641
3180
1.7740

Quercus berberidifolia
346
1138
310
352896
0.0057
2012
3180
0.6325

Umbellularia californica
132
753
245
184427
0.006
1107
3180
0.3480

Arbutus menziesii
102
600
215
129065
0.006
774
3180
0.2435

Arctostaphylos sp.
34
52
215
11269
0.006
68
3180
0.0213

Prunus virginiana
13
24
310
7363
0.0107
79
3180
0.0248

Ceanothus cuneatus
6
19
280
5320
0.006
32
3180
0.0100

Sambucus mexicana
6
15
215
3208
0.006
19
3180
0.0061

Ceanothus dentatus
7
15
280
4172
0.006
25
3180
0.0079

Ribes sp.
10
14
215
2990
0.006
18
3180
0.0056

Dryopteris arguta
7
11
215
2385
0.006
14
3180
0.0045

Quercus agrifolia
1
1
310
256
0.0057
1
3180
0.0005

Sum:
3600
21000

5400000

32000

10

Table 3-3.
LAI for plant species calculated from ground-based measurements of plant dimensions.1 (Continued)

Plant Species
Areal
Crown
Leaf
Leaf 
  SLW
Leaf
Area 
  LAI


Cover 
Vol.
Mass
Mass

Area
  of 





Const.



Trans.



(m2)
(m3)
(g m-3)
  (g)
 (m2 g-1)
 (m2)
(m2) 
(m2 m-2)

Mendocino County—Etsel Ridge:  Point 1

Quercus kelloggii
2399
26245
310
8135906
0.0117
95190
6000
15.8650

Quercus garryana
1258
6610
310
2049075
0.0117
23974
6000
  3.9957

Quercus chrysolepis
487
2378
310
737272
0.0057
4202
6000
  0.7004

Quercus berberidifolia
78
123
310
38057
0.0057
217
6000
  0.0362

Arctostaphylos sp.
25
100
215
21464
0.006
129
6000
  0.0215

Asclepias cordifolia
27
99
215
21333
0.006
128
6000
  0.0213

Ribes sp.
19
22
215
4629
0.006
28
6000
  0.0046

Sum:
4200
36000

11000000

120000

21

Point 2

Quercus garryana
4224
30700
310
9516917
0.0117
111348
6000
18.5580

Quercus kelloggii
1977
20682
310
6411312
0.0117
75012
6000
12.5021

Quercus chrysolepis
356
3858
310
1196060
0.0057
6818
6000
  1.1363

Rosa woodsii
35
89
215
19146
0.006
115
6000
  0.0191

Arctostaphylos sp.
21
25
215
5282
0.006
32
6000
  0.0053

Quercus berberidifolia
8
9
310
2638
0.0057
15
6000
  0.0025

Sum:
6600
55000

17000000

190000

32

Point 3


Quercus kelloggii
1491
13213
310
4096088
0.0117
47924
3000
15.9747

Quercus garryana
2293
13095
310
4059557
0.0117
47497
3000
15.8323

Sambucus mexicana
21
84
215
18156
0.006
109
3000
  0.0363

Arctostaphylos sp.
1
1
215
143
0.006
1
3000
  0.0003

Sum:
3800
26000

8200000

96000

32

Table 3-3.
LAI for plant species calculated from ground-based measurements of plant dimensions.1 (Continued)

Plant Species
Areal
Crown
Leaf
Leaf 
  SLW
Leaf
Area 
  LAI


Cover 
Vol.
Mass
Mass

Area
  of 





Const.



Trans.



(m2)
(m3)
(g m-3)
  (g)
 (m2 g-1)
 (m2)
(m2) 
(m2 m-2)

Fresno County—Sequoia National Forest:  Point 1


Quercus kelloggii
909
9471
310
2935984
0.0117
34351
3000
11.4503

Prunus virginiana
454
996
310
308791
0.0107
3304
3000
1.1014

Arctostaphylos patula
636
994
215
213626
0.006
1282
3000
0.4273

Unknown
129
900
215
193500
0.006
1161
3000
0.3870

Ceanothus cordulatus
438
564
280
157898
0.006
947
3000
0.3158

Arctostaphylos viscida
60
127
215
27285
0.006
164
3000
0.0546

Ceanothus integerrimus
40
104
280
29011
0.006
174
3000
0.0580

Ribes sp.
11
15
215
3159
0.006
19
3000
0.0063

Sum:
2700
13000

3900000

41000

14

Point 2
Salix sp.
424
4584
110
504211
0.006
3025
5700
0.5307

Ceanothus cordulatus
1039
1178
280
329973
0.006
1980
5700
0.3473

Arctostaphylos patula
689
1040
215
223505
0.006
1341
5700
0.2353

Quercus kelloggii
89
851
310
263740
0.0117
3086
5700
0.5414

Arctostaphylos viscida
87
207
215
44489
0.006
267
5700
0.0468

Physocarpus capitatus
30
40
215
8636
0.006
52
5700
0.0091

Woodwardia fimbriata
43
37
215
7932
0.006
48
5700
0.0083

Prunus virginiana
15
27
310
8233
0.0107
88
5700
0.0155

Sambucus mexicana
9
14
215
2988
0.006
18
5700
0.0031

Lotus crassifolius
13
12
215
2540
0.006
15
5700
0.0027

Ribes sp.
13
9
215
2017
0.006
12
5700
0.0021

Cornus glabrata
3
8
215
1751
0.0175
31
5700
0.0054

Ceanothus integerrimus
7
8
280
2111
0.006
13
5700
0.0022

Betula occidentalis
4
6
200
1272
0.0112
14
5700
0.0025

Sum:
2500
8000

1400000

10000

1.8

Point 3

Salix sp.
448
3802
110
418193
0.006
2509
3000
0.8364

Quercus kelloggii
45
806
310
249909
0.0117
2924
3000
0.9746

Arctostaphylos patula
239
368
215
79080
0.006
474
3000
0.1582

Ceanothus integerrimus
66
232
280
65037
0.006
390
3000
0.1301

Ribes sp.
232
199
215
42831
0.006
257
3000
0.0857

Ceanothus cordulatus
87
112
280
31295
0.006
188
3000
0.0626

Sambucus mexicana
4
7
215
1519
0.006
9
3000
0.0030

Sum:
1100
5500

890000

6800

2.2

Table 3-3.
LAI for plant species calculated from ground-based measurements of plant dimensions.1 (Continued)

Plant Species
Areal
Crown
Leaf
Leaf 
  SLW
Leaf
Area 
  LAI


Cover 
Vol.
Mass
Mass

Area
  of 





Const.



Trans.



(m2)
(m3)
(g m-3)
  (g)
 (m2 g-1)
 (m2)
(m2) 
(m2 m-2)

Santa Clara County—Vicinity of Gilroy--Coe St. Park:  Point 1


Quercus lobata
1604
25403
310
7874825
0.0117
92135
6000
15.3558

Quercus agrifolia
1119
12680
310
3930749
0.0057
22405
6000
  3.7342

Umbellularia califorica
444
3440
245
842850
0.0060
5057
6000
  0.6064

Prunus emarginata
83
454
310
140620
0.0107
1505
6000
  0.2502

Sum:
3200
42000

13000000

120000

20

Point 2

Quercus agrifolia
1629
16027
310
4968271
0.0057
28319
6000
4.7199

Quercus lobata
487
4717
310
1462325
0.0117
17109
6000
2.8515

Quercus douglasii
188
1856
310
575404
0.0057
3280
6000
0.5466

Umbellularia califorica
107
832
245
203761
0.006
1223
6000
0.2038

Salvia clevelandii
48
46
215
9845
0.00408
40
6000
0.0067

Adenostoma sparsifolia
33
39
215
8293
0.006
50
6000
0.0083

Baccharis pilularis
10
17
215
3752
0.00522
20
6000
0.0033

Salix sp.
10
22
110
2426
0.006
15
6000
0.0024

Toxicodendron diversiloba
5
9
215
1951
0.006
12
6000
0.0020

Ribes sp.
0
0
215
25
0.006
0
6000
0.0000

Sum:
2500
24000

7200000

50000

8.3

Point 3


Quercus douglasii
641
5275
310
1635257
0.0057
9321
6000
1.5535

Quercus lobata
193
1679
310
520420
0.0117
6089
6000
1.0148

Quercus kelloggii
27
168
310
52213
0.0117
611
6000
0.1018

Quercus dumosa
42
156
310
48315
0.0057
275
6000
0.0459

Cercocarpus betuloides
49
138
215
29759
0.006
179
6000
0.0298

Umbellularia califorica
22
80
245
19687
0.006
118
6000
0.0197

Rhamus crocea
11
30
150
4475
0.006
27
6000
0.0045

Quercus agrifolia
8
4
310
1335
0.0057
8
6000
0.0013

Toxicodendron diversiloba
1
1
215
121
0.006
1
6000
0.0001

Sum:
990
7500

2300000

17000

2.8

Table 3-3.
LAI for plant species calculated from ground-based measurements of plant dimensions.1 (Continued)

Plant Species
Areal
Crown
Leaf
Leaf 
  SLW
Leaf
Area 
  LAI


Cover 
Vol.
Mass
Mass

Area
  of 





Const.



Trans.



(m2)
(m3)
(g m-3)
 (g)
 (m2 g-1)
 (m2)
(m2) 
(m2 m-2)

El Dorado County—Folsom Lake:  Point 1


Quercus douglasii
2074
20225
310
6269737
0.0057
35738
6000
5.9563

Aesculus californica
228
1911
215
410763
0.006
2465
6000
0.4108

Quercus chrysolepis
929
6843
310
2121194
0.0057
12091
6000
2.0151

Quercus wislizenii
652
4990
310
1546785
0.0057
8817
6000
1.4694

Sum:
3900
34000

10300000

59000

9.8

Point 2

Quercus douglasii
1849
14460
310
4482489
0.0057
25550
6000
4.2584

Quercus chrysolepis
179
1108
310
343449
0.0057
1958
6000
0.3263

Quercus wislizenii
40
184
310
57165
0.0057
326
6000
0.0543

Ficus spp.
7
21
215
4544
0.006
27
6000
0.0045

Quercus dumosa
7
19
310
5917
0.0057
34
6000
0.0056

Unknown
3
9
215
1957
0.006
12
6000
0.0020

Sum:
2100
16000

4900000

28000

4.6

1Values in the table for areal cover, crown volume, leaf area and LAI for individual species are from spreadsheet calculations and have not been truncated to reflect significant figures.  However, the sums have been rounded to two significant figures.
These values must be regarded as provisional, since the LAI maps contain an offset caused by reprojection from the original Interrupted Goode Homolosine to the Albers projection.  The most evident example of this offset was found for the El Dorado County-Folsom Lake site, where the sampling sites on the LAI map derived from the Nikolov database (Scott 2001) are within 1 km2 grid squares having binary LAI values indicating a water body.  Instead, we present an LAI value of 0.8 in Table 3-4, a value typical for grid squares in the proximity of the Folsom Lake sites where we measured LAI along transects.  For most transects, the GAP and LAI centerpoint was off-center within the km2 grid square, so transects would extend into adjoining 1 km2 grid squares, which in some cases had different LAI values than the square containing the centerpoint.  

As seen from the data in Table 3-4, the LAI values for the plant canopy analysis instruments were below the values derived from the volumetric method for all points except one.  The values of > 20 derived from the volumetric method must be regarded with skepticism, since LAI values reported for plant communities do not usually reach these values and recent databases suggest LAI values in natural plant communities do not exceed 8 or 9 (Nikolov 2002).  The values from maps supplied by ARB (Scott 2001) based on the work of Nikolov (1999) were similar to LAI values obtained from plant canopy instruments, and were comparable to reported values for similar plant communities found in Mediterranean-climate landscapes in California and Europe.  For example, for chaparral, such as found at the Ventura Co.-Casitas Lake sites, Monterey Co.-Los Padres sites, and Pt. 1 of the Fresno Co.-Sequoia National Forest site, literature values for LAI include 4.6 for a mean of 11 species (Lenz 1997), 3.3 for a mean of three scrub oak species (Lenz 1997), 1.31 for a chaparral drought deciduous mean of three species (Mooney 1977), 2.65 for a mean of eight species of evergreen chaparral (Mooney 1977), 0.58-0.75 for San Diego chaparral (Miller 1981), and 4-12 as a compilation of literature values (Lieth and Whittaker 1975).  For an oak sites, such as Mendocino Co.-Etsel Ridge, Santa Clara Co.-Coe St. Park, and El Dorado Co.-Folsom Lake, a value of 4.0 for LAI was found in the compilation of Lieth and Whittaker (1975).  LAI values from a European Mediterranean sites at Castelporziano, Italy, include 3.7 and 2.8 for Quercus petraea and Q. pubescens, (Lenz et al. 1997), 4.5-8 for a mixed oak forest, 2-6 for “Mediterranean maquis” (a dense growth of small trees and shrubs which we might term tall chaparral), 2.5-4.5 for “pseudosteppe with trees” (which we might term chaparral with trees), and 2-3 for “pseudosteppe” (which we might term chaparral) (Manes et al. 1997, Seufert et al. 1997).  

Table 3-4.  
Comparison of LAI values measured with the plant canopy analysis instruments with those derived from crown volumetric collected during GAP transects, and values from ARB maps generated from the Nikolov (1999) database.  

Location


LAI (m2 m-2)



CI-110
LAI-2000
Volumetric
Nikolov

Ventura-Casitas Pt. 1
1.5
--
8.6
1.4

Ventura-Casitas Pt. 2
1.7
1.6
2.0
1.2

Monterey-Los Padres Pt. 1
--
2.0
2.1
2.2

Monterey-Los Padres Pt. 2
--
3.1
10
1.8

Mendocino-Etsel Pt. 1
--
1.0
21
1.2

Mendocino-Etsel Pt. 2
--
1.5
32
0.8

Mendocino-Etsel Pt. 3
--
1.2
32
1.0

Fresno-Sequoia Pt. 1
--
1.6
14
1.0

Fresno-Sequoia Pt. 2
--
2.0
1.8
1.2

Fresno-Sequoia Pt. 3
--
1.6
2.2
0.8

Santa Clara-Coe Pt. 1
--
1.8
20
1.2

Santa Clara-Coe Pt. 2
--
1.8
8.3
1.6

Santa Clara-Coe Pt. 3
--
1.0
2.8
1.2

El Dorado-Folsom Pt. 1
--
1.0
9.8
0.8

El Dorado-Folsom Pt. 2
--
0.8
4.6
0.8


For the California Hot Springs oak site, the LAI value from the Nikolov database (1999) as supplied by the Air Resources Board (Scott 2001) for that site was 0.4.  The overall value for the site, as calculated from leaf mass data acquired from whole-tree harvest (discussed in Chapter 4) was approximately 0.9, if the oaks comprised 50% of the landcover.  Oaks may have comprised less than 50% of the landcover, so the site value for LAI may have been less than 0.9.  Therefore, there was relatively good agreement of the experimentally determined site value of 0.9 value with the value of 0.4 from the ARB maps.  

3.5
Implications for BVOC Emission Inventories

The remote sensing data for LAI given by the Nikolov database appear to be plausible and the values to fit the cover types for which they are given, and the approach of obtaining LAI from remote sensing data appears to be promising.  If BVOC inventories are to be developed from summing the contributions of each plant species rather than through alternative approaches, then leaf mass estimates for plant species are required, and LAI values have to be converted to leaf mass through an area-to-mass conversion factor.  Therefore, SLW values would be required for all plant species of interest.  In lieu of experimental values, perhaps simplifying assumptions could be made to obtain SLW values for unmeasured species, such as employing a taxonomic or structural class approach.  

The volumetric method, in which a vertical dimension is added to areal coverage data, was found to give plausible LAI values for chaparral and savanna locations, but values calculated for stands containing large oak trees with stand densities (trees per acre or hectare) appeared to be too large, based on other LAI estimation methods and values reported in the literature.  Also, for many plant species, leaf mass constants and SLA values were not available from our previous work.  These values would have to be obtained or estimated if a volumetric approach is to be used for LAI or LMD calculations.  In particular, values for leaf mass constants would have to be obtained for both needle evergreens and plants found in natural unirrigated sites.  Values for leaf mass constants are more difficult to obtain experimentally and have more potential error associated with them than do values for SLW and SLA.  

4.0
LEAF MASS, LEAF MASS DENSITY, LEAF AREA, AND LEAF AREA INDEX FOR CALIFORNIA OAK SAVANNAS FROM CROWN MEASUREMENTS AND WHOLE-TREE HARVEST OF BLUE OAKS 

4.1
Rationale for the Present Study

The BVOC emissions of an individual plant are affected by its green-leaf biomass and by its rates of emission of isoprene, monoterpenes and other VOC, as well as by environmental factors such as temperature and light intensity.  Emissions rates, expressed as g BVOC per gram dry leafmass per hour, vary by more than three orders of magnitude among plant species (Benjamin et al. 1996, Benjamin and Winer 1998), and trees with both high biomass and high emissions rates, such as oaks, may be dominant BVOC emitters in California's natural landscapes.  A volumetric approach to estimates of leaf mass has been used in past studies (Miller and Winer 1984, Karlik and Winer 1999) because of its relatively simple non-destructive data requirements in field surveys, its potential applicability to the plethora of species found in natural landscapes, and its flexibility in modeling both tree and shrub morphology.  The principal goal of the present study was to develop leaf mass and leaf area data for native oaks, which may then be used to estimate leaf masses of oaks found in California oak savannas, and to develop reference values for LAI and LMD which could be used for comparison to other data sets. 

4.2
Experimental Methods for Blue Oaks

In July 2000, a grove containing 14 blue oak trees (Quercus douglasii) which could be harvested was selected on private land in the Sierra Nevada foothills near California Hot Springs, approximately 50 miles northeast of Bakersfield.  This group of trees appeared to be representative of the scattered groves of blue oaks found on other parts of the ranch, to which access had been given, and in rangeland in the foothill areas of the eastern San Joaquin Valley.  These trees had received no cultural attention such as pruning, irrigation, or fertilizer, and had become established from natural acorn dispersion.


A rectangular grid was established in the field by placing 50 m measuring tapes at right angles so as to encompass the driplines of all of the trees.  The trees were numbered, and the position of each tree was noted (Figure 4-1).  The UTM coordinates, measured with a Garmin 
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Figure 4-1.
Approximate locations and relative sizes of blue oak trees at the experimental site.

GPS receiver (Model 12XL) and checked against a Magellan GPS receiver (Model 2000), for the corner of the grid were 11S 0345696E and 3970295N, and the corresponding latitude-longitude coordinates were 35° 51' 53" N and 118° 42' 33", respectively.  The quadrant marked with the measuring tapes opened to the southwest; the compass headings for the baselines were 168° and 258°.  Elevation was 975 m measured with a portable altimeter (Model Altiplus A2, Pretel Inc.).  Tree heights were measured with a telescoping pole to a precision of 0.1 meter, and the distance from the ground to the base of the crown was measured with a steel tape.  From these measurements crown height was calculated.  Crown radii of trees were measured by noting the average dripline, measured in the four cardinal directions with a steel tape to a precision of 0.1 meter, and the mean was calculated (Table 4-1).   Trunk circumference at breast height was also measured.


Trees were felled with a chain saw approximately 5 cm above the soil surface, the stump diameter was measured in two directions, and the number of sapwood rings was counted.  Each tree was separated in the field into twigs with leaves, branches, and trunk sections.  Branches, defined as stems with diameters between two and 10 cm, and trunk sections with diameters greater than 10 cm, were weighed in the field to the nearest gram.  The twigs with leaves were transported to the laboratory and all leaves were removed for drying and weighing, and the twigs were weighed.  Leaves were placed in large paper bags and dried for approximately two weeks in a vacant greenhouse with daily maximum temperatures of about 65°C and relative humidity less than 20%.  Bags of leaves were weighed to the nearest even gram on a digital scale and masses summed for each tree (Table 4-1).  Bags were spot checked to verify complete drying and no decomposition was noticed.  Leaf area of a subsample of fresh leaves was measured with a LiCor 3100 leaf area meter and weighed after drying under the same conditions as the rest of the oak leaves.  This sample was also weighed after 48 hours in a drying oven.  Samples of trunks, branches, and twigs were dried under greenhouse conditions to obtain fresh-weight to dry-weight ratios.  These ratios were used to calculate dry weight of wood.

Table 4-1.  Native blue oak trees selected for leaf removal and measurement of total leafmass.

Tree
Tree 
Ground-to
Mean
Trunk
Stump 
Sapwood
Leafmass


Height
Crown 
Crown
Circum. at
Diameter
Rings



Distance
Radius
Breast Ht.

(no.)
(m)
(m)
(m)
(cm)
(cm)
(no.)
(g)


1
7.4
3.0
1.1
202
85
N/A
3750


2
6.7
2.6
2.0
77
30
112
9750


3
4.7
1.5
1.1
45
29
89
2210


4
7.8
1.5
1.4
57
22
97
5230


5
7.5
3.0
1.8
75
30
130
6790


6
5.9
1.4
1.2
37
14
70
1950


7
7.2
1.6
1.1
57
22
113
4420


8
6.7
1.7
1.5
60
23
103
5380


9
9.9
2.4
3.6
132
49
172
29300


10
4.2
1.4
1.1
38
25
86
1830


11
6.8
2.3
1.5
59
22
76
5230


12
6.3
1.7
1.2
42
17
72
2200


13
7.5
2.0
1.8
68
29
95
9040


14
4.4
2.4
2.1
53
21
86
5930

4.3.
RESULTS FROM WHOLE-TREE HARVEST FOR LEAFMASS, LMD, AND LAI


Blue oak dimensions and leafmasses are given in Table 4-1.  Total dry leafmass for the 14 trees was 92.9 kg.  Tree no. 1 had extensive dieback and decay resulting in a hollow center; it was excluded from data analysis where trunk diameter was included in allometric equations, but its leafmass and crown dimensions were included in calculations.  Calculated values for crown height, crown projection and DBH are seen in Table 4-2.


Calculated per-tree values for leaf mass density (LMD) are seen in Table 4-2, which ranged from 410 to 1300 with a mean of 730 g m-2 for these blue oak trees.  LMD calculated on the basis of total leafmass divided by the sum of areas of crown projection was 720 g m‑2, slightly lower than the mean LMD values for the individual trees.  The minimum grid dimensions needed to encompass the driplines of all oak crowns were 16.7 x 18.1 m, encompassing an area of 302 m2, and the LMD calculated for the site based on total leafmass divided by area of the grid was 310 g m-2.  This latter value is thought to be the site LMD value.  This value may be compared to literature values (g m-2) for oak woodlands of various locales, including 375 for Atlanta, GA (Geron et al. 1995); 375 for the contiguous United States (Lamb et al. 1987, 1993); 160 for Quercus ilex at St. Quercio, Italy (Lenz et al. 1997) and a global value of 100-500 g m-2 (Box 1981).  However, the oak grove harvested and measured was surrounded by

Table 4-2.
Calculated values for tree parameters for native blue oak trees based on crown measurements, whole-tree harvest, and measurement of leafmass and SLA of a 100-leaf sample.

Tree
Crown 
Crown
DBH
LMD
Leaf
LAI



Height
Projection


Area


(no.)
(m)
(m2)
(cm)
(g m-2)
(m2)
(m2m-2)


1
4.4
3.6
64
980
22
5.9


2
4.1
13
25
780
59
4.7


3
3.2
3.6
14
610
13
3.7


4
6.3
5.7
18
910
32
5.5


5
4.5
10
24
650
41
3.9


6
4.5
4.7
12
410
12
2.5


7
5.6
3.5
18
1300
27
7.7


8
5.0
6.8
19
790
32
4.8


9
7.5
40
42
740
180
4.5


10
2.8
4
12
460
11
2.8


11
4.5
7.3
19
720
32
4.3


12
4.6
4.5
13
490
13
2.9


13
5.5
9.6
22
940
54
5.7


14
2.0
14
17
 440
36
2.6

open grassland, and therefore the measured LMD value of 310 g m-2 represented a maximum for that landcover.  If the oak leafmass was considered on the basis of the area of the grove and the open grassland surrounding, the value would have been approximately half, or 160 g m-2.  No quantitative data for oak coverage were available in the vicinity of the grove studied, but a gradation from scattered trees at lower elevations to apparent crown closure on slopes at higher elevations was observed in surrounding mountains.  This value of 160 g m-2 was the same as that reported for Q. ilex growing in a Mediterranean climate as noted above. 


Leaf areas of harvested trees were also calculated (Table 4-2) by Equation 4.1:  


Y = LM * SLA
(Eq. 4.1)

where Y is leaf area (m2), LM is whole-tree leafmass (g) and SLA is specific leaf area (m2 g-1) obtained from a 100 leaf sample of blue oak leaves, with a value of 60.3 cm2 per dry gram.  Total leaf area calculated with Eq. 4.1 was 560 m2.  The mean value for the fourteen trees for leaf area was 40 m2. 


The sum of areas of crown projection was 130 m-2, although overlap of foliage occurred.  The mean value for LAI for the 14 trees was 4.3 m2 m-2.  LAI calculated on the basis of total leaf area divided by the sum of areas of crown projection was also 4.4 m2 m-2, with crown projection taken as a circle with mean radius as noted in Table 4-1.  (LAI was also calculated using crown radii and the equation for the area of an ellipse to find the area of crown projection, but the resulting values for LAI differed by only 1% on average.)  LAI calculated on the basis of total leaf area divided by grid area was 1.8 m2 m-2.  This latter value was thought to be the LAI which would be seen by an overhead observer.  This value was appropriate for the grove only; consideration of surrounding area devoid of trees would result in an overall LAI value of less than 0.9 m2 m-2.  For comparison, LAI values reported for oaks at Castelporziano, Italy, also a Mediterranean climate site, were 4.5-8 for a broadleaved mixed oak forest and 4-6 for a cork oak forest (Manes et al. 1997).  The LAI for holm oak-stone pine site at St. Quercio, Italy, found with two different methods, was 2.8 and 3.1 (Lenz et al. 1997).  These values are higher than found in the present study for the blue oaks at the California Hot Springs site.  

4.3.1
The Volumetric Method for Leafmass Estimation


Using height and radius data for each tree crown, volumes for five geometric solids approximating tree shapes (McPherson and Rowntree 1988, Karlik and Winer 1999) were calculated from the following geometric formulae: 4/3r3 (sphere), r2h (cylinder), 2/3r2h (vertical ellipsoid), 1/2r2h (paraboloid) and 1/3r2h (cone).  These solids are related mathematically and the volumes of a vertical ellipsoid, paraboloid, and cone are respectively 2/3, 1/2 and 1/3 of the volume of a cylinder with the same radius and height.  Calculated whole-tree leafmasses were obtained by multiplying the respective volumes by a leafmass constant found in the literature.  An experimentally determined leafmass constant of 280 g m-3 was used, the mean to two significant figures for Quercus agrifolia (Miller and Winer 1984) and Q. wislizenii (Horie et al. 1991).  


Total measured leafmass for trees in this study (92.9 kg) may be compared to estimates of total leafmass derived from the geometric solids, which ranged from 63.4 kg (cone) to 190 kg (cylinder).  For the paraboloid, vertical ellipsoid and sphere, total leafmass estimates were factors of 1.02, 1.36 and 1.15 of the measured, respectively.  Therefore, two of the solids gave estimates of total leafmass for all trees within 15% of the measured, and the third within approximately 35%.


In the present oak study, mean per-tree calculated values for leafmass were within 20% of the measured when the vertical ellipsoid, paraboloid, or sphere solids were used to model crown shapes (Table 4-3).  Thus, the leafmass constant of 280 g m-3 coupled with the paraboloid solid seemed to best represent the crown shapes of the native blue oak trees of this study.  For comparison, for 21 urban trees in the 1999 study of Karlik and Winer, sums of leafmass estimates were within 0.91, 0.68, or 0.92 of the total measured leafmass when the vertical ellipsoid, paraboloid, or sphere solids were used, respectively.  


We can compare data from the present study to results from studies using other methods which also may have used trees more uniform in size and age, presumably leading to similarity in morphology.  For example, in a study of 42 eucalyptus trees found in even-aged monocultured stands, West and Wells (1990) found the 95% confidence interval for measured leafmass was bounded by values of -60 to +76% of the estimate.  In another study, a variation of the pipe model was used to estimate the fresh weight of leaves of eight trees of six forest species (Valentine et al. 1984).  Branch samples of each of the eight trees were taken based on the pipe model and importance sampling, a Monte Carlo technique.  Estimates were within -8 to +14% of the actual leafmass of the respective trees.  Studies such as these suggest limits on accuracies likely to be attainable in estimating leafmasses of urban trees with a volumetric method.

4.3.2
Allometric Equations for Leafmass Estimation Based on Crown and Trunk Dimensions


Leafmasses were also calculated using the allometric equations developed by Nowak (1996).  Equation 4.2 was developed for urban tree species and uses crown dimensions, and was of the form:


ln Y =  1.9375 + 0.4184H + 0.6218D + 3.0825S - 0.0133C + error
(Eq. 4.2)

Equation 4.3 uses trunk diameter and is of the form: 


ln Y = 7.6109 + 0.0643X + error
(Eq. 4.3)

Table 4-3.  Whole-tree calculated leafmasses for blue oak trees harvested using geometric solids to approximate tree volumes, and using crown dimensions and DBH in allometric equations, expressed as a fraction of experimentally measured whole-tree leafmass.  The mean fraction for each estimation method is given, as is a total for each solid or equation obtained by summing the estimated leafmasses and dividing by the total measured leafmass for all trees.



Fraction of Measured Leafmass





Tree 
Cyl.
Vert. Ellips.
Parab.
Cone
Sphere
Eq. 4.2
Eq. 4.3
Eq.4.4


1
1.2
0.84
0.63
0.42
0.41
0.43
N/A
N/A


2
1.5
0.99
0.74
0.49
0.96
0.30
1.2
0.70


3
1.5
0.98
0.74
0.49
0.66
0.44
2.8
1.3


4
1.9
1.3
0.97
0.64
0.55
0.74
1.5
0.79


5
1.9
1.3
0.97
0.65
1.0
0.43
1.6
0.96


6
3.0
2.0
1.5
1.0
1.1
0.92
2.6
1.0


7
1.2
0.82
0.61
0.41
0.31
0.53
1.8
0.93


8
1.8
1.2
0.89
0.59
0.70
0.49
1.5
0.83


9
2.8
1.9
1.4
0.94
1.8
0.64
1.2
0.58


10
1.7
1.1
0.85
0.57
0.91
0.48
2.9
1.1


11
1.8
1.2
0.88
0.59
0.80
0.44
1.6
0.83


12
2.6
1.8
1.3
0.88
0.92
0.83
2.6
1.1


13
1.6
1.1
0.82
0.55
0.70
0.43
1.1
0.61


14
1.3
0.85
0.64
0.43
1.8
0.26
1.2
0.61

Mean
1.9
1.2
0.93
0.62
0.90
0.53
1.8
0.87

Total
2.0
1.4
1.0
0.68
1.2
0.52
1.5
1.1

where Y is dry leafmass, H is crown height (m), D is average crown diameter (m), S is a shading factor (fraction light intensity intercepted by foliated tree crowns), C is (D(H + D)/2), based on the outer surface area of the tree crown (Gacka-Grzesikiewicz, 1980), and X is DBH (cm).  The error terms, which were of the form exp(MSE/2), were added to these equations to correct for logarithmic bias.  The coefficients, shading factors and the error terms were taken from tabulated values (Nowak 1996).  A shading factor of 0.78 was used, the mean of four Quercus species, in lieu of a shading factor for the species Q. douglasii.  The equations are appropriate for trees with crown height-to-crown width ratios between 0.5 and 2.0, and DBH between 11 and 53 cm (Nowak 1996).  Several of the harvested trees had ratios outside of this height-width ratio range; however, leafmass was calculated for those trees using these equations to test their applicability.  Similarly, Eq. 4.2 was not applied to tree no. 1 which had a DBH outside the 11-53 cm range.  We recognize the equations of Nowak were not developed for application to native oak stands; however, we chose to use them to see the results for oaks and whether the equations might be useful for this species in natural stands.


Another leafmass estimation equation (Harris et al., 1973) was also applied to the fourteen trees, and was of the form:


ln Y = -3.498+1.695*ln X


(Eq. 4.4)


Allometric relationships for leafmass estimation were also obtained by plotting leafmass against crown and trunk dimensions, and also by plotting leafmass against calculated values such as area of crown projection.  Figure 4-2 shows the relationship of leafmass vs. circumference at breast height, with a coefficient of determination (r2) of 0.98.  Circumference at breast height is perhaps the easiest tree dimension to measure, so the high value for r2 is encouraging, and suggests oak circumference may be used with the allometric equation derived from these data to estimate leafmasses for blue oaks.  A second-order polynomial regression was chosen rather than a linear regression, because the leaf-carrying capacity of a plant is dependent upon vascular transport of water, and the area of the vascular system increases as the square of the cross-sectional area of the stem.  Therefore, as seen in Figure 4-3, the shape of the second-order regression line for leafmass vs. trunk DBH is identical to the curve seen in Figure 4-2, with the same value for r2.   


For leafmass vs. mean crown radius, a second-order polynomial was also chosen because the leafmass should increase as a function of the radius squared, and for this regression an r2 of 0.96 was obtained, as seen in Figure 4-4.  Leafmass vs. crown projection modeled with a linear relationship, as seen in Figure 4-5, resulted in an r2 of 0.95.  Therefore, leafmass and either trunk or crown radius measurements appeared to be well-correlated for the trees studied.


A correlation of leafmass vs. stump diameter (Figure 4-6) resulted in an r2 of 0.92, and the relationship of leafmass vs. rings of sapwood (Figure 4-7) gave an r2 of 0.74.  Either stump diameter or ring counts might be available in sites where trees have been cut, although the harvest of mature blue oaks in California is probably uncommon. 
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Figure 4-2.
Allometric relationship between measured leafmass and circumference at breast height for Quercus douglasii trees harvested in a natural stand in the Sierra foothills.
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Figure 4-3.
Allometric relationship between measured leafmass and diameter at breast height for Quercus douglasii trees harvested in a natural stand in the Sierra foothills.
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Figure 4-4.
Allometric relationship between measured leafmass and mean crown radius for Quercus douglasii trees harvested in a natural stand in the Sierra foothills.
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Figure 4-5.
Allometric relationship between measured leafmass and crown projection for Quercus douglasii trees harvested in a natural stand in the Sierra foothills.
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Figure 4-6.
Allometric relationship between measured leafmass and stump diameter for Quercus douglasii trees harvested in a natural stand in the Sierra foothills.
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Figure 4-7.
Allometric relationship between measured leafmass and sapwood rings for Quercus douglasii trees harvested in a natural stand in the Sierra foothills


Neither crown height nor tree height were well-correlated with leaf mass, as seen in Figures 4-8 and 4-9.  Figure 4-10 is presented to show how DBH changes with tree age.  Where the growing season is well-defined resulting in vigorous spring growth tapering off as summer proceeds into autumn, a single observable ring of sapwood is likely to be formed per year, and so the number of rings counted approximately equals tree age.  However, the number of rings may not represent single years in all parts of California, and so we show the ordinate simply as rings rather than years.  Nevertheless, the blue oak trees harvested were likely between 50 and 200 years old, and their rate of growth is much less than would be expected for a stand of urban trees. 

4.3.3
Allometric Equations for Calculation of Leaf Area and LAI


Leaf area may be used to describe the amount and distribution of leaf surfaces.  Leaves of deciduous and broadleaf evergreen trees may be modeled by a general ellipsoid (Lang 1991) and the leaf areas measured unambiguously with a planimeter or analogous instrument.  For a single tree, the ratio of the sum of leaf areas (one-sided) to the area of crown projection (which is the ground area outlined by a vertical projection of the crown perimeter) is the LAI.  As tree crowns expand, the LAI remains relatively constant, because light is intercepted by upper leaves and each successive layer of leaves intercepts more light, with sufficient light for only a certain number of layers.  The number of layers will be strongly affected by the light compensation point (species-specific) of the leaves, which is the level of light needed to balance photosynthesis and respiration.  Shade tolerance is a qualitative term used to provide an approximate description of the light compensation point of respective species, and trees with low shade tolerance have relatively high light compensation points, and may not survive beneath the canopies of larger trees, or may display open centers at a young age as growth of outer foliage causes death of inner foliage, such as in Juniperus species.  Although LAI will remain relatively constant as a tree grows, the ratio of leafmass-to-volume will tend to decrease, because the outer surface of the crown moves up and out as branches grow, and crown volume increases as the cube of the distance from the center of the tree to the outer leaves.  Therefore, for large trees, LAI probably provides a more uniform description of foliar density, and by extension, foliar mass, than does a description derived from leaf mass per volume ratios of small-to-medium sized trees.  If leaf 
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Figure 4-8. 
Allometric relationship between measured leafmass and crown height for Quercus douglasii trees harvested in a natural stand in the Sierra foothills.
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Figure 4-9. 
Allometric relationship between measured leafmass and tree height for Quercus douglasii trees harvested in a natural stand in the Sierra foothills.
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Figure 4-10.
Allometric relationship between rings counted in stumps and diameter at breast height for Quercus douglasii trees harvested in a natural stand in the Sierra foothills.

mass per volume remained constant for trees of all sizes, large (> 20 m tall) trees should have a crown with leaves present uniformly from top to bottom and inside to outside, clearly not the case even to the casual observer.


Leaf area may be calculated using allometric equations, or by using leaf mass to leaf area conversions.  As seen in Table 4-4, leaf areas of harvested trees were calculated using the equations of Nowak (1996).  Equation 4.5, is based upon crown dimensions and is of the form:


ln Y =  -4.3309 + 0.2942H + 0.7312D + 5.7217S - 0.0148C + error
(Eq. 4.5)

and Equation 4.6 (Eq. 4.6) is based upon trunk diameter and is of the form: 


ln Y = 0.2102 + 0.0586X + 4.0202S + error
(Eq. 4.6)

where Y is leaf area (m2).  Consistent with the allometric equations for leaf mass (Section 4.3.3), H is crown height (m), D is average crown diameter (m), S is a shading factor (fraction light intensity intercepted by foliated tree crowns), C is (D(H + D)/2), based on the outer surface area of the tree crown (Gacka-Grzesikiewicz, 1980), and X is DBH (cm).  The error terms, which were of the form exp(MSE/2), were added to these equations to correct for logarithmic bias.  The coefficients, shading factors and the error terms were taken from tabulated values (Nowak, 1996).  Where the tree species was not listed, a value of 0.8 was used for the shading factor.  The equations should be used for trees with crown height to crown width ratios between 0.5 and 2.0 and DBH between 11 and 53 cm (Nowak, 1996).  Several of the harvested trees had ratios outside of this height-width ratio range; therefore, leaf area was not calculated using these equations.  As seen in Table 4-4, Eq. 4.5 gave values closer to measured leaf areas for the oak trees than did Eq. 4.6 and on-average Eq. 4.5 estimated leaf area within 2% of leaf areas calculated with Eq. 4.1.  The overestimation of leaf area by Eq. 4.6 is not surprising, since this equation was developed for urban trees which are given supplemental water and nutrients, and would be expected to have greater leaf area for given crown radii and trunk diameters than would oaks in the dry natural landscapes of California.


We are aware only 14 blue oak trees were harvested in this study, and these trees were limited in ranges of trunk and crown dimensions.  Therefore, the specific equations developed may not apply to trees outside this size range or to other species, and should be used with caution even for other blue oaks which fall within the size parameters of the harvested trees.

Table 4-4. 
Calculated values for LA and LAI for native blue oak trees from allometric equations based on crown dimensions (Eq. 4.5), DBH (Eq. 4.6), and leafmass-to-leaf area calculation with experimentally determined SLA (Eq. 4.1).  


Leaf Area (m2)
Leaf Area Index (m2 m-2)
Fraction of Eq. 4.1

Tree
Eq. 4.5
Eq. 4.6
Eq. 4.1
Eq. 4.5
Eq. 4.6
Eq. 4.1
Eq. 4.5
Eq. 4.6

  No.












1
  16
N/A
  22
4.5
N/A
5.9
0.75
N/A


2
  38
140
  59
3.0
11
4.7
0.64
2.4


3
  12
  78
  13
3.3
21
3.7
0.91
5.8


4
N/A
  97
  32
N/A
17
5.5
N/A
3.1


5
  35
140
  41
3.3
13
3.9
0.85
3.3


6
  19
  67
  12
4.1
14
2.5
1.6
5.7


7
N/A
  97
  27
N/A
28
7.7
N/A
3.7


8
  28
100
  32
4.1
15
4.8
0.86
3.2


9
190
390
180
4.7
10
4.5
1.1
2.2


10
  12
  68
  11
2.9
17
2.8
1.0
6.2


11
  26
100
  32
3.6
14
4.3
0.83
3.2


12
  19
  74
  13
4.3
16
2.9
1.5
5.5


13
  40
120
  54
4.2
12
5.7
0.74
2.2


14
N/A
  90
  36
N/A
  6.7
2.6
N/A
2.5


Leaf area for trees may also be measured indirectly with canopy analysis instruments, and LAI values for these oaks were obtained with a CI-110 instrument, as discussed in Chapter 3.  

4.4
Implications for BVOC Emissions

Blue oaks fall within the Lepidobalanus subgenus of Quercus, a group characterized by high isoprene emissions but low or negligible monoterpene emissions (Csiky and Seufert 1999).  An estimate of BVOC emissions under standard conditions of light and temperature (30o C and 1000 mol m-2 s-1 for photosynthetically active radiation) was calculated for the study site. (Hourly values for light and temperature and a canopy correction term would be used in a BVOC emission model.)  Using a measured branch-level isoprene emission rate for blue oak of 27 g   g-1 h-1 (Karlik and Winer 2001) and a value of zero for monoterpene emission rate based on taxonomy (Benjamin et al. 1996), the estimate for isoprene flux would be 8.3 mg m-2 h-1, equivalent to 7.7 mg C m-2 h-1, which could also represent total BVOC emissions from the site since blue oaks are not monoterpene emitters.  If we consider the oak stand to comprise 50% of the land surface in the vicinity, the emissions would be half, or 3.9 mg C m-2 h-1.  These values may be compared to estimates of 2.2-11 mg C m-2 h-1 for mixed deciduous/coniferous woodlands, and 0.8-4.3 mg C m-2 h-1 for scrub woodlands (Guenther et al. 1994), and 2-3 mg C m-2 h-1 at midday for a Q. pubescens woodland in Mediterranean France (Serca et al. 1999).  The isoprene flux estimate derived for the stand of blue oaks investigated is at the higher end of the range for mixed deciduous/conifer woodlands, not unexpected considering the high isoprene emission rate for blue oak.  The overall value of 3.9 mg C m-2 h-1 is at the higher end of the range for scrub woodlands.  For California oak savannas, estimates of BVOC emissions such as these should be checked against fluxes measured at similar sites.  As reported in the BEMA project, overall BVOC emissions in the Mediterranean region are dominated by oaks (Seufert et al. 1997) and oaks may well be dominant in California’s Mediterranean landscapes.

4.5
Summary and Conclusions from Whole-Tree Harvest of Native Oaks

The LMD for the oak site we studied was calculated as the total leafmass divided by area of the grid needed to encompass the tree crowns.  This value of 310 g m-2 is designated as the site LMD value, and may be compared to literature values for oak woodlands of various locales, including 375 g m-2 for Atlanta, GA (Geron et al. 1995); 375 g m-2 for the contiguous United States (Lamb et al. 1987, 1993); 160 g m-2 for holm oak at St. Quercio, Italy (Lenz et al. 1997), and a global value of 100-500 g m-2 (Box, 1981).  However, the oak grove we harvested and measured was surrounded by open grassland, and therefore the measured LMD value of 310 g m‑2 represented a maximum for that landcover.  If the oak LMD was calculated on the basis of the area of the grove plus the open grassland surrounding it, the value would have been half or less.  The resulting value of approximately < 150 g m-2 was less than 50% of the value reported for eastern deciduous forests, and suggests California's oak savannas to contain less leaf mass than their eastern counterparts by a factor of two or more. 


The mean value for LAI for the 14 individual trees in this oak site was 4.4 m2 m-2.  LAI calculated on the basis of total leaf area divided by the sum of areas of crown projection was also 4.3 m2 m-2.  LAI calculated on the basis of total leaf area divided by grid area was 1.8 m2 m-2.  This latter value was thought to be the LAI which would be seen by an overhead observer.  This value was appropriate for the grove only; consideration of the surrounding area which was devoid of trees would result in an overall LAI value of less than 0.9 m2 m-2.  For comparison, LAI values reported for oaks at Castelporziano, Italy, also a Mediterranean climate site, were 4.5-8 for a broadleaved mixed oak forest and 4-6 for a cork oak forest (Manes et al. 1997).  The LAI for holm oak-stone pine site at St. Quercio, Italy, found with two different methods, was 2.8 and 3.1 (Lenz et al. 1997).  These values are higher than we found for the blue oaks at the California Hot Springs site.


The volumetric method worked well for estimating the leaf mass of the oak trees.  The total leaf mass for trees in this study estimated by the paraboloid solid was within 2% of the measured total, and for the sphere solid the result was within 15% of the measured value.  Thus, the leafmass constant of 280 g m-3 coupled with the paraboloid solid seemed to best represent the crown shapes of the native blue oak trees investigated in this study.


Allometric relationships for leafmass estimation were also obtained by plotting leafmass against crown and trunk dimensions, and from resulting calculated values such as area of crown projection.  The relationship between leafmass and circumference at breast height had a coefficient of determination (r2) of 0.98.  Circumference at breast height is perhaps the easiest tree dimension to measure, so the high value for r2 is encouraging, and suggests oak circumference may be used with the allometric equation derived from these data to estimate leafmasses for blue oaks.  Mean crown radius and crown projection were also well-correlated with leaf mass, and therefore either measurements of trunk circumference or crown dimensions could be used to estimate leaf mass for this species.  In contrast, measurements of tree height or crown height were not well-correlated with leafmass, and therefore leaf mass estimates for blue oaks should not be based on them.  


BVOC estimates indicate blue oaks may be significant contributors of isoprene to California airsheds where this species is plentiful.  BVOC fluxes should be measured for oak savannas for comparison to estimates derived from ARB models.

5.0
FIELD MEASUREMENTS OF PLANT COMMUNITY COMPOSITION AND COMPARISON WITH THE CALIFORNIA GAP DATABASE 

5.1
INTRODUCTION
BVOC emission inventories require data for emission rates, areal coverage, and leaf mass of respective plant species.  With the proposal of a taxonomic methodology for assigning isoprene and monoterpene emission rates to unmeasured plant species (Benjamin et al. 1996), emission rates can in principle be estimated for many of the 6,000 plant species in California based on measurements within respective families and genera (Karlik and Winer 2001a, Winer and Karlik 2001).  For California, the vegetation spatial distribution and composition has been described for urban and natural areas within Orange County and the non-desert portions of Los Angeles, Riverside, and San Bernardino Counties (Winer et al. 1983, Miller and Winer 1984, Horie et al. 1991, Benjamin et al. 1997), and limited studies of plant composition have also been conducted for the Phoenix, AZ, urban area (Karlik and Winer 2001b) and the urban areas of Santa Barbara and Ventura Counties (Chinkin et al. 1996, Karlik and Winer 2001c).  However, a validated inventory of vegetation species composition and spatial distribution, specifically to develop a BVOC emissions inventory, has not been established for the extensive areas of natural vegetation in the San Joaquin Valley air basin.


A potential source of information concerning vegetation in the natural areas of the Central Valley and the Sierra Nevada is the Gap Analysis Program (GAP) database, which is coordinated by the United States Geological Service–Biological Resources Division (formerly the National Biological Service) to identify the distribution and management status of plant communities, especially to identify gaps in habitats for plant or animal species needing protection.  GAP compiled a geographic information system (GIS) database (based primarily on remote-sensing data) describing vegetation type and dominance in terms of areal coverage (Davis et al. 1994, 1995).  Unlike other vegetation maps which describe plant geography only in terms of plant communities, the California GAP database describes vegetation in quantitative terms using dominant plant species and species assemblages.  

Because BVOC emissions inventories rely on species-specific measurements of both leaf mass and BVOC emission rates (Benjamin et al. 1997), GAP offers the advantage of providing species-specific vegetation distribution data.  Moreover, the GAP GIS database is recent for California (Davis et al. 1995) and provides seamless coverage of the state.  However, although large-area small-scale GIS databases based on remote-sensing data, such as GAP, offer a potentially inexpensive and relatively simple approach to characterizing the distribution and species identities of natural vegetation within an airshed, use of such GIS databases for BVOC emissions inventory development requires evaluation of their accuracy and reliability for this purpose through ground-based observations.

The present GAP validation study was modeled after a previous study conducted in San Diego County (Winer et al. 1998, Chung and Winer 1999) and a concurrent study conducted in the southern San Joaquin Valley (Winer and Karlik 2001, Karlik et al. 2001).   In these studies, quantitative vegetation surveys were conducted along belt transects in polygons dominated by trees, and along line transects in polygons dominated by shrubs, in order to determine percent cover of major plant species for comparison with GAP listings.


We report here the results of a ground-based assessment of the GAP GIS database within Central California using vegetation surveys of nine selected GIS polygons.  The surveys employed a modified stratified random sampling approach and a survey protocol based in part on the recommendations of the developers of the GAP database (Stoms et al. 1994), and refinements from a preceding study of GAP in San Diego County (Winer et al. 1998, Chung and Winer 1999).  Data gathered from field surveys conducted during the 2000 summers were used to assess the accuracy and concomitant utility of the GAP GIS database for providing quantitative information of plant species identities and coverages for BVOC emission inventories in Central California.

5.2
ASSESSMENT METHODOLOGY

5.2.1
Acquisition and Preparation of the GAP Database

As noted earlier, the purpose of GAP was to identify the distribution and management status of selected components of biodiversity.  The central tool of this program was an ARC/INFO GIS database with plant species and vegetation class attributes associated with polygons within a defined geographic region.  This database was generated from summer 1990 Landsat Thematic Mapper satellite imagery, 1990 high altitude color infrared photography, vegetation maps based on field surveys conducted between 1928 and 1940, and miscellaneous vegetation maps and ground surveys (Davis et al. 1995).  Polygons were delimited based on climate, physiography, substrate, and disturbance regime.  Landscape boundaries were subjectively determined through photointerpretation by expert personnel so that between-polygon variation was greater than within-polygon variation.  The final result was a vegetation map with a 100-hectare minimum mapping unit and a 1:100,000 mapping scale (Davis et al. 1995).

The GAP database for Central California was obtained at the beginning of the project by Michael Benjamin of the Air Resources Board.  For each polygon in the database, one primary, one secondary and, for some polygons, a tertiary vegetation assemblage was listed.  Each assemblage consisted of up to three co-dominant overstory species, each covering a minimum of 20% of the relative cover of that assemblage.  Relative cover of a given plant species within an assemblage was the fraction of total assemblage vegetation cover occupied by the given species.  The primary assemblage was defined as the assemblage covering the majority of the polygon, and the secondary and tertiary assemblages as covering relatively smaller areas of the polygon. In addition, GAP listed the percent crown closure of each assemblage in the polygon in four classes, which were 0-24, 25-39, 40-59, and 60-100 percent.  

5.2.2
Polygon Selection


This study differed from several previous studies (Winer et al. 1998, Chung and Winer 1999, Winer and Karlik 2001, Karlik et al. 2001) in that a random selection process was not used to select polygons for field survey; however, like those studies, GAP data for each polygon were used to generate an estimate of isoprene and monoterpene index for the polygons.  The compilation of Benjamin et al. (1996) was the primary reference for plant species emission rates, and a BVOC emissions model using those data was generated for California by Michael Benjamin of the California Air Resources Board.  The approximate locations for field validation within polygons were selected by Dr. Benjamin to fall within BVOC “hotspots,” and to also be in areas of interest for LAI validation in that pixels with both higher and lower LAI values might be adjacent.  Therefore, the field survey teams could collect data of plant species identities and plant dimensions, along with measurements of LAI, and this study was designed to focus on polygons thought to contain high-emitting species.  The field teams were able in most cases to approach the coordinates given for the centerpoints.  In some instances sharp relief due to cliffs, impenetrable thickets of underbrush, other physical constraints, or lack of accessibility to private property prevented centerpoint locations at what appeared to be ideal locations on preliminary maps.  


To remain a candidate for field validation, the polygons initially selected had to be below the atmospheric boundary layer, taken as 1800 m elevation, and within the Central Valley domain of the Central California Ozone Study.  Further selection from the remaining polygons involved an iterative process accounting for feasibility, including physical access and permission to survey vegetation.  A road map was overlaid on the area to see if there was access by roadways.  Polygons with a large public land component (e.g. within State Parks or National Forest) were favored due to the relative ease of gaining permission to conduct surveys on such properties compared to privately owned properties.


Based on these criteria and the time and resources available for this research, a total of nine polygons in six locations were selected and surveyed for the present study, as seen in Table 5-1.  The numbers for polygon identification were taken from the GAP database, while the beginning letters were our convention to note locale.

5.2.3
Selection of Sample Elements


If permission was obtained to access most of a polygon, sample elements were selected to be within polygons and to consider LAI values as noted on maps provided by ARB.  (Unlike previous studies (Winer et al. 1998, Chung and Winer 1999, Winer and Karlik 2001, Karlik et al. 2001), sample elements were not chosen at random.  In several cases, suitable survey sites were not available within the vicinity of a road, so hikes of several hours through underbrush were needed to reach the desired area within the polygon.  The centerpoint locations and elevations may be seen in Table 5-2.

5.2.4
Vegetation Survey Protocol

The field survey protocol was developed and refined in an antecedent study in San Diego County (Winer et al. 1998, Chung and Winer 1999) and used in the study of Winer and Karlik (2001).  In the present study, the polygons chosen had vegetation dominated by trees, belt transects were used, and surveys were performed by a team of two along 6 m wide, 500 m long belt transects orthogonal at the centerpoint in most elements.  Six meter wide belt transects make the mechanics of sampling easier while not significantly compromising accuracy (Lindsey 1955).  For these belt transects, the surveyors walked 250 m north, south, east, and west away from the centerpoint, terrain permitting, using a magnetic compass to maintain course. 

Table 5-1.
Polygons selected for field survey in Central California during the summer of 2000, 
with GAP-listed data for species composition, assemblage cover, and crown closure.



Polygon

Primary
Predicted
Assemblage
Crown


Location
Area
Secondary,
Species
Cover
Closure


and Number
(ha)
Tertiary
Assemblage
(%)
(%)


Santa Clara Co.
1229
P
Avena sp.
90 –100
40 – 59


Coe St. Park


Quercus douglasii

(near Gilroy)


Quercus lobata
G-675



S
None
0
0



T
None
0
0


Mendocino Co.
5634
P
Pinus ponderosa
40 – 50
60 – 100
Etsel Ridge


Pseudotsuga menziesii

(northeast of Ukiah

Quercus garryana
near Covelo)

U-927

S
Pinus ponderosa
30 – 40
40 – 59



Pinus sabiniana




Quercus garryana



T
Arctostaphylos patula
20 – 30
40 – 59




Pinus ponderosa




Quercus kelloggii

Monterey Co.
2554
P
Arctostaphylos canescens
50 – 60
60 – 100

Los Padres 


Quercus chrysolepis
National Forest


Quercus wislizenii

(near Carmel Valley)

C-276

S
Adenostoma fasciculatum
30 – 40
40 – 59



Arctostaphylos glauca



Ceanothus cuneatus


T
Quercus agrifolia
10 – 20
60 – 100


Ventura Co.
1898
P
Adenostoma fasciculatum
50 – 60
40 – 59

Casitas Lake


Ceanothus megacarpus

(near Ojai)

V-1

S
Ceanothus megacarpus
40 – 50
40 – 59




Ceanothus spinosus




Cercocarpus betuloides


T
None
0
0


Table 5-1.

Polygons selected for field survey in Central California during the summer of 2000, with GAP-listed data for species composition, assemblage cover, and crown closure. 
(Continued)



Polygon

Primary
Predicted
Assemblage
Crown


Location
Area
Secondary,
Species
Cover
Closure


and Number
(ha)
Tertiary
Assemblage
(%)
(%)


Ventura Co.
517
P
Adenostoma fasiculatum
50 – 60
60 – 100

Casitas Lake


Ceanothus megacarpus

(near Ojai)


Ceanothus spinosus

V-2



S
Ceanothus megacarpus
40 – 50
60 – 100




Ceanothus spinosus




Cercocarpus betuloides



T
None
0
0


Ventura Co.
341
P
Cercocarpus betuloides
50 – 60
60 – 100

Casitas Lake


Heteromeles arbutifolia
(near Ojai)


32094
V-3





S
Cercocarpus betuloides
40 – 50
60 – 100




32094



T
None
0
0


Fresno Co.
1086
P
Sequoiad endron giganteum
50 – 60
0

Sequoia

National Forest

S
Cercocarpus betuloides
30 – 40
40 – 59

S-884






T
Cercocarpus betuloides
10 – 20
40 – 59




Quercus chrysolepis



Quercus wislizenii






Fresno Co.
1251
P
Sequoiadendron giganteum
50 – 60
25 – 39

Sequoia



National Forest

S
Abies concolor
40 – 50
25 – 39
S-799


Pinus lambertiana




Salix sp.


El Dorado Co.
854
P
Pinus sabiniana
60 – 70
0

Folsom Lake


Quercus douglasii




Quercus wislizenii




S
Avena sp.
30 – 40
0




Bromus sp.



T
None
0
0


Table 5-2.
Centerpoint UTM coordinates, elevation, transect types, and transect lengths for 

selected polygons.


Location
Polygon
Transect
Point
UTM


     Transect Length (m)



Designation
Type
No.
Coordinates
Elevation
North
South
West
East



Coe St. Park
G-675
Belt
1
0635180E
570m
250
250
250
250





4111122N
1890ft





2
0655507E
470m
250
250
250
250





4108350N
1370ft





3
0635550E
595m
250
250
250
250





4111680N
1960ft


Etsel Ridge
U-927
Belt
1
0496735E
1275m
250
250
250
250





4401005E
4190ft





2
0496807E
1385m
250
250
250
250





4399249N
4550ft





3
0494849E
1420m
250
250





4400848N
4670ft


Los Padres
C-276
Belt
1
0629593E
1450m


250
170





4017489N
4770ft




2
0628904E
1360m
250
90
80
110





4016996N
4470ft


Casitas Lake
V-1
Belt
1
0284520E
340m
250
200
250
250





3810342N
1130ft

Casitas Lake
V-2
Belt
2
0282977E
410m
200
250
250
250





3808822N
1360ft


Casitas Lake
V-3
Belt
3
0297914E
525m
200
210
250
100





3812795N
1730ft


Sequoia
S-884
Belt
1
0322502E
2030m
100
150
250

National Forest



4074002N
6660ft




2
0322160E
1905m
250
250
200
250





4073993N
6250ft


Sequoia
S-799
Belt
1
0325239E
1900m
250
250

National Forest



4077166N
6240ft


Folsom Lake
not avail.
Belt

1
0664442E
195 m

250
250
250
250







4291892N
650 ft







2
0664133E
225 m

250
250
250
250







4292640N
730 ft

The survey team located the centerpoint of a particular sample element using a global positioning receiver (GPS) locked onto universal transmercator (UTM) coordinates gathered from the GAP database.  A Garmin 12XL handheld GPS unit was employed, with an accuracy of approximately ( 5 m.  Plant community and site descriptions were recorded and elevation at the centerpoint was determined using a hand-held altimeter (Pretel Instruments).  The minimum square-shaped area needed to encompass a sample element within a polygon was therefore 25 ha for forests and woodlands.

5.2.5
Data Collection
For these belt transects, one person of the survey team measured the crown radii and diameter at breast height of trees and the crown height of shrubs (plants with more than one stem), while another measured the crown height of trees (plants with one stem) and recorded the field data.  Crown radii in trees were measured with an 8 m steel tape in the four cardinal directions, and two crown radii in shrubs were measured orthogonally.  Measurements were made to the nearest 0.1 m.  Crown height of trees greater than 8 m was obtained from a clinometer (Suunto Instruments) with a horizontal distance from the observer to the tree of approximately 10-20 meters, obtained to the nearest meter using an optical rangefinder (Bushnell).  For forested polygons (areas where crowns of trees interlocked), only data from plants greater than waist height (about 1 m) were recorded.  For woodland polygons (areas where crowns of trees did not interlock), only plants greater than 0.6 m  (about knee height) were recorded.  Most plants were identified in the field, and samples of unidentified plants were taken to the UC Cooperative Extension laboratory for identification.

5.2.6
Data Analysis


Data analysis followed examples of recent studies (Chung and Winer 1999, Winer and Karlik 2001).  For each polygon, the GAP database listed primary, secondary, and sometimes tertiary species assemblages and the estimated areal proportion (p) of each assemblage within a polygon.  Each species in a listed assemblage was a co-dominant, providing ( 20% relative cover within the assemblage.  Therefore, the expected coverage of any species listed in the GAP database for a given polygon was then ( 0.2p.  For example, in polygon C-276, Quercus chrysolepis was listed as a co-dominant in a primary assemblage that occupied 50-60% of the polygon.  Using a mean value of 55% for p, GAP predicts Quercus chrysolepis would cover more than 0.2 x 55% or ( 11% of the polygon.

The polygon coverage of plant species inferred from the GAP database by this procedure was compared with the cover data gathered from the field surveys in the nine selected polygons.  First, the coverage of each species within each sample element of a polygon was calculated.  Then from the species coverage for each sample element, the mean coverage and upper limit of the two standard error (SE) confidence intervals for the polygon were calculated, corresponding to an 85% confidence interval (McClave and Dietrich 1985).  However, in the Ojai area the element centerpoints were from three adjacent polygons, so data do not contain SE confidence interval calculations.  Similarly, only one centerpoint could be done in the Sierra Nevada polygon S-799.

Crown closure from the GAP database was also compared to the field data.  Crown closure was equivalent to the percent coverage by all overstory plants within a polygon divided by the area of the polygon.  A confidence interval of the mean plus two standard errors (SE) was calculated from the field data for comparison with the listing from the GAP database.

5.3
RESULTS
5.3.1
Species Composition and Abundance within GAP Polygons


Table 5-3 summarizes results for the nine polygons surveyed, listing the most abundant species observed for each polygon, the percent abundance predicted from the GAP database, the percent abundance determined by the field surveys, and the upper limits of a two SE interval of the percent composition.  Total plant cover within the polygon ranged from as little as 40%, as found in polygon G-675, up to 100% sample cover as found in polygon U-927.  In general, most of the sample cover in a polygon was attributable to a few species and many of the most abundant species found within the polygon were listed as co-dominants by the GAP database.  The percentages of these GAP co-dominant species varied greatly.  Total cover of GAP co-dominant species cover ranged from as little as 0% as found in polygon V-1 up to 100% as found in polygon U-927. 

Table 5-3.
Measured cover composition observed in sampled polygons listed in order of observed sampled cover.


Polygon
Scientific Name
Cover Inferred
Mean Sampled
Sampled Cover





From GAP

Cover

(s + 2SE)





(%)

(%)

(%)


Coe St. Park
Quercus agrifolia
–
15
31

G-675
Quercus lobata
≥19
13
27


Quercus douglasii
≥19
5
11


Umbellularia californica
–
3
7


Pinus coulteri
–
3
6

Quercus dumosa
–
1
4

Avena sp.
≥19
N.D.
–


Total of sample cover

40


GAP co-dominants

18




Etsel
Quercus garryana
≥9 & ≥7
47
75

Ridge
Quercus kelloggii
≥5
47
71

U-927
Pinus ponderosa
≥9 & ≥7 & ≥5
6
15


Quercus chrysolepis
–
5
9


Abies concolor
–
1
2


Pseudotsuga menziesii
≥9
0
–


Pinus sabiniana
≥7
0
–


Arctostaphylos patula
≥5
0
–


Total of sample cover

106


GAP co-dominants

100


Los Padres
Lithocarpus densiflora
–
27
81

Carmel Valley
Ceanothus integerrimus
–
22
35

C-276
Arctostaphylos sp.
≥11 & ≥7
17
49


Quercus berberidifolia
–
14
20


Adenostoma fasciculatum
≥7
9
26


Quercus chrysolepis
≥11
7
14


Umbellularia californica
–
2
6


Pinus coulteri
–
2
5


Arbutus menziesii
–
2
5


Quercus wislizenii
≥11
0
–


Ceanothus cuneatus
≥7
0
–


Quercus agrifolia
≥3
0
–


Total of sample cover

102


GAP co-dominants

33


Table 5-3.
Measured cover composition observed in sampled polygons listed in order of observed sampled cover. (Continued)


Polygon
Scientific Name
Cover Inferred
Mean Sampled
Sampled Cover





From GAP

Cover

(s + 2SE)





(%)

(%)

(%)


Casitas Lake
Quercus agrifolia
–
39
–

V-1
Ceanothus integerrimus
–
19
–


Prunus ilicifolia
–
10
–


Rhamnus californica
–
5
–

Rhamnus crocea
–
4
–

Physocarpus capitatus
–
3
–


Quercus berberidifolia
–
1
–


Sambucus caerulea
–
1
–


Adenostoma fasciculatum
≥11
0
–


Ceanothus megacarpus
≥11 & ≥9
0
–


Ceanothus spinosus
≥9
0
–


Cercocarpus betuliodes
≥9
0
–


Total of sample cover

82


GAP co-dominants

0


Casitas Lake
Physocarpus capitatus
–
16
–

V-2
Salvia mellifera
–
16
–


Ceanothus cuneatus
–
12
–


Ceanothus integerrimus
–
12
–


Quercus agrifolia
–
8
–


Baccharis pilularis
–
6
–


Adenostoma fasciculatum
≥11
4
–


Cercocarpus betuloides
≥9
3
–


Prunus ilicifolia
–
3
–


Grindelia camporum
–
2
–


Rhamnus crocea
–
2
–


Adenostoma sparsifolium
–
1
–


Toxicodendron diversilobum
–
1
–


Sambucus californica
–
1
–


Salvia clevelandii
–
1
–


Juglans californica
–
1
–

Quercus berberidifolia
–
1
–

Ceanothus megacarpus
≥11 & ≥9
0
–

Ceanothus spinosus
≥11 & ≥9
0
–


Total of sample cover

90


GAP co-dominants

7


Table 5-3.
Measured cover composition observed in sampled polygons listed in order of observed sampled cover. (Continued)


Polygon
Scientific Name
Cover Inferred
Mean Sampled
Sampled Cover





From GAP

Cover

(s + 2SE)





(%)

(%)

(%)


Casitas Lake
Quercus agrifolia
–
15
–

V-3
Adenostoma sparsifolium
–
13
–


Adenostoma fasciculatum
–
9
–


Grindelia camporum
–
5
–

Salvia clevelandii
–
4
–


Quercus berberidifolia
–
2
–


Ceanothus integerrimus
–
2
–


Prunus ilicifolia
–
2
–


Casuarina cunninghamiana
–
2
–

Ceanothus cuneatus
–
2
–

Rhamnus crocea
–
1
–

Schinus molle
–
1
–


Baccharis pilularis
–
1
–


Salvia apiana
–
1
–


Cercocarpus betuloides
≥11 & ≥9
1
–

Ribes sp.
–
1
–


Rubus ursinus
–
1
–


Heteromeles arbutifolia
≥11
0
–


Total of sample cover

63


GAP co-dominants

1




Sequoia
Arctostaphylos patula
–
15
21

S-884
Ceanothus cordulatus
–
15
21


Quercus kelloggii
–
14
37


Pinus contorta
–
9
27


Prunus virginiana
–
7
20


Salix sp.
–
4
11

Pinus ponderosa
–
4
10

Arctostaphylos viscida
–
2
2


Sequoiadendron giganteum
≥11
2
5


Ceanothus integerrimus
–
1
2


Woodwardia fimbriata
–
1
2


Physocarpus capitatus
–
1
2


Cercocarpus betuloides
≥7 & ≥3
0
–


Quercus wislizenii
≥3
0
–

Quercus chrysolepis
≥3
0
–


Total of sample cover

75

GAP co-dominants

2


Table 5-3.
Measured cover composition observed in sampled polygons listed in order of observed sampled cover. (Continued)


Polygon
Scientific Name
Cover Inferred
Mean Sampled
Sampled Cover





From GAP

Cover

(s + 2SE)





(%)

(%)

(%)


Sequoia
Salix sp.
≥9
15
–

S-799
Calocedrus decurrens
–
9
–


Pinus ponderosa
–
8
–


Arctostaphylos patula
–
8
–

Ribes sp.
–
8
–

Ceanothus cordulatus
–
3
–


Ceanothus integerrimus
–
2
–


Quercus kelloggii
–
2
–

Abies grandis
–
1
–


Sequoiadendron giganteum
≥11
0
–

Abies concolor
≥9
0
–


Pinus lambertiana
≥9
0
–


Total of sample cover

56


GAP co-dominants

15


Folsom
Quercus douglasii
≥13
33
37

Lake
Quercus chrysolepis
–
9
21


Quercus wislizenii
≥13
6
16


Aesculus californica
–
2
6


Pinus sabiniana
≥13
0
–


Avena sp.
≥7
N.D.
–


Bromus sp.
≥7
N.D.
–


Total of sample cover

50


GAP co-dominants

39




N.D. = no data.  Species was observed but below survey height (about 0.6 m).

The observed sample cover of some co-dominants in GAP polygons often substantially exceeded the minimum predicted values.  For example, in polygon U-927, Quercus garryana and Q. kelloggii each provided 47% of the polygon sample cover when ( 9% and ( 5% were predicted, respectively, from the GAP listings for the primary assemblage.  At Folsom Lake, Quercus douglasii provided 33% of the polygon sample cover when ( 13% was predicted by GAP.  In contrast, several polygons possessed co-dominant species listed by GAP that were found to be well under the predicted GAP percentages.  Polygon V-3 was found to have 1% mean sample cover of Cercocarpus betuloides when GAP predicted the species to have ( 11% and ( 9% sample cover.  Also, in polygon C-276, Quercus wislizenii was predicted by GAP to be found with sample cover ( 11%, but it was not observed in the field study.

Relative cover is the proportion of total vegetation cover occupied by a given plant species, excluding certain vegetation such as plants below a pre-established height and bare ground.  The relative cover of GAP-listed species compared to all sampled species can be derived from the percentages listed in Table 5-3. For these polygons, GAP species listings ranged from 0-94% of the plant species found with a mean of 32%.  The sum of GAP species percentages for these polygons was 215, and for all species sampled, 664; thus, GAP-listed plants were found as 32% relative cover for the polygons summed.  To investigate whether GAP listings were more accurate for large vs smaller polygons, polygon size was multiplied by percentages found for GAP-listed species and for all species.  The results suggested polygon size may have influenced overall accuracy of GAP listings, since relative cover of GAP species was then found to be 55% of relative cover for the polygons summed.  

Because a major theme of this study was to assess the utility of GAP for BVOC inventory development, and because Quercus may figure as the most important genus of native woody plants in California’s airsheds, we compared the percentage of all oak species sampled to that inferred from GAP listings.  For the polygons, the mean coverage per polygon of oaks calculated from GAP listings was 13%, while from the field surveys oaks averaged 31% of the total cover.  For seven of the nine polygons, the difference indicated field surveys found oaks species percentages to be greater than those inferred from GAP, although GAP data provide lower percentage but not an upper percentage limit. For four polygons, oaks were listed as comprising 0% cover, but were found in the field surveys in percentages from 2-40%, in agreement with GAP listings.  Since GAP listings give a lower limit for species abundances, one might expect to find oaks at percentages at the same or higher percentages than GAP listings, and this was so for three of the nine polygons where oaks were listed by GAP as non-zero.  For the other two polygons where oaks were listed as non-zero, the field percentages found were less than the GAP predictions by 4% and 5%. 

Because Quercus species vary over almost two orders of magnitude in emission rates (Csiky and Seufert, 1999), the accuracy of oak species listings for any vegetation database is important for BVOC emission inventories.  Using the data in Table 5-3, we considered oak species accuracy for each polygon by calculating the sum of absolute values of field percentage found for each oak species minus the respective percentage inferred from its GAP listing.  These values for polygons ranged from 2% for the polygon S-799 where no oaks were listed to 78% for polygon U-927, with a mean for all polygons of 30%.  The high value for polygon S‑799 was a reflection of the high values for coverages for oak species in this polygon.  We again note that GAP provides listing with which a minimum percentage for a given species may be calculated, but does not provide a maximum value, but oak species differences were on average 30% per polygon.  The accuracy of oak species listings did not appear to be related to polygon size.  

Because our interest in GAP pertained to its use for BVOC inventory development, we also evaluated the data in Table 5-3 with regard to non-oak genera and species considered to be moderate or high BVOC emitters, specifically those thought to have emission rates greater or equal to 10 or 2 ug g-1 h-1 for isoprene and monoterpenes, respectively, as based on measured values or taxonomic relationships (Benjamin et al., 1996; Karlik and Winer 2001).  For the five polygons where such genera or species were listed, the field surveys gave percentages lower than those inferred from GAP for one polygon, and higher than GAP for the other four polygons.   For the four polygons where no genera or species with moderate or high emission rates were listed, the field surveys found an absence of such genera or species in one polygon, and for the other three polygons percentages of emitting species ranged from 3-33%.  In considering the mean of GAP listings for BVOC emitting species vs the mean of the field survey data for all nine polygons, GAP predicted a mean coverage per polygon of 10% for these species, and field data had a mean of 20% of such species found.  Thus, GAP data overall were in relatively good agreement with field observations for non-oak genera and species considered to be important BVOC emitters.  

5.3.2
Correctness of GAP Listed Species within Species Assemblages


Species found within the polygons in the field were compared to their GAP listings and assessed for correct placement based on assemblage data, and the results given in Table 5-4.  In the columns in this table we present the results per polygon of the species listed by GAP as co-dominants within their respective assemblages; the species found to be correctly listed by GAP within their respective assemblages; the species found to be incorrectly listed by GAP within their respective assemblages; the species listed as co-dominants which were below all co-dominant percentages; and non-listed species found in the field survey that could have been listed as a co-dominant within each of the polygons studied.  Species were considered listed incorrectly when listed by GAP as a co-dominant in a particular assemblage (primary, secondary, and tertiary) but found within a different assemblage in the field.  Potential co-dominant species were defined as species that had a sample cover percentage large enough to at least fall within the tertiary assemblage of a particular polygon, but the species was not listed by GAP as present in the polygon.  When GAP listed no species for the secondary or tertiary assemblage an arbitrary value of ( 7% and ( 3% up to the next greater listed assemblage percentage were assigned, respectively, to identify potential species belonging to a particular assemblage.  We note that GAP assigns minimum percentages to plant species coverages, but does not assign maxima; therefore, species listed in two or more coverage classes were considered to have a correct listing in these classes if present in minimum percentages.  For example, in polygon U‑927 the species Quercus garryana was listed in both primary and secondary assemblages at ( 9% and (7%, found to be present at 47%, with a sampled cover (S + 2SE) of 75%, and was therefore considered to be correctly listed for both assemblages.  This example also illustrates how upper limits for species coverages cannot be inferred from GAP data, so that GAP may under-predict species coverages.  

There were instances where species listed by GAP for a particular assemblage (e.g. primary) were found at a percentage (S + 2SE) only sufficient for another assemblage.  For example, Quercus douglasii in G-675 was listed by GAP as within the primary assemblage but only found in the field survey with S + 2SE of 11%, insufficient to be considered within the primary assemblage.


There were several instances where species listed by GAP in either the primary, secondary, or tertiary assemblage were not observed in the polygon in the field observations for any assemblage.  For example, in polygon V-3, Cercocarpus betuloides listed in both primary and secondary assemblages, was found at a percentage below those of co-dominants for any of the assemblages.  A unique example can be seen in polygon V-1 in which all five species listed by GAP were not at all.  There were several instances also where numerous species in the polygons were observed in high enough abundance to warrant possible designation as co-dominants although they were not listed as co-dominants by the GAP database.  In polygon C-276, Lithocarpus densiflora, Ceanothus integerrimus, and Quercus berberidifolia were found at 27%, 22%, and 14%, respectively, sufficient to fall within the primary assemblage of that polygon, but were not listed as a co-dominants by the GAP database.  The SE interval about the mean sample cover gives additional weight for designating such species as co-dominants.  Another example can be seen in polygon V-1 where six species were found in percentages that warranted co-dominant species designation. Two species, Quercus agrifolia and Ceanothus integerrimus, were found at high enough percentages to be considered within the primary assemblage, one species, Prunus ilicifolia were found with sufficient frequency to be considered co-dominants in the secondary assemblage, and three species, Rhamnus californica, R. crocea, and Physocarpus capitatus were found with sufficient coverage to be considered part of the tertiary assemblage.  However, none of these six species was listed by GAP as being present in any assemblage within the polygon.  Polygon V-2 contained seven species that were not listed by GAP but were found in large enough percentages to be considered as potential co-dominant species in one of the assemblages of the polygon, and seven of the nine polygons had three or more species found in field surveys in percentages large enough to be considered as co-dominants but were not listed by GAP.  

Overall, as seen in Table 5-4, of the 44 species listed by GAP for primary, secondary and tertiary assemblages for which data were collected (those species above the survey height), 14 were found to be correctly listed within their respective assemblages, 3 were found to be incorrectly listed, and 27 were found to be below percentages of all co-dominants.  Of these 27, 24 were not observed at all.  In the nine polygons, 15 species not listed by GAP in any assemblage within respective polygons were found in field surveys to be potential primary species, 6 were found to be secondary, and 18 tertiary, for a total of 39 additional species not listed by GAP but found to be present in cover sufficient to be considered as potential co-dominants.  Unlike the results of Chung and Winer (1999), we found that the accuracy of listings of primary and secondary species was about the same with respectively 7 of 20, and 6 of 17 plants listed correctly.

Since our interest in this study was possible application of GAP to BVOC emission inventory development, and the Quercus genus is noted for its range of emission rates (Csiky and Seufert 1999, Karlik and Winer 2001a), we also considered specifically the listing of oak species in Table 5-4.  For the nine polygons and for the 12 listings for oak species, seven were found to be listed correctly in their respective assemblages, one was listed incorrectly, and four were found to be below percentages for any co-dominant.  Four additional oak species not listed by GAP were found to be potential primary co-dominants, two as secondary co-dominants, and two as tertiary co-dominants.  Thus, GAP listings were in good agreement with field data, but an additional eight examples were found of oak species found to be present at percentages large enough for inclusion as GAP co-dominants. Of these latter, the presence of oak species in polygons C-276, V-1, V-3, and S-884 in percentages high enough to consider them primary suggests a significant discrepancy in cover type for those polygons between the listed species and field data, and suggests the GAP database may underestimate the presence of oak species.

Also with consideration toward BVOC inventory development, we noted listings in Table 4-4 of genera and species other than oaks considered to be medium or high emitters of isoprene or monoterpenes as compared with field data.  For the nine polygons, and for the 11 listings for emitting plants such as Salix and Populus, four were found to be correct, none was incorrect, and seven were found to be below percentages of co-dominants.  Field survey data indicated five species were found which could be considered primary co-dominants, one secondary, and eight tertiary.  Therefore, seven of 11 species or about two-thirds of the medium or high emitters were found at low percentages compared to their respective GAP listings, and an additional 14 species were found to be potential co-dominants, which may be cancelling errors. 

5.3.3
Crown Closure

Table 5-5 summarizes the predicted and measured crown closure for the GAP polygons studied.  To establish meaningful comparisons, measured crown closure was calculated using GAP definitions for percentages of primary, secondary and tertiary assemblages, but with field data for percentages of plant species found. Measured crown closure values varied between assemblages (primary, secondary, and tertiary) within particular GAP polygons.  When considering the upper and lower limits of + 2 SE from the measured crown closure, most of the polygon crown closures fell within the GAP-predicted crown closure values for the assemblages.

Table 5-4.  Species listed correctly and incorrectly within GAP polygons.


Polygon
Primary,
GAP
GAP Species
GAP Species
GAP Species Below
Potential Co-Dominants



Secondary,
Listing
Listed Correctly
Listed Incorrectly
Co-Dominant Percentages
Not Listed by GAP



Tertiary

in Plant Assemblages
in Plant Assemblages1

(Percentage Found)2









Coe St. Park
P
Avena sp.3



None

G-675

Quercus douglasii

Quercus douglasii





Quercus lobata 
Quercus lobata




S
None



Quercus agrifolia (15)


T
None



Umbellularia californica (3)







Pinus coulteri (3)


Etsel 
P
Pinus ponderosa
Pinus ponderosa


None
Ridge

Pseudotsuga menziesii


Pseudotsuga menziesii4


U-927

Quercus garryana
Quercus garryana


S
Pinus ponderosa
Pinus ponderosa


None


Pinus sabiniana


Pinus sabiniana4


Quercus garryana
Quercus garryana


T
Arctostaphylos patula


Arctostaphylos patula4



Pinus ponderosa
Pinus ponderosa


Quercus chrysolepis (5)



Quercus kelloggii 
Quercus kelloggii

Los Padres
P
Arctostaphylos canescens
Arctostaphylos sp.


Lithocarpus densiflora (27)

C-276

Quercus chrysolepis
Quercus chrysolepis


Ceanothus integerrimus (22)


Quercus wislizenii


Quercus wislizenii4
Quercus berberidifolia (14)


S
Adenostoma fasciculatum
Adenostoma fasciculatum

None



Arctostaphylos glauca
Arctostaphylos sp.






Ceanothus cuneatus


Ceanothus cuneatus4


T
Quercus agrifolia


Quercus agrifolia4
None


Casitas Lake
P
Adenostoma fasciculatum


Adenostoma fasciculatum4
Quercus agrifolia (39)
V-1

Ceanothus megacarpus


Ceanothus megacarpus4
Ceanothus integerrimus (19)


S
Ceanothus megacarpus


Ceanothus megacarpus4
Prunus ilicifolia (10)



Ceanothus spinosus


Ceanothus spinosus4


Cercocarpus betuloides


Cercocarpus betuloides4

T
None



Rhamnus californica (5)






Rhamnus crocea (4)







Physocarpus capitatus (3)


Casitas Lake
P
Adenostoma fasiculatum

Adenostoma fasiculatum
Physocarpus capitatus (16)

V-2

Ceanothus megacarpus


Ceanothus megacarpus4
Salvia mellifera (16)



Ceanothus spinosus


Ceanothus spinosus4
Ceanothus cuneatus (12)






Ceanothus integerrimus (12)

S
Ceanothus megacarpus


Ceanothus megacarpus4
None



Ceanothus spinosus


Ceanothus spinosus4


Cercocarpus betuloides

Cercocarpus betuloides




T
None



Quercus agrifolia (8)







Baccharis pilularis (6)







Prunus ilicifolia (3)


Table 5-4.  Species listed correctly and incorrectly within GAP polygons. (Continued)

Polygon
Primary,
GAP
GAP Species
GAP Species
GAP Species Below
Potential Co-Dominants



Secondary,
Listing
Listed Correctly
Listed Incorrectly
Co-Dominant Percentages
Not Listed by GAP



Tertiary

in Plant Assemblages
in Plant Assemblages1

(Percentage Found)2









Casitas Lake
P
Cercocarpus betuloides


Cercocarpus betuloides
Quercus agrifolia (15)
V-3

Heteromeles arbutifolia


Heteromeles arbutifolia4
Adenostoma sparsifolium (13)


32094


S
Cercocarpus betuloides


Cercocarpus betuloides
Adenostoma fasciculatum (9)



32094


T
None



Grindelia camporum (5)







Salvia clevelandii (4)


Sequoia
P
Sequoiadendron giganteum

Sequoiadendron giganteum
Arctostaphylos patula (15)

S-884





Ceanothus cordulatus (15)







Quercus kelloggii (14)


S
Cercocarpus betuloides


Cercocarpus betuloides4
Pinus contorta (9)







Prunus virginiana (7)

T
Cercocarpus betuloides


Cercocarpus betuloides4
Pinus ponderosa (4)



Quercus chrysolepis


Quercus chrysolepis4
Salix sp.(4)


Quercus wislizenii


Quercus wislizenii4



Sequoia
P
Sequoiadendron giganteum

Sequoiadendron giganteum4
None

S-799



S
Abies concolor


Abies concolor4
Calocedrus decurrens (9)


Pinus lambertiana


Pinus lambertiana4




Salix sp.
Salix sp.













T
None



Arctostaphylos patula (8)






Pinus ponderosa (8)







Quercus agrifolia (8)







Ribes sp. (8)







Ceanothus cordulatus (3)


Folsom 
P
Pinus sabiniana


Pinus sabiniana4
None

Lake

Quercus douglasii
Quercus douglasii




Quercus wislizenii
Quercus wislizenii


S
Avena sp.3



Quercus chrysolepis (9)



Bromus sp.3





T
None



None


1
GAP Species Listed Incorrectly = Species listed by GAP as a co-dominant in a particular assemblage (primary, secondary, and tertiary) but found within a different assemblage.

2
When GAP listed no species for the secondary assemblage an arbitrary value of ≥7% up to the primary percentage was assigned to identify potential secondary species.  When GAP listed no species for the tertiary assemblage an arbitrary value of ≥3% up to the secondary percentage was assigned to identify potential tertiary species.

3
Species noted but below minimum height (0.6m), and therefore not measured.

4
Species not observed.

Table 5-5.  Predicted and measured crown closure for GAP polygons sampled in 2000.


Polygon
Primary,
Predicted
Measured Crown
(c – 2SE,


I.D.
Secondary,
Crown Closure (%)
Closure (%)1
c + 2SE)



Tertiary


Coe St. Park
P
40 – 59
28
(0, 58)

G-675


S
0
0
(0, 0)


T
0
11
(0, 24)




Etsel Ridge
P
60 – 100
94
(42, 146)

U-927


S
40 – 59
0
(0, 0)


T
40 – 59
11
(0, 24)


Los Padres
P
60 – 100
80
(0, 185)

C-276


S
40 – 59
16
(0, 40)


T
60 – 100
0
(0, 0)


Casitas Lake
P
40 – 59
55
–

V-1


S
40 – 59
10
–


T
0
12
–


Casitas Lake
P
60 – 100
32
–

V-2


S
60 – 100
32
–


T
0
16
–


Table 5-5.  Predicted and measured crown closure for GAP polygons sampled in 2000. (Continued)


Polygon
Primary,
Predicted
Measured Crown
(c – 2SE,


I.D.
Secondary,
Crown Closure (%)
Closure (%)1
c + 2SE)



Tertiary


Casitas Lake
P
60 – 100
28
–

V-3


S
60 – 100
9
–


T
0
9
–


Sequoia
P
0
44
(0, 79)

S-884


S
40 – 59
16
(0, 47)


T
40 – 59
8
(0, 21)


Sequoia
P
25 – 39
15
–

S-799


S
25 – 39
33
–


T
0
3
–


Folsom
P
0
33
(29, 37)

Lake


S
0
9
(0, 21)


T
0
6
(0, 16)


1
Measured crown closure was calculated using GAP definitions for percentages of primary, secondary, and tertiary assemblages, but with field data for percentages of plant species found.

5.3.4
Implications of GAP Assessment Results for BVOC Emission Inventories

The primary purpose for GAP is to identify the distribution and management status of plant communities, rather than to identify individual plant species.  The quantitative nature of GAP represents a leap in landcover classification and the values for plant cover and species percentages give an indication of the composition of plant communities.  However, the GAP database is fundamentally about plant assemblages rather than species, and these assemblages may vary in precise composition depending on geographic and environmental factors.  In addition, a component of leaf mass, which the GAP database does not provide must be overlaid on the species distribution data for BVOC emission calculation.  Thus, the applicability of GAP for BVOC modeling requires ongoing discussion, since the requirements for BVOC emissions modeling are specific for plant species identities and leaf mass, and the correct spatial allocation of both.

Isoprene emission indices based on GAP data were less than 25% different from the corresponding indices calculated from field data for one of the nine polygons, and differed by 100% or less for an additional polygon.  For three polygons, field observations suggested isoprene would be emitted by vegetation, whereas no emissions were expected based on GAP listings.  Isoprene emission indices summed over all nine polygons using field survey data had a value of +115% as compared to GAP data.  For monoterpenes, for individual polygons two of nine had monoterpene emission indices based on field survey data which did not change from those generated with GAP data, and an additional five of nine differed by 100% or less.  The sum of monoterpene emission indices based on field surveys was –64% of the sum calculated from GAP data.  For the sum of isoprene and monoterpenes, when field data were used in place of GAP data the sum of total emission indices increased by 84%, and the change for individual polygons ranged from –18% to more than 1000%.  These percentage changes for the sum of emission indices were greater than those found in polygons assessed in San Diego (Chung and Winer 1999) and for the southern San Joaquin Valley (Winer and Karlik 2001, Karlik et al. 2001).  As found in those earlier assessments, emission indices for individual polygons calculated with field data in place of GAP data varied greatly.

5.3.5
Limitations of the Present Study

GAP assessment in these polygons posed special problems in terms of sampling representative areas, more so in some polygons than others.  In the Utah GAP validation project, 42% of the state was under the control of the US Bureau of Land Management, with private interests owning only 21% (Edwards et al. 1995).  In the study of Chung and Winer (1999), the San Diego County Association of Government 1990 ownership database indicated private interests owned 41% of San Diego County land (San Diego Association of Governments, 1997).  For the purposes of conducting a GAP assessment project, suitable public lands within the vicinity of roads were limited.  The lack of suitable sites to randomly place sample elements in several of the polygons resulted in extended hikes from established roads to reach public land.  Even with such effort, our ability to conduct surveys in representative areas of a polygon’s major vegetation types as listed in the GAP database was limited. 

Given the effort needed to gather the field data, it was necessary to limit the number of polygons assessed and the area sampled.  Moreover, the sample area required for estimating the true sample cover of individual species in a polygon is not precisely known.  One reference (Bormann 1953) suggested surveying 7% of a forested area using parallel belt transects provided a 65% chance the sample mean of the basal area of the trees would be within 10% of the true mean for more common species.  The effort needed to obtain an accurate measure of relative cover may be similar.  In the present study, each sample element for belt transects occupied 0.6 ha, so for a polygon of 500 ha, two sample elements encompassing 1.2 ha were surveyed, or about 0.24% of the polygon area.


On the other hand, the effective size of the samples may be larger.  The vegetation cover composition within the transects may approximate the cover composition of a square which immediately bounds the ends of the perpendicular transects.  In that case the percentage of the polygon area sampled would be 10% of a 500 ha polygon for belt transects.

5.4
SUMMARY AND CONCLUSIONS FOR THE GAP STUDY
The GAP database provides potentially valuable information for developing BVOC emissions inventories.  Compared to previous databases estimating percent cover of vegetation in natural areas, the GAP database is species-specific and has a higher spatial resolution.  The classes of information given by the GAP database useful for the development of a BVOC emissions inventory are assemblage cover, species composition within an assemblage crown, and crown closure.  Results of this study indicate GAP may be useful for assigning species identities to plant cover in the natural areas of California airsheds for BVOC inventory development but should be used for this purpose with caution.  

A ground-based assessment of the GAP database was conducted to evaluate its use in developing a BVOC emission inventory for Central California.  The species listed by GAP accounted for a range of 0-100%, with a mean of 13%, of the relative cover in the polygons.  Of the 44 species listed by GAP for primary, secondary and tertiary assemblages for which data were collected (those species above the survey height), 14 were found to be correctly listed within their respective assemblages, 3 were found to be listed for the wrong assemblage, and 27 were below percentages of co-dominants of any assemblage.  In the nine polygons, a total of 49 additional species not listed by GAP were found to be present in amounts sufficient to consider them as potential co-dominants.   However, the listings of oak species and others considered to be important in their magnitudes of biogenic emissions were generally in reasonable agreement with field data.  Summed over all nine polygons, total BVOC emission indices based on field data were 84% greater than those based on GAP, but for individual polygons ranged from –90% to more than +1000%.  The GAP database should be used with caution for developing BVOC inventories.  Other databases more limited in geographic coverage may be also useful, and should be checked for accuracy against field data, particularly for representativeness of species of interest.

6.0
SUMMARY AND CONCLUSIONS


Accurate estimates of the magnitude of BVOC emissions relative to anthropogenic VOC emissions in California’s airsheds are critical for formulating effective strategies to reduce concentrations of fine particles, ozone, and other secondary air pollutants which affect human health and reduce yields of agricultural crops.  Such estimates require several distinct databases and the present study was divided into three major sub-projects addressing specific data needs:  measurement of LAI of natural stands of vegetation found in California, leaf mass and leaf area measurements for native blue oaks, and evaluating the accuracy of the GAP GIS vegetation database.  The study was conducted in Central California.  In the following sections we present the principal findings and conclusions for each of the three major sub-projects undertaken in this research. 

6.1
LAI Measurements of Natural Vegetation at California Sites
The LAI values from maps supplied by ARB (Scott 1991) based on the work of Nikolov (1997 a,b; 1999) were similar to those derived from plant canopy instruments, and were similar to most reported values for similar plant species or communities found in Mediterranean-climate landscapes in California and Europe.  The LAI values for the plant canopy analysis instruments were below the values derived from the volumetric method for all points except one.


For the California Hot Springs oak site, the LAI value supplied by ARB (Scott 2001) from the work of Nikolov (1997a,b; 1999) for that site was 0.4.  The overall LAI value for the site found in the present study, as calculated from leaf mass data acquired from whole-tree harvest was approximately 0.9, if the oaks comprised 50% of the landcover.  Oaks may have comprised less than 50% of the landcover, so the site value for LAI may have been less than 0.9.  Therefore, there was relatively good agreement of the experimentally determined value of 0.9 with the value of 0.4 from the ARB maps.  


The remote sensing data for LAI given by the Nikolov database appeared to be plausible and the values to fit the cover types for which they were given, and the approach of obtaining LAI from remote sensing data appears to be promising.  If BVOC inventories are to be developed from summing the contributions of plant species rather than through alternative approaches, then a leaf mass estimate for each plant species is required, and LAI values have to be converted to leaf mass through an area-to-mass conversion factor.  Therefore, SLW values would be required for all plant species of interest.  In lieu of experimental values, simplifying assumptions could be made to obtain SLW values for unmeasured species, such as employing a taxonomic or structural class approach.  

The volumetric method, in which a vertical dimension is added to areal coverage data, was found to give plausible LAI values for chaparral and savanna locations, but values calculated for stands containing large oak trees with stand densities (trees per acre or hectare) appeared to be too large, based on other LAI estimation methods and values reported in the literature.  Also, for many plant species, leaf mass constants and SLA values were not available from our previous work.  These values would have to be obtained or estimated if a volumetric approach is to be used for LAI or LMD calculations.  In particular, values for leaf mass constants would have to be obtained for both needle evergreens, and plants found in natural unirrigated sites.  Values for leaf mass constants are more difficult to obtain experimentally and have more potential error associated with them than do values for SLW and SLA.  

6.2
LMD and LAI for Native Blue Oak Trees 


The LMD for the oak site we studied was calculated as the total leafmass divided by area of the grid needed to encompass the tree crowns.  This value of 310 g m-2 was designated as the site LMD value, and may be compared to literature values for oak woodlands of various locales, including 375 g m-2 for Atlanta, GA (Geron et al. 1995); 375 g m-2 for the contiguous United States (Lamb et al. 1987, 1993); 160 g m-2 for holm oak at St. Quercio, Italy (Lenz et al. 1997), and a global value of 100-500 g m-2 (Box, 1981).  However, the oak grove we harvested and measured was surrounded by open grassland, and therefore the measured LMD value of 310 g m‑2 represented a maximum for that landcover.  If the oak LMD was calculated on the basis of the area of the grove plus the open grassland surrounding it, the value would have been half or less.  The resulting value of approximately < 150 g m-2 was less than 50% of the value for eastern deciduous forests, and suggests California's oak savannas contain less leaf mass than their eastern counterparts by a factor of two or more. 


The mean value for LAI for the 14 individual trees in this oak site was 4.4 m2 m-2.  LAI calculated on the basis of total leaf area divided by the sum of areas of crown projection was also 4.3 m2 m-2.  LAI calculated on the basis of total leaf area divided by grid area was 1.8 m2 m-2.  This latter value was thought to be the LAI which would be seen by an overhead observer.  This value was appropriate for the grove only; consideration of the surrounding area which was devoid of trees would result in an overall LAI value of less than 0.9 m2 m-2.  For comparison, LAI values reported for oaks at Castelporziano, Italy, also a Mediterranean climate site, were 4.5-8 for a broadleaved mixed oak forest and 4-6 for a cork oak forest (Manes et al. 1997).  The LAI for holm oak-stone pine site at St. Quercio, Italy, found with two different methods, was 2.8 and 3.1 (Lenz et al. 1997).  These values are higher than we found for the blue oaks at the California Hot Springs site.

The volumetric method worked well for estimating the leaf mass of the oak trees.  The total leaf mass for trees in this study estimated by the paraboloid solid was within 2% of the measured total, and for the sphere solid the result was within 15% of the measured value.  Thus, the leafmass constant of 280 g m-3 coupled with the paraboloid solid seemed to best represent the crown shapes of the native blue oak trees investigated in this study.


Allometric relationships for leafmass estimation were also obtained by plotting leafmass against crown and trunk dimensions, and from resulting calculated values such as area of crown projection.  The relationship between leafmass and circumference at breast height had a coefficient of determination (r2) of 0.98.  Circumference at breast height is perhaps the easiest tree dimension to measure, so the high value for r2 is encouraging, and suggests oak circumference may be used with the allometric equation derived from these data to estimate leafmasses for blue oaks.  Mean crown radius and crown projection were also well-correlated with leaf mass, and therefore either measurements of trunk circumference or crown dimensions could be used to estimate leaf mass for this species.  In contrast, measurements of tree height or crown height were not well-correlated with leafmass, and therefore leaf mass estimates for blue oaks should not be based on them.  

BVOC estimates indicate blue oaks may be significant contributors of isoprene to California airsheds where this species is plentiful.  BVOC fluxes should be measured for oak savannas for comparison to estimates derived from ARB models.

6.3
Assessment of the GAP GIS Landcover Database for BVOC Emission Inventory Development
A ground-based assessment of the GAP database was conducted to evaluate its use in developing a BVOC emission inventory for Central California.  Species were notated and measurements made of plant dimensions following the protocol used in earlier ARB-funded studies (Winer et al. 1998, Chung and Winer 1999, Winer and Karlik 2001, Karlik et al. 2001) in six locations selected by ARB (Benjamin 2000) to both represent BVOC “hotspots” based on model output and varied plant communities.  The species listed by GAP accounted for a range of 0-100%, with a mean of 13%, of the relative cover in the polygons.  Of the 44 species listed by GAP for primary, secondary and tertiary assemblages for which data were collected (those species above the survey height), 14 were found to be correctly listed within their respective assemblages, 3 were found to be listed for the wrong assemblage, and 27 were below percentages of co-dominants of any assemblage.  In the nine polygons, a total of 39 additional species not listed by GAP were found to be present in amounts sufficient to consider them as potential co-dominants.  However, the listings of oak species and others considered to be important in their magnitudes of biogenic emissions were in reasonable agreement with field data.  Summed over all nine polygons, total BVOC emission indices based on field data were 84% greater than those based on GAP, but for individual polygons ranged from –90% to more than +1000%.  The GAP database should be used with caution for developing BVOC inventories.  Other databases more limited in geographic coverage may be also useful, and should be checked for accuracy against field data, particularly for representativeness for species of interest.


It is important to note that the primary purpose of the GAP Analysis Program is to identify the distribution and management status of plant assemblages, rather than to quantify individual plant species.  Nevertheless, the quantitative and species-specific nature of the GAP database represents an advance in landcover classification.  While those features of the GAP database may prove useful for BVOC emission inventory development, our data suggest utilization of GAP data for this purpose must be undertaken with caution by ARB modeling staff.  

7.0
RECOMMENDATIONS FOR FUTURE RESEARCH

Further research should be undertaken to provide data vital for spatial allocation and quantification of BVOC emissions, in support of ARB’s statewide modeling mission to determine the relative importance of VOC vs. NOx emission controls in various airsheds.  The research proposed below provides a means to address current data deficiencies and to strengthen methodology for California in a direction previously recommended (Winer et al. 1995, 1998; Winer and Karlik 2001).  It has the advantage of interlinking new data to the extensive database already gathered during earlier 1996-1997 and 1998-2000 studies, and addressing research proposed during the December, 2000, ARB research workshop on BVOC needs.  

Obtaining additional quantitative data should permit a more refined appraisal of taxonomic predictive methods for estimating leafmass constants both for plant species found in urban landscapes and those found in natural plant communities.  Field validation of other GIS databases (beyond GAP) should be designed to provide an accuracy assessment of spatial allocation of plant communities and provide quantitative data for assessment of leafmass estimation methods for natural plant communities based on previously published data.  Scaling issues related to BVOC emissions should also be directly addressed through a whole-plant enclosure system with sampling at leaf-, branch-, plant- and landscape-scales.  

Research questions remain in other areas as well.  These include investigation of the quantities of oxygenates or other BVOC emitted by vegetation (which may be significant for some plant species); measuring NOx and other gaseous nitrogenous compound emissions from vegetation and soil in both natural and agricultural situations; developing ground-based methods for rapid and accurate LAI measurements for urban vegetation and plants in natural communities; building databases for plant specific emissions of aerosols or their precursors; developing species-specific deposition information; and developing net-effects models for vegetation in California airsheds.  Recent LAI databases should be consulted and evaluated along with ground-based measurements made in California and with values from Mediterranean plant communities to better understand LAI values for California.  These databases include: 

http://www-eosdis.ornl.gov/VEGETATION/lai_des.html, and 

http://www-eosdis.ornl.gov/VEGETATION/LAI_support_images.html (Nikolov 2002).

7.1  
Potential Future Research
7.1.1  
Overall Objectives
The overall objectives of the proposed research are to provide information critical to resolve key remaining questions related to BVOC emission inventories.  Because these inventories depend upon scaling up of leaf-level or branch-level emission factors via species-specific leafmass estimates within a geographic region, proposed research addresses components within several levels of inventory development.  A chapter listing proposed research was part of the recent report of Winer and Karlik (2001), and to avoid redundancy the specific points mentioned there will not be rehearsed here.  Rather, the research proposed below stems from the present study, including field experience and results.  

7.1.2  
Specific Research Needs
(1)
The present research reveals a need to develop taxonomic or structural class frameworks for leaf mass constants, SLW, SLA, and LMD for leaf mass estimation, based on reported values and experimental results. 

(2)
There is a need to further develop quantitative data for leaf mass for selected oak species in a natural environment through a volumetric approach, and exploration of allometric methods and indirect methods (e.g. light interception).  Validated methods are needed for estimation of foliar mass of individual trees as well as oak woodlands.  Comparisons of calculated leaf mass should be made with results from other measurement methods, ideally including whole-tree leaf removal.

(3)
Although the present remote-sensing approaches for LAI  and the existence of plant cover databases offer promise for describing leaf masses and locations in the natural areas, similar methodologies are not available at this time for urban vegetation.  Thus, field studies or testing of remote sensing methods for describing California's urban vegetation are required.

(4)
Further research is required to understand the utility and uncertainty of other GIS databases for natural plant communities adjacent to the Central Valley through quantification and validation.  Comparison of information in these databases with field measurements obtained in the present study and the study of Winer and Karlik (2001) should be possible.  

(5)
Refinement and validation of ground-based methods for measuring LAI are needed.  Data from instruments which measure LAI indirectly, e.g. from light interception, are affected by variations in clumping of leafmass, leaf angle, and other factors.  Obtaining reliable output for plant canopy analysis instruments is non-trivial.  It is at present difficult to measure LAI accurately, and with confidence, without time-consuming site-specific cross-checks provided by other measurement methods.  

(6)
Comparisons of ground-based LAI measurements with those from satellite-based instruments should be made to both verify the LAI database used by ARB and to provide estimates of uncertainty for species, locales, and plant communities of greatest interest, e.g. oaks.

(7)
ARB methodology for BVOC inventory development should be tested through evaluation of LMD calculated on the basis of LAI and SLW for specific plant species.  The resulting LMD values could be checked against values reported for similar plant communities, and against results obtained through previously funded ARB research.  Also, perhaps simplifying assumptions can be made, or an ecosystem approach could be considered based on current understanding of taxonomic relationships for BVOC for isoprene and monoterpenes.  It may be possible to focus additional research efforts on plant communities or species likely to be dominant in BVOC inventories, for example the oaks.

(8)
Registration problems of satellite databases of LAI need to be addressed.  Such databases need to be checked for congruence with vegetation databases in-use or considered by ARB.  Without congruence of LAI and plant species databases, calculations for leaf mass based on them are compromised.  Also, field validation of incongruent databases becomes problematic because of difficulties matching locations in the field to the respective GIS databases. 

(9)
BVOC flux measurements should be made in oak savannas, and those measurements compared to values obtained through ARB models and to the values based on the whole-tree harvest of this study.
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9.0
GLOSSARY OF TERMS, ABBREVIATIONS AND SYMBOLS

ARB

California Air Resources Board

ARCINFO
Vector-format GIS used to provide DRI Landsat TM-based vegetation classification files for the SARMAP/BIOME model

BEIGIS
Biogenic Emission Inventory Geographical Information System

BVOC

biogenic volatile organic compounds

DBH

diameter at breast height

GAP

Gap Analysis Project

GIS

geographic information system

GPS

global positioning system

LA

leaf area

LAI

leaf area index

LMD

leaf mass density

NDVI

normalized difference vegetation index

NOx

oxides of nitrogen (NO + NO2)

SCAQMD
South Coast Air Quality Management District

SLA

specific leaf area

SLW

specific leaf weight

SoCAB
South Coast Air Basin

UAM

Urban Airshed Model

VI

vegetation indices

VOC

volatile organic compounds
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