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EXECUTIVE SUMMARY

This project was proposed and approved as a supplement to ARB Contract No.A032-180, "Assessment of
Acidic Deposition and Ozone Effects on Conifer Forests in the San Bernardino Mountains."” The final report
for A032-180 was submitted in March 1996. The four tasks to be completed by this project (ARB Contract
No0.92-335) were: (1) Continue dry deposition monitoring at Barton Fiats for several months during the
summer of 1994; (2) Calibrate the Nutrient Cycling Model (NuCM) for the Barton Flats area and run
simulations to examine some possible effects of five levels of nitrogen deposition over a 40 yr period; (3)
Determine the relationship between stomatal conductance and ozone uptake for Jeffrey pines of three size
classes during diurnal and seasonal cycles; and provide a one-time assessment of the variability of stomatal
conductance at several Sierra Nevada sites; (4) Conduct an intensive sampling study during July 18-31, 1993
in order to examine the fine structure of events or processes including, meteorology, atmospheric chemistry,
pollutant flux to foliage, tree physiology, and the efflux of CO, and NO from soils.

The investigators elected to include the data from the additional dry deposition monitoring in the summer of
1994 as part of the report for Contract No. A032-180. The only portion of that work included in this report
was the data from the intensive sampling period (summarized below).

The Nutrient Cycling Model (NuCM) was formerly appropriate for humid forests of the eastern United States
but this project succeeded in calibrating it for Barton Flats, a "dry” ponderosa pine ecosystem. The model
was used to simulate the effects of varying levels of atmospheric N deposition ranging from 0.14 to 6.83
kmol ha! yr'! (1.9 to 95.6 kg ha'! yr'!). Simulation results indicated a significant increase in NO; leaching,
reduced N retention, and a cessation of growth response to N input at deposition levels greater than 2.73 )
kmol ha'! yr! (38.2 kg ha'! yr'!). Increasing simulated N deposition levels from 0.14 to 0.68 and 1.37 kmol
ha'l yr! (1.9 to 9.5 and 19.5 kg ha'! yr'!) reduced base cation leaching because of an anion shift from NO;-
to HCO,™ and SO,42- caused by lower soil solution pH. Increasing deposition levels resulted in reduced
exchangeable base cation levels in the soil, especially at the highest deposition leve! (6.83 kmol ha! yr'!) and
especially with respect to K*.

These simulation results are not offered as quantitative predictions of what specific response will occur at a
specific N deposition loadings but rather as indicators of what is expected with changing N loadings based
upon our best current knowledge of nutrient cycling within this ecosystem. The results of these simulations
clearly identify key indicators of long-term deposition effects and suggest several hypotheses that could be
tested in either a field or laboratory setting.

Average monthly O, flux to pines was calculated for daylight hours for each of the summer months of 1992
to 1994. Rates of stomatal conductance as measured for water vapor were converted to rates of conductance
for O and the average daily rate of conductance was calculated for each month. Flux of O5 to foliage was
calculated as average daily O3 concentration times daily conductance rate. Ozone flux to pine foliage was
highly variable, both from year-to-year and within the year. Ozone flux to foliage was highest in June, and
declined rapidly after June particularly in a dry year such as 1994. From 60% to 70% of total annual ozone
uptake occurred in the months of May, June, and July. Flux of ozone to foliage of mature pine trees averaged
30% lower than fluxes to seedlings and saplings during peak periods in early summer. Later in the summer



and in dry years, ozone flux to mature trees was equal to or only slightly lower than flux to foliage of other
age classes of trees. Total amount of precipitation in the previous winter was associated with total ozone
uptake in 1992 (high precipitation) and 1994 (low precipitation), but not in 1993, a year of high precipitation
but low ozone uptake. These estimates of stomatal conductance and ozone flux also suggest that flux rates of
other pollutants which enter the leaf through the cuticle and to some extent through the stomata, including
HNO;, NH;, and NO, , would follow the same seasonal pattern as ozone. We are now able to compare this
physiologically-based estimate of seasonal ozone flux to foliage of Jeffrey pine at Barton Flats with the purely
physical estimate of flux simulated by the Big Leaf Model (Draft Final Report for Contract No. A032-180).
This task is sizeable and is recommended for future study.

The one-time survey of environmental factors controlling stomatal conductance of pines at Sierra Nevada sites
associated with the interagency project (Forest Ozone Response Study) found significant variation among
sites, among plots, and among trees within plots. No geographical trends were observed. The best predictor
of rates of conductance was needle length, which may be a good surrogate indicator of site conditions
favoring tree growth. The sample size needs to be larger in order to increase confidence in this conclusion.

The intensive study during July 18-31, 1993 was carried out in order to observe as many processes as
possible in finer time resolution. The day-to-day weather during the two week period was very typical of
previous summers. No rain occurred so only air concentrations and dry deposition of acidic species and ozone
could be measured or estimated. For example, at the monitoring station the sampling of particulate matter and
reactive gas species was done for the morning period (0600 to 1200 PST), afternoon 1200 to 1800 PST and
nighttime (1800 to next day 0600 PST). The lowest concentrations for the intensive monitoring period all
occurred during the morning period, with the exception of PM, 5 chloride and gaseous ammonia, sulfur
dioxide, and nitric acid concentrations. It implies that PM, 5 mass and ions vary significantly during the
daytime and much of the information was not attainable by acquiring an integrated 12-hour sample, as was
the normal sampling schedule for the remainder of this study and Contract No. A032-180. Comparisons of
the two-week data set with earlier data showed that the air chemistry and meteorology was representative of
the summer of 1992 and 1993.

During the intensive study dry deposition fluxes of nitrate and ammonium to foliage of container-grown
ponderosa pines were similar at all three plots. Among ponderosa pine, white fir and California black oak,
the highest deposition flux was to foliage of black oak. The measurement of stomatal conductances of
seedling, sapling and mature Jeffrey pines over a diurnal period showed that 0900 to 1200 conductances were
appropriate for estimating ozone flux for the entire daylight period. Carbon dioxide fluxes from soils were
comparable to rates observed in other forest and chaparral soils. Nitric oxide fluxes exceeded those of eastern
forests by an order of magnitude.

This project along with Contract No. AQ32-180 have provided an infrastructure for continued monitoring of
the responses to climate, ozone, and acidic pollutants by the mixed conifer forests at Barton Flats. Additional
products include an extensive database, published protocols and quality assurance objectives, and models that
assist in estimating pollutant deposition to the forest canopy and long-term effects on nutrient cycling.
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1.0 INTRODUCTION

The plan for this project was based on the conclusions reached at a mid-project meeting to evaluate the
progress of the preceding Air Resources Board-sponsored Contact No. A032-180: "Assessment of Acidic
Deposition and Ozone Effects on Conifer Forests in the San Bernardino Mountains." Co-investigators
proposed tasks which would lead to a more coherent interpretation of the existing data sets and fill some
information gaps that were then apparent, The tasks resulting from these deliberations were:

1. Extend atmospheric chemistry and meteorological monitoring for one additional year, namely, 1994,
to improve the estimate of year-to-year variation at Barton Flats.

2. Calibrate the Nutrient Cycling Model (NuCM) for the soils and vegetation of the Barton Flats area
and run simulations using several scenarios of nitrogen deposition over a 40 year time span.

3. Determine the seasonal and diurnal trends of stomatal conductance in different size classes of
ponderosa and Jeffrey pines, and the relationship of conductance to gaseous pollutant uptake at Barton
Flats and also at several Sierra Nevada sites.

4. Conduct an intensive study providing more frequent observations of atmospheric chemistry, pollutant
deposition and tree physiological responses during July 18-31, 1993,

The schedule for completion of field work for ARB Contract No. A032-180, and the four tasks described
above, is shown in Figure 1-1. All data gathering work was completed on schedule in November 1994, but
additional time was required to finish data analysis for tree response information collected in September 1994,
A 6-month no-cost extension was granted which enabled the inclusion of all of the 1994 tree response data in
this report.

It was more convenient for some investigators to report the resuits of the intensive study (Task 4) in the final
report of Contract No. A032-180. Only summaries and conclusions will be included here, however, full
details are available in the Contract No.A032-180 final report.
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2.0 SIMULATED EFFECTS OF N DEPOSITION RATES ON GROWTH AND NUTRIENT
CYCLING IN A PONDEROSA PINE FOREST

Dale Johnson, Mark Poth, Mark Fenn, Paul Miller, and Andrzej Bytnerowicz

2.1 Introduction

In comparison to more humid regions, there is a paucity of information about nutrient cycling in forests of
arid and semi-arid regions. There has been some nutrient cycling work in ponderosa pine (Pinus ponderosa)
(e.g., Klemmedson, 1975; Hart and Firestone, 1989) and lodgepole pine (Pinus contorta) ecosystems (Fahey,
1983; Fahey and Knight, 1986), but these are relatively few in number compared to studies of more humid
regions (e.g., Cole and Rapp, 1981; Johnson and Lindberg, 1991).

There are several reasons to increase our knowledge of nutrient cycles in semi-arid forests. First, this
knowledge would allow intelligent assessments of forest management practices such as harvesting, burning,
and site preparation as well as the effects of exogenous influences such as fire, air pollution, and climate
change on these forests. Second, these forests act as filters for nutrients, especially nitrogen, which might
otherwise enter the sensitive surface or groundwaters. In this context, there is considerable concern over the
prospects for humid region forests becoming "nitrogen saturated” from atmospheric N inputs (Nilsson and
Grennfelt, 1988; Schulze et al., 1989; Aber et al., 1989). Critical ioad calculations for N saturation have
been made for many of these ecosystems which consider vegetation uptake and increment as the primary
factors controlling forest ecosystem N retention and attribute little potential for soil N accumulation (Nilsson
and Grennfelt, 1988; Schulze et al., 1989).

While N deposition rates in the semi-arid western US are typically low relative to the eastern US or Europe,
there are notable exceptions. Fenn and Bytnerowicz (1993) report total N deposition rates ranging from 6 to
30.7 kg ha'! year'! in the San Bernardino mountains of southern California. Recent estimates of fog
deposition suggest that total N inputs may exceed 50 kg ha™! yr'! at one site (Camp Pavika) (Fenn et al.,
submitted). These values bracket the range of N inputs in more humid forest ecosystems: Lovett (1991)
reported N deposition values of 4-27 kg ha'! yr'! in the Integrated Forest Study (IFS) sites. Some of the IFS
sites with high N deposition rates also have high soil solution nitrate concentrations and nitrate leaching rates:
Van Miegroet et al, (1991) report soil nitrate leaching values of <1 to 26 kg ha’l yr‘1 for the Integrated
Forest Study sites. The most "nitrogen saturated” of these sites - red spruce forests of the Great Smoky
mountains of North Carolina - also have concentrations of Al in soil solution that approach thresholds for
toxicity (Johnson et al., 1991). Elevated soil solution nitrate concentrations have also been found at the Barton
Flats intensive study site in the San Bernardino mountains, where N deposition rates are at least 6 kg ha™!
yr'l. In order to gain some understanding of the potential effects of varying N inputs on ponderosa pine
ecosystems, we have calibrated the Nutrient Cycling Model (NuCM) for the Barton Flats intensive study site
and run simulations of N inputs ranging from near pristine (1.9 kg ha'! yr'!) to heavily polluted (95.6 kg ha'!
yr'ly levels.

2.2 Site and Methods
2.2.1 Field Site
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The San Bernardino mountains begin at the Cajon pass, which cuts between them and the San Gabriel
mountains, approximately 80 kilometers east of Los Angeles. The San Bernardino mountains extend eastward
for another 80 kilometers. Barton Flats, the site calibrated for these simulations, lies near the center of the
mountain range. The elevation is 1946 m and mean annual precipitation of 540 mm (Arkley, 1977; Fenn and
Dunn, 1989).

Meteorological data was obtained from the National Weather Service central archives (NOAA, NWS, Raleigh
NC). The nearest complete data were from Norton Air Force Base in the city of San Bernardino which is at
the foot of the San Bernardino mountains. Data were corrected for the difference in elevation between the
study site at Barton Flats and Base. Annular denuder systems as described by Possanzini et al. (1983) and
modified by Peake and Legge (1987) were used for collection of nitric acid (HNQj3) vapor, nitrous acid
(HNO,) vapor, ammonia (NH3), and fine particles (< 2.2 um diameter). The samples were collected for 24
hr periods.

Plant and soil analyses were done according to the methods described by Robarge and Fernandez (1986) with
the exception of the method used for P determinations (Glaubig and Poth, 1993). Soil samples were taken
from 15 soil pits dug in the Barton Flats area. Mean soil horizon values were used to parameterize the model.
Means of plant nutrient concentrations for each of the three dominant tree species (Pinus ponderosa Laws.,
Abies concolor, Quercus kellogii) were also used (n = 5). Soil solution was collected by centrifugation and
analyzed for anions via ion chromatography using a Dionex 4000i ion chromatograph and for cations via
atomic absorption spectroscopy (Perkin-Elmer 5000).

2.2.2 NuCM Model Calibration

NuCM is a stand-level nutrient cycling model developed as part of the Electric Power Research Institute’s
Integrated Forest Study (Liu et al., 1991; Johnson and Lindberg, 1991). The forested ecosystem is
represented as a series of vegetation and soil components. The model provides for both an overstory and
understory, each of which can be divided into canopy, bole, and roots. Tree growth in the model is a function
of user-defined stand developmental stage and the availability of nutrients and moisture. Using mass balance
and transport formulations, the model tracks 16 solution-phase components including the major cations and
anions {analytical totals), ANC (acid-neutralizing capacity), an organic acid analog, and total aluminum (Liu
et al., 1991). The concentrations of hydrogen ion, aluminum and carbonate species, and organic acid ligands
and complexes are then calculated based upon the 16 components. The acid-base characteristics of the forest
soil solution are computed by the model to properly account for the influence of hydrogen-ion concentration
on cation exchange and mineral weathering.

The model routes precipitation through the canopy and soil layers, and simulates evapotranspiration, deep
seepage, and lateral flow. The soil includes multiple layers (up to ten), and each layer can have different
physical and chemical characteristics. The movement of water through the system is simulated using the
continuity equation, Darcy’s equation for permeable media flow, and Manning’s equation for free surface
flow. Percolation occurs between layers as a function of layer permeabilities and differences in moisture
content.

Nutrient pools associated with soil solution, the ion exchange complex, minerals, and soil organic matter are
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all tracked explicitly. The processes which govern interactions among these pools include user-specified rates
for decay, nitrification, anion adsorption, cation exchange and mineral weathering.

The model simulates the noncompetitive adsorption of sulfate, phosphate, and organic acid. Sulfate adsorption
can be simulated in NuCM using either linear or Langmuir adsorption isotherms; the Langmuir isotherm was
used in these simulations. As noted by Prenzel (1994), most models fail to incorporate pH-dependency into
their formulations for soil sulfate adsorption; however, NuCM incorporates pH-dependent SO,2" adsorption
into the Langmuir equation. Phosphate adsorption in the model is represented by a linear isotherm.

Cation exchange is represented by the Gapon equation because of empirical laboratory studies during IFS
showing that the Gapon was more accurate and stable in predicting soil solution cation concentrations under
varying ionic strengths (Richter et al., 1991). Mineral weathering reactions are described in the model using
rate expressions with dependencies on the mass of mineral present and solution-phase hydrogen-ion
concentration taken to a fractional power.

NuCM was calibrated for the Barton Flats site using data collected from the site for vegetation and soil
nutrient concentrations, soil and litter mass, and soil solution concentrations. At the time of this exercise, no
data for biomass from the Barton Flats site was available, so the data on a ponderosa pine stand from
Klemmedson (1975) was used.

Procedures outlined in the User’s Manual (Munson et al., 1992) were used in the calibration; details are
described elsewhere (Liu et al., 1991; Johnson et al., 1993). Several model parameters which were of no
great consequence to our particular ecosystem and for which no data were available (such as organic acid
adsorption, phosphate adsorption, snowmelt characteristics, fractions of leachable nutrients in litter, etc.) were
left as in the original model formulation (Liu et al., 1991).

Five N deposition scenarios were run: inputs of 1.96, 9.62, 19.2, 38.2, and 95.6 kmol ha™! yr-! (1.9, 9.5,
19.2, 38.2, and 95.6 kg ha'! yr"). These inputs were 0.1 x, 0.5 x, 1x, 2 x, and 5 x the baseline input value
in the model of 1.37 kmol ha™! yr'! for Barton Flats. Each simulation was run from the same initial
conditions, with no input variable changed except N deposition. Simulations were run for 40 years each.
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2.3 Results

As expected, increases in simulated N deposition resulted in increases in simulated NOy- leaching! (Table 2-1
and Figure 2-1). However, simulated NO;" leaching rates increased substantially only after N deposition rates
became 2 x current rates or higher. Cumulative net ecosystem N retention was actually lower at 0.1 x N
(63% of input) than at 0.5 x Nor 1 x N (87 and 89% of input, respectively), even though NO;" leaching
rates increased progressively with N deposition throughout these scenarios (Table 2-1). Apparently, the NOy-
leaching rate at 0.1 x N was near a baseline level. Simulated vegetation and forest floor N contents increased
progressively with N deposition from 0.1 to 1 x N, accounting for the retention of N in the ecosystem (Table
2-2). Between 0.1 and 1 x N, vegetation N content increased by 34.59 kmol ha'! (86%), forest floor N
increased by 6.54 kmol ha! (22%), and the sum of vegetation, forest floor and soil exchangeable N increased
by 41.13 kmol ha! (59%) (Table 2-2). At N deposition levels of 2 x N and 5 x N, net ecosystem retention
decreased to 55 and 25% of input, respectively (Table 2-1). There were some increases in vegetation (8.58
kmol ha'!, or 11%) and forest floor (1.52 kmol ha!, or 4%) N contents from 1 to 2 x N, but no further
increases at 5 x N (Table 2-2). There was a large relative increase in exchangeable N from the 2 to the 5 x N
scenarios (8.14 kmol hal, or 16,380%) but the absolute magnitude of this increase was too small to cause a
large increase in ecosystem N retention (the sum of vegetation, forest floor, and exchangeable N increased by
only 7%, all in the form of exchangeable N) (Table 2-2).

The patterns of simulated leaching and N retention closely corresponded to those in growth. Simulated growth
increased substantially from the 0.1 to 0.5 and 1 x N scenarios, indicating N deficiency at less than 1 x N
input (Figure 2-2). Growth rate also increased slightly from the 1 to 2 x N scenarios, but there was no further
growth increase from the 2 to the 5 x N scenario. The N deposition scenarios caused relatively large
reductions in P leaching due mostly to accumulation of P in vegetation and forest floor (Table 2-1 and Figure
2-3). However, P leaching rates were low in relation to ecosystem P pools, so that the changes in the latter
with N deposition were very slight (< 0.5% variation among scenarios) (Table 2-2 and Figure 2-3). Soil
exchangeable P pools were somewhat depleted due to uptake and accumulation in vegetation and forest floor
pools, and there was a slight increase in soil exchangeable P from the 2 x N to the 5 x N scenario due to soil
acidification and increased pH-dependent P adsorption (Table 2-2).

Increases in N deposition from 0.1 to 1 x N caused unexpected reductions in simulated K*, Ca®*, Mg?+,
base cation, and ANC leaching rates (Table 2-1 and Figures 2-4 through 2-8). This was due to a complicated
set of chemical interactions which resulted in lower total anion concentrations with increasing N deposition
from 0.1 to 1 x N during winter months (October through February) when most leaching occurred. Figures
2-9 through 2-16 illustrate these interactions on a seasonal basis for years 2 and 40 of the simulations.
Although summertime soil solution NO5~ concentrations increased with increasing N deposition from 0.1 to 1
x N (Figure 2-9), this had little effect upon leaching rates because water flux was low during this period. Soil
solution pH was reduced with increasing N deposition (Figure 2-10). The pH reductions were due to a
combination of reduced base saturation (especially later in the simulation; Figure 2-11) and the "salt effect”,

L Over 99% of total N leaching occurred as NOy; thus, NO5 leaching can be equated with total N leaching
for all practical purposes.
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whereby increases in mineral acid anion concentration (NO5- in this case) cause H* concentration to increase
(Reuss and Johnson, 1986). These reductions in soil solution pH directly caused reductions in soil sclution
ANC (Figure 2-12) and indirectly caused reductions in soil solution SO, because of increased pH-dependent
SO42- adsorption (Figure 2-13). The net effect was a reduction in scil solution total anion (and cation)
concentration with increasing N deposition from 0.1 to 1 x N during the winter months (Figure 2-14). At
later stages of the simulations, there were also increases in soil solution Al concentrations (Figure 2-15),
which caused further reductions in base cation leaching.

Although K™, Ca®*, and Mg?* leaching rates decreased from 0.1 to 1 x N for the reasons noted above, soil
exchangeable K™, Ca?*, Mg?™* pools decreased continuously from 0.1 to 5 x N deposition (Table 2-2). The
decreases from 0.1 to 1 x N were due to uptake and accumulation in vegetation, which offset the reductions
in leaching. As N deposition rates increased from 1 to 5 x N, base cation leaching rates increased again, and
at 5 x N, there were large decreases in soil exchangeable base cation pools (Tables 2-1 and 2-2). The
decrease in exchangeable pools was much larger for K* (decreased by 77% from 1 to 5 x N), than for Ca?™
and Mg®* (decreased by 18 and 23%, respectively, from 1 to 5 x N) (Table 2-2).

2.4 Discussion

The NuCM simulations for Barton Flats produced some results that were expected and some that were
unexpected. The reductions in N retention and increases in NO;~ leaching with increasing N deposition were
certainly expected; the only question was at what levels of N deposition the effects would occur. There was a
continuous increase in NO;~ leaching with N deposition, but the leaching rates were relatively low until N
deposition increased beyond 1 x N (19.2 kg ha! yr'!). At some level between 2 and 5 x N deposition (38.4
and 95.6 kg ha'! yr'l), growth responses to N ceased and N retention remained constant. Thus, N
“saturation” occurred at some point above 38.4 kg ha'! yr'!, if N “saturation” is defined as the inability to
accumulate further N. Below 38.4 kg ha! yr'!, a pronounced N deficiency occurred, as would alsc be
expected as the norm in less polluted semi-arid forests of this type. The threshold at which N "saturation”
occurs in a given simulation will vary with input values for vegetation N uptake (which in turn are
determined by the maximum allowable growth and N concentrations in trees) and the degree of soil N
retention. In the absence of any further data for these parameters in varying N deposition regimes, we have
left them constant.

Although growth response to N occurred up through 38.4 kg ha! yr'! (Figure 2-2), soil solution NO5-
concentrations peaked at relatively high midsummer values (> 150 pmol, L) even at the lowest N
deposition scenario (1.9 kg ha! yr'!). These peak NO;" concentrations would pose no serious threat for
ground- or surface water pollution, however, because of the lack of water movement at that time. In practice,
it may prove infeasible to collect soil solutions to check the simulation results during these dry periods
because soil moisture tensions are very high.

The reductions in Ca?*, Mg?™, and K* leaching to reduced N deposition rates were unexpected. These
reductions were an indirect result of complicated interactions among soil solution pH, base saturation, NO5",
SO,2- and HCO;y concentration which could only have been explored through simulation modeling. The
general direction of the responses in soil solution pH, SO,2-, and HCO4 concentration are of course
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consistent with the soil chemical theory built into the model, but the magnitudes of the responses and their
interactions with NO;" and base cations were not intuitively predictable, very interesting, and worthy of
testing either with field or laboratory column studies.

2.5 Summary and Conclusions

The results of these simulations suggest that reductions in N deposition to the Barton Flats site will result in the
development of N deficiency, whereas increases will result in N saturation and groundwater pollution of NO;~.
There is some suggestion from these simulations that N saturation will lead to K deficiencies because of large
reductions in soil available pools. However, this cannot be given as a prediction because of the unknown rates
of K weathering from soil primary minerals, for which there is no data. Increasing K weathering rates in the
model would greatly slow the depletion of soil exchangeable K™ pools. :

The simulations suggest that reducing N deposition rates below 19.8 kg ha! yr! would cause increases in the
rate of base cation leaching from soils due to increases in soil solution HCO;5 and SO,2- concentrations. This
interesting result was not intuitively predictable, and is worthy of testing either in the field or with laboratory
column studies. Despite the reductions in K, Ca2+, and Mg2+ leaching, however, soil exchangeable K+, Ca2+,
Mg?* pools decreased continuously from 0.1 to 5 x N deposition due to uptake and accumulation in vegetation.

The simulations indicate that summertime soil solution NO5~ cencentrations would remain elevated even under
very low N deposition rates under this climate. In practice, however, these high soil solution NO;- values would
be of little consequence because of the lack of soil moisture and may be impossible to verify because of the
difficulty of obtaining soil solution samples at high moisture tensions.

Given the uncertainties inherent in both the model formulation and the data used to calibrate it, we must advise
the reader not to use these simulation results as quantitative predictions of what specific response will occur at
a specific N deposition load (for example, we cannot state that soil solution NO;~ will increase to 100 pmol L
at an N loading of 1.37 kmole ha'! year™!). Instead, we offer the results of these simulations as indicators of what
is expected with changing N loadings based upon our best current knowledge of nutrient cycling within this
ecosystem. From a scientific perspective, the results of these simulations present some interesting hypotheses that
could be tested in either a field, or in some cases, a laboratory setting.
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Table 2-1. Simulated net ecosystem balances of N, P, Ca, K, Mg, and S under varying N deposition scenarios
(kmol ha'! 40 yrs‘l). % retention = % of deposition not lost to leaching, or balance/deposition.

Scenario 01xN 05xN 1xN 2xN 5xN
Nitrogen

Deposition 5.46 27.31 54.60 109.25 273.10
Leaching 2.02 347 5.65 49.11 203.44
Balance 3.44 23.84 48.95 59.62 69.65
% Retention 63% 87% 89% 55% 25%
Phosphorus

Deposition 0.000 0.000 0.000 0.000 0.000
Leaching 0.040 _0.029 0.027 0,014 0,008
Balance -0.040 -0.029 -0.027 -0.014 -0.008

% Retention - - - - -

Calcium

Deposition 0.47 0.47 .47 0.47 0.47
Leaching 5.20 3.07 407 8.46 30,15
Balance -4.74 -3.20 -3.60 -7.99 -29.68

% Retention - - - - -

Potassium

Deposition 0.06 0.06 0.06 0.06 0.06
Leaching 7.19 5.54 5.86 6.61 10.61
Balance -7.13 -5.48 -5.80 6.54 -10.55

% Retention - - - - -

Magnesium

Deposition 0.09 0.09 0.09 0.09 0.09

Leaching 3.57 2.53 2.84 575 16.92
Balance -3.48 2.44 275 -5.66 -16.83

% Retention - - - - -

Sulfur

Deposition 7.39 7.39 7.39 7.39 7.39
Leaching 5.93 517 512 425 4.24
Balance 1.46 2.22 2.28 3.14 3.15
% Retention 20% 30% 31% 42% 43%
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Table 2-2. Simulated nutrient distribution after 40 years under varying N deposition scenarios (kmol ha! and

kmol ha! yr1).
Scenario 0.1xN 0.SxN 1xN 2x N SxN
N Deposition 0.14 0.68 1.37 2.73 6.83
Nitrogen
Vegetation 39.97 53.96 74.56 83.14 83.14
Forest Floor 29.62 33.57 36.16 37.68 37.68
Soil, Exchangeable <0.01 <0.01 <0.01 0.05 8.19
Total 69.59 87.53 110.72 120.87 129.01
Phosphorus
Vegetation 2.93 3.93 4.43 568 5.68
Forest Floor 0.72 0.96 0.84 1.08 1.08
Soil, Exchangeable 111.10 109.80 109.60 108.10 108.40
Total 114.75 114.69 114.87 114.86 115.16
Calcium
Vegetation 17.93 21.68 23.96 30.68 31.82
Forest Floor - 3.82 4.29 4.08 4.75 4.87
Soil, Exchangeable 191.30 188.70 186.40 174.90 152.80
Total 213.05 214,67 214,44 210.33 189.49
Potassium
Vegetation 10.97 13.52 14.93 18.91 19.46
Forest Floor 7.46 8.70 8.13 9.97 10.39
Soil, Exchangeable 19.41 16.68 15.98 8.54 3.69
Total 37.84 38.90 39.04 37.42 33.54
Magnesium
Vegetation 5.90 7.39 8.11 10.68 10.68
Forest Floor 2.36 2.67 2.52 2.96 2.96
Soil, Exchangeable 43.94 43.57 42.95 38.16 28.79
Total 52.20 53.63 53.58 51.80 42.43
Sulfur
Vegetation 1.69 2.19 2.36 2.94 2.93
Forest Floor 9.88 10.03 9.96 10.11 10.10
Soil, Exchangeable 0.87 0.94 0.93 1.01 1.05
Total 12.44 13.16 13.25 14.06 14,08
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Figure 2-1. Simulated nitrogen leaching at Barton Flats under various N deposition scenarios: 0.1 x = 0.14,
0.5x =068, 1x=137,2x =273, and 5x = 6.83 kmol ha'! yr'! (1.9, 9.5, 28.7, 38.2, and

95.6 kg ha! yr'h).
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Figure 2-2. Simulated biomass at Barton Flats under various N deposition scenarios: 0.1 x = 0.14,0.5x =
0.68,1x = 1.37,2x = 2.73, and 5 x = 6.83 kmol ha'! yr'! (1.9, 9.5, 28.7, 38.2, and 95.6 kg

ha'! yrhy,
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Figure 2-3. Simulated phosphorus leaching at Barton Flats under various N deposition scenarios: 0.1 x = 0.14,

05x =0.68, 1 x = 1.37,2 x = 2.73, and 5 x = 6.83 kmol ha'! yr'! (1.9, 9.5, 28.7, 38.2, and
95.6 kg ha! yr'h).
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Figure 2-4. Simulated potassium leaching at Barton Flats under various N deposition scenarios: 0.1 x = 0.14,
05x=0.68,1x=137,2x=273,and 5x = 6.83 kmol ha'! yr'! (1.9, 9.5, 28.7, 38.2, and
95.6 kg ha'! yr'h.
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Figure 2-5. Simulated calcium leaching at Barton Flats under various N deposition scenarios: 0.1 x = 0.14, 0.5
x =068 1x=137,2x=273,and5x = 6.83 kmol ha'! yr'! (1.9,9.5,28.7, 38.2, and 95.6

kmol ha-1yr-?

kg ha'!l yr'ly,

Calcium Leaching

1.0
05 ----B--- 01xN
--e=- 05xN
--&-- 1xN
06+ e 2xN
—®— 5xN
0.4
QU.D‘JD%%DGWD
0.21 :!’: e :- P uﬂ”ﬂﬂﬂnﬂnﬂuuu Oooo0co00gooo
bt -y
kkﬁ-t—kt‘t oy .]-.‘- :—:— =-=' :t t’::': :"::“ £ ‘::
‘o .
0.0 — o ' ' ' - i
0 10 20 30 40

Year



Figure 2-6. Simulated magnesium leaching at Barton Flats under various N deposition scenarios: 0.1 x = (.14
05x =068, 1x =1.37,2x=2.73,and 5 x = 6.83 kmol ha! yr! (1.9, 9.5, 28.7, 38.2, and

95.6 kg ha'! yr'h),
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Figure 2-7.

Simulated base cation leaching at Barton Flats under various N deposition scenarios: 0.1 x = 0.14,
05x =068, 1x=1372x =273, and5x = 6.83 kmol ha! yr'! (1.9, 9.5, 28.7, 38.2, and
95.6 kg ha'! yr'h).
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Simulated acid neutralizing capacity (ANC) leaching at Barton Flats under various N deposition
scenarios: 0.1 x = 0.14,0.5x = 0.68, 1 x = 1.37, 2 x = 2.73, and 5 x = 6.83 kmol ha’! yr'l
(1.9, 9.5, 28.7, 38.2, and 95.6 kg ha'! yr'h).
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Figure 2-9. Simulated soil solution nitrate concentrations in years 2 and 40 at Barton Flats under various N
deposition scenarios: 0.1 x = 0.14,0.5x = 0.68, 1 x = 1.37, 2x = 2.73, and 5 x = 6.83 kmol
ha! yr'! (1.9, 9.5, 28.7, 38.2, and 95.6 kg ha'! yr'!).
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Figure 2-10. Simulated soil solution pH in years 2 and 40 at Barton Flats under various N deposition scenarios:
0.1x =0.14,05x = 0.68, 1 x = 1.37,2x = 2.73, and 5 x = 6.83 kmol ha'! yr'! (1.9, 9.5,
28.7, 38.2, and 95.6 kg ha'! yr'l).
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Figure 2-11. Simulated soil base saturation at Barton Flats under various N deposition scenarios; 0.1 x = 0.14,

0.5x = 0.68, 1 x = 1.37,2x = 2.73, and 5 x = 6.83 kmol ha! yr'! (1.9, 9.5, 28.7, 38.2, and
95.6 kg ha'! yr‘l).
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Figure 2-12. Simulated soil solution acid neutralizing capacity (ANC) concentrations in years 2 and 40 at Barton
Flats under various N deposition scenarios: 0.1 x = 0.14,0.5x = 0.68, 1 x = 1.37, 2x = 2,73,
and 5x = 6.83 kmol ha'! yr'! (1.9, 9.5, 28.7, 38.2, and 95.6 kg ha™! yr'}).
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Figure 2-13. Simulated soil solution sulfate concentrations in years 2 and 40 at Barton Flats under various N
deposition scenarios: 0.1 x = 0.14,0.5x = 0.68, I x = 1.37,2x = 2.73, and 5 x = 6.83 kmol
ha! yr! (1.9, 9.5, 28.7, 38.2, and 95.6 kg ha™! yr'!).
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Figure 2-14. Simulated soil solution total anion concentrations in years 2 and 40 at Barton Flats under various
N deposition scenarios: 0.1 x = 0.14, 0.5 x = 0.68, 1 x = 1.37,2x = 2.73,and 5 x = 6.83
kmol ha'! yr! (1.9, 9.5, 28.7, 38.2, and 95.6 kg ha'! yr'").
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Figure 2-15. Simulated soil solution aluminum concentrations in years 2 and 40 at Barton Flats under various

N deposition scenarios: 0.1 x = 0.14,05x = 0.68, 1 x = 1.37,2x = 2.73,and 5 x = 6.83
kmol ha! yr! (1.9, 9.5, 28.7, 38.2, and 95.6 kg ha™! yr').
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3.0 PATTERNS OF GAS EXCHANGE AND OZONE UPTAKE IN PINES AT BARTON FLATS
Patrick J. Temple

3.1 Introduction

The photochemical air pollutant ozone (O5) is responsible for significant adverse effects on foliar injury and
growth of forest trees, particularly ponderosa and Jeffrey pines, in the mountains of southern and central
California (Miller, 1992). Efforts to establish ambient air quality standards for O; that will protect trees from
injury have been hampered by uncertainties in establishing clear dose-response relationships between
atmospheric concentrations of O3 and foliar injury and growth responses of trees. A major component of
these uncertainties is the observation that the adverse effects of O5 are determined not by atmospheric
concentrations but by the biologically-effective dose of O, absorbed by the tree (Runeckles, 1991). Uptake of
ambient O; by plant foliage is determined by the gas exchange characteristics of the tree, which are controlled
primarily by rates of stomatal conductance. Factors that determine the rate of stomatal conductance will also
determine the rate of absorption of the biologically effective dose of O; derived from atmospheric
concentrations (Fowler ez al., 1989). Thus, in order to link ambient air monitoring of O5 with predicted or
observed effects on foliar injury or tree growth, it is necessary to determine the amount of O absorbed by
the tree over the monitoring period (Taylor and Hanson, 1992).

Stomatal conductance is a highly complex physiological parameter, under the control of a suite of exogenous
and endogenous factors. Current attempts to model stomatal conductance and pollutant deposition, such as the
Big Leaf model, have emphasized exogenous or environmental control variables, particularly light, relative
humidity, soil water, and temperature (Baldocchi er al., 1987, 1991). However, endogenous factors, such as
species-specific rates of conductance, or difference in rates of conductance between seedlings and mature
trees, may play an even greater role in determining O uptake. Relatively few studies of rates of stomatal
conductance have been conducted in the field, and even fewer have measured conductance in the canopies of
mature trees for extended periods of time.

3.2 Objective

The objective of this research was to provide specific information on rates of stomatal conductance of
different age classes of ponderosa and Jeffrey pines in relation to seasonal changes in environmental
conditions, particularly soil water, and to endogenous factors, particularly tree age and developmental stage of
the foliage. These data were then used to derive monthly and annual budgets for absorbed Q5 dose, which

will be used to link ambient O3 concentrations with measurements of foliar O; injury in the field.

3.3 Methodology

The research was conducted at the Barton Flats tower site, at 2150 m in elevation in the San Bernardino
mountains. Systematic measurements of leaf stomatal conductance were taken on a population of Jeffrey
pines, consisting of seedlings < 0.5 m in height, saplings 2 to 3 m in height, and mature trees accessed from
the tower to a height of approximately 30 m. Intensive measurements were taken on an individual seedling
underneath the mature tree canopy and on an individual sapling growing in the clearing 10 m from the base
of the tower. Comparative measurements with other seedlings and saplings indicated that rates of stomatal
conductance in the seedling and sapling were representative of their age classes of pines. Measurements of
stomatal conductance at the tops of mature trees could only be taken from the tower, so the representativeness
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of these measurements could not be determined. However, foliage from the three trees accessible from the
tower usually had rates of stomatal conductance that were in agreement to within +/- 10 percent, suggesting
of these measurements that they were representative of the population of mature pines at that site.

Beginning in May 1992, rates of stomatal conductance were measured on seedlings, saplings, and mature
trees using a steady-state porometer (Model L1-1600, Licor Corp., Lincoln, NE) equipped with a cuvette head
especially designed for conifer foliage. Measurements were conducted weekly or biweekly from May to
October of 1992, 1993, and 1994, and monthly during the winters of 1992-3 and 1993-4, except when the
site was inaccessible. Rates of conductance were measured on three needle fascicles of each age class of
foliage, between 0900 and 1200, when rates of conductance were usually at their maximum. Hourly
measurements of conductance and transpiration were made on the three age classes of trees from 0600 to
2000 during a period of intensive study in the third week of July 1993, to determine complete diurnal profiles
of gas exchange for the trees during the course of the day. .

The diameter of each needle fascicle in the cuvette was measured with a digital electronic microcaliper
(Mitutoyo Corp., Japan) and the leaf area of the needles was calculated using the formula:

Area(cm?) = 2RL(n + 7,

where R = fascicle radius (cm), L. = needle length (¢cm), and n = number of needles per fascicle, 3 for both
ponderosa and Jeffrey pine. These data on leaf area were used to calculate leaf gas exchange on a leaf area
basis. Simultaneous measurements of light intensity, relative humidity, and ambient and leaf temperatures
were taken with sensors attached to the porometer cuvette.

Concurrent measurements of volumetric soil water contents in the clearing and under the mature tree canopy
at the tower site were obtained using an instrument that employed the principle of time-domain reflectometry
(TRASE Soil Moisture Meter, SoilMoisture Corp., Santa Barbara, CA). Because of the rocky nature of the
soil at the tower site, measurements of soil water were confined to the upper 15 cm of the soil profile.
Records of annual and monthly precipitation in the area were obtained from a weather station in Big Bear, 10
km north.

Data on ambient O5 concentrations in the area were obtained from a monitoring station located at Barton
Flats. Average monthly O; for daylight hours was calculated for each of the three years of the study. Rates of
stomatal conductance as measured for water vapor were converted to rates of conductance for O3 and the
average daily rate of conductance was calculated for each month. Flux of O to foliage was calculated as
average daily O, concentration (umol mol™') times daily conductance rate (mol O3 m? day’!) = 03 flux, in
pmol m2 day™! for each month of the year.

3.4 Results and Discussion
3.4.1 Patterns of Precipitation and Conductance

Stomata! conductance in the seedlings, saplings, and mature ponderosa and Jeffrey pines at the Barton Flats
tower site were strongly influenced by annual and seasonal patterns of precipitation both before and during
the three years of the study. Annual precipitation in the area in the previous seven years (1984 to 1990) had
averaged 30 percent below normal. This prolonged drought affected the foliar characteristics of the needles,
which were significantly shorter than normal. The trees also retained greater numbers of annual whorls of
foliage, so that the Jeffrey pines in 1992 retained 7 or more years of foliage, rather than the typical 4 to 5
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years of needle retention. The 1990 needle cohort was very small, and in some cases was missing, in
response to the extremely dry year of 1989, which was 70 percent below the long-term average precipitation.
In 1991, nearly 20 cm of rain fell in March and the trees began to recover from the drought, although annual
precipitation totals were below long-term means.

In contrast, precipitation in 1992 was 10 percent above the long-term average of 22.65 cm. Summer rains
during July-August increased soil water contents that had been depleted earlier in the summer (Figure 3-1).
Maximum rates of stomatal conductance for the seedling and sapling trees of 0.08 mol m™ s™! occurred in
early July but by early August conductance had decreased significantly, and then rates gradually declined
during the rest of the year to values of 0.01 mol m™? s*! (Figure 3-1). The peak rates of conductance for the
young trees measured in 1992 were the highest observed during the three years of the study, which may have
reflected recovery from low conductance during the drought years. Peak stomatal conductance for the foliage
of mature trees was less than half that of the younger trees, but by mid-August there were no differences in
rates of stomatal conductance among the three age classes of trees (Figure 3-1). The relationship between
rates of stomatal conductance in the trees and amount of water in the surface soil was not clear, because peak
stomatal conductance had occurred before the onset of the summer rainy period, and conductance rates
declined at the time that soil water contents remained high (Figure 3-1).

Annual precipitation in 1993 was greater than that of 1992, averaging 42 percent higher than the long-term
mean. A late seasonal storm in early June increased the water content of the soil to levels higher than those at
the beginning of the year, and soil water remained relatively constant from July to October (Figure 3-2).
Patterns of stomatal conductance in the trees were significantly different than those observed in 1992 (Figure
3-2). Stomata were effectively closed during mid-winter months for all age classes of trees. Conductance in
seedlings increased gradually in April and remained relatively constant at 0.03 mol m2 s~! until late August,
then declined throughout the remainder of the year. Stomatal conductance in the sapling showed a similar
pattern, except that the decrease in rates of conductance began earlier in August (Figure 3-2). Conductance in
foliage of the mature trees fluctuated throughout the summer, but the decline in conductance rates began in
July (Figure 3-2). Rates of conductance in mature tree foliage averaged 30 percent lower than those of the
seedling and sapling trees for the entire growing season.

In contrast to the previous two years, winter precipitation in 1994 was below the long-term average and little
rain fell from April to August. Soil water reserves became depleted early in the summer (Figure 3-3), and
this lack of available soil water impacted rates of gas exchange in the trees. Rates of conductance in the
seedling rose from mid-winter levels beginning in March and conductance peaked in May at 0.055 mol m™ s°
1. Conductance in the sapling peaked in early May at 0.035 mol m~< 5! and in mature trees maximum
conductances of 0.03 mol m™? s*! occurred in early May. Conductances began to decline in mid-June and
rates of gas exchange were equally low for the remainder of the year for each age class of pines (Figure 3-3).
Seedlings had the highest rate of conductance during the active period from April to June, but after June the
three age classes of pines had similar rates of conductance (Figure 3-3). During the period in which the trees
were active (early April to mid-June) rates of conductance in the mature trees averaged 35 percent lower than
in seedlings, but 22 percent higher than in the sapling.

Rates of stomatal conductance and seasonal patterns of conductance for Jeffrey pines in the Sierra Nevada
were similar to those observed at Barton Flats in the San Bernardino Mountains. Patterson (1993) reported
that maximum rates of stomatal conductance for a stand of Jeffrey pines growing at 2000 m in the Sierras in
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1989 occurred in April, with peak conductances of 0.08 to 0.10 mol m? 5. Conductances remained
relatively high until July, then declined through September to less than 0.01 mol m? s!. However, Patterson
observed an increase in conductances in October to levels of 0.04 mol m? ™!, a pattern that did not occur in
the San Bernardino Mountains. Gas exchange characteristics of seedling vs. mature foliage of ponderosa pines
were compared in a study by Helms et al. (1994), conducted in 1992 using grafted clonal material. At their
low elevation site in Chico, stomatal conductance of the seedlings peaked in April at 0.11 mol mZ sl then
declined in June to 0.06 mol m? s*! and remained relatively constant until the end of the measurement period
in November. Rates of conductance in mature foliage were lower, with peak conductances in March and July
of 0.08 mol m™? s°!, but with relatively little variation throughout the season. Conductance values for one
year old seedling needles ranged from 8 to 45 percent greater than conductances in similar aged needles from
mature trees, Rates of conductance reported in this study (Helms ef al., 1994) of ponderosa pine were
generally higher than those observed at Barton Flats; however, the ponderosa pines were irrigated throughout
the summer, so the data may not reflect conductance rates of trees exposed to drought stress in the field.
Coyne and Bingham (1982} in a study of seasonal patterns of stomatal conductance in ponderosa pine
conducted in the San Bernardino Mountains at 1600 m, reported that rates of conductance peaked in May,
then gradually declined throughout the summer. This pattern was similar to that observed in the present
study, except that in the dry year of 1994 rates of conductance declined rapidly after May and remained low
throughout the year,

3.4.2 Diurnal Curves of Stomatal Conductance

Hourly measurements of stomatal conductance for the three age classes of pines, averaged over a two-day
period of intensive study in July 1993, are shown in Figure 3-4. Conductance in the seedling peaked at 0900,
then remained relatively constant until 1500, when stomates began to close. Stomatal conductance in the
sapling remained relatively constant throughout the day and declined only as light began to fade after 1800.
The mature trees showed a similar pattern, with a rapid decline in conductance only after 1700, in response to
fading light.

These diurnal patterns of stomatal conductance for the three age classes of pines suggested that conductance
rates were relatively constant throughout the day. Thus, a daily mean rate of conductance, calculated using
conductance measurements taken from 0900 to 1200 and the number of hours of daylight, was used to
determine ozone flux rates to the pines.

3.4.3 Ozone Flux to Pine Foliage

Ambient ozone concentrations at the field site varied relatively little during the three years of the study
(Figure 3-5). Highest daylight ozone concentrations averaged 83 ppb in June and 79 ppb in July. Ozone levels
were slightly lower than average in July 1992 because of the prevalent cloudy and rainy conditions during
that time. Ozone concentrations during the winter months, November to March, averaged 47 ppb. Although
ambient ozone concentrations were relatively uniform from 1992 to 1994, ozone flux to pine foliage varied
widely over the three year period, because of the highly variable patterns of stomatal conductance described
above. The mean daily ozone flux from 1992 to 1994, averaged on a monthly basis, to one-year-old needles
of a seedling Jeffrey pine growing in partly shaded conditions under the canopy of the mature pine trees is
shown in Figure 3-6. Flux rates were highest in 1992, with a peak flux rate of 141 umol O3 m day’! for the
month of June. The high flux rate for June was a response not only to the ambient ozone concentrations,
which also peaked in June (Figure 3-5), but also to the number of hours of daylight which were also greatest
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in June. In 1993, ozone flux averaged 37 percent lower than 1992 over the year. Ozone flux was also more
uniformly distributed over the growing season. Flux of ozone in 1994 peaked in June, as in 1992, but peak
flux rates were 32 percent lower in 1994 than in 1992. Flux of ozone declined rapidly in July 1994, and
continued to decline throughout the summer, reflecting the drought-stressed conditions in 1994, On a yearly
basis, average monthly ozone flux in 1994 was similar to 1993, although seasonal patterns of ozone uptake
differed significantly between the two years.

Ozone flux rates to the sapling were similar to those measured to the seedling. Flux rates in 1992 averaged
twice those of 1993 and 1994, with highest flux rates during the months of May, June, and July (Figure 3-7).
These three months accounted for 70 percent of all ozone uptake for the year. In 1994, the drought conditions
reduced ozone flux rates in July, August, and September and relatively little ozone uptake occurred during
those late summer months. On an annual basis, ozone uptake in the sapling in 1994 was similar to that of
1993, and flux rates in the sapling were similar to those of the seedling over the three years of the study
(Table 3-1).

The seasonal patterns of ozone uptake in the mature trees differed significantly among the three years of the
study (Figure 3-8). In 1992, ozone uptake was maximum in June, and this one month accounted for 30
percent of total annual ozone flux. Peak ozone uptake in the mature trees was 32 percent lower than that of
seedling and sapling trees, and on an annual basis, ozone flux to the mature trees was 30 percent lower than
to seedlings and saplings in 1992. Ozone flux to mature trees was lower in 1993, particularly early in the
year, and mean annual ozone uptake averaged 44 percent lower than in 1992. However, in the dry year of
1994, ozone flux rates were higher early in the year, and on an annual basis ozone flux to mature foliage
averaged only 10 percent lower than fluxes to seedlings and saplings.

3.5 Conclusions
1. Ozone flux to pine foliage was highly variable, both from year-to-year and within the year.

2. Ozone flux to foliage was highest in June, and declined rapidly after June particularly in a dry year such
as 1994. From 60 percent to 70 percent of total annual ozone uptake occurred in the months of May, June,
and July.

3. Flux of ozone to foliage of mature pine trees averaged 30 percent lower than flux to seedlings and
saplings during peak periods in early summer. Later in the summer and in dry years, ozone flux to mature
trees was equal to or only slightly lower than flux to foliage of other age classes of trees.

4. Total amount of precipitation the previous winter was associated with total ozone uptake in 1992 (high
precipitation) and 1994 (low precipitation), but not in 1993, a year of high precipitation but low ozone
uptake.
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Figure 3-1.
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Figure 3-2. Maximum rates of stomatal conductance in one-year-old needles of three age classes of Jeffrey
pines, and soil water content (0 to 15 cm) at the Barton Flats tower site in 1993,
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Figure 3-3. Maximum rates of stomatal conductance in one-year-old needles of three age classes of Jeffrey
pines, and soil water content (0 to 15 cm) at the Barton Flats tower site in 1994,
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Figure 3-4. Diurnal patterns of stomatal conductance in seedling, sapling, and mature Jeffrey pines at Barton

Flats, based upon hourly measurements taken over 21-22 July 1993.
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Figure 3-5.  Mean monthly ambient ozone concentrations at Barton Flats, 1992 to 1994,
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Figure 3-6. Monthly mean daily ozone flux to one-year-old foliage of seedling Jeffrey pine at Barton Flats,
1992 to 1994,
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Figure 3-7. Monthly mean daily ozone flux to one-year-old foliage of sapling Jeffrey pine at Barton Flats,
1992 to 1994.
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Figure 3-8. Monthly mean daily ozone flux to one-year-old foliage of mature Jeftrey pine at Barton Flats,
1992 to 1994.
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Appendix A ENVIRONMENTAL EVALUATION OF FOLIAR INJURY OBSERVATION PLOTS IN
FOREST OZONE RESPONSE PROJECT

Patrick J. Temple

Al. Introduction

Six Forest Ozone Response Project plot locations were visited between 24 August and 3 September 1993,
The names and locations of the sites are given in Table A3-1. The objectives of these site visits were to
measure stomatal conductance on the trees used in foliar injury evaluations and to record physical
characteristics of the plots, in particular soil water availability, that could influence stomatal conductance of
the trees. The overall objective was to relate the severity of ozone foliar injury symptoms in the pine plots to
measurements of ambient ozone concentrations in the area through estimations of ozone flux to pine foliage.
These estimates of ozone flux based upon actual measurements of stomatal conductance in the field can be
used to validate models of ozone uptake by pine foliage.

A2. Methods

Stomatal conductance of pine foliage was measured with a null-balance steady-state porometer equipped with
a cuvette specifically designed for conifer foliage (Model LI-1600, Licor Corp., Lincoln, NE). Wherever
possible, tagged trees used in the injury evaluations were measured but in several cases these trees lacked
branches low to the ground that could be reached with the porometer. In these cases, smaller pines within the
plot were substituted, Stomatal conductance and transpiration were measured on three fascicles from current
and one year old needles on tree branches. Concurrent measurements of relative humidity, photosynthetically-
active light intensity (PAR), leaf and ambient temperature were made with sensors on the porometer. The
volummetric water contents of surface (0 to 15 ¢m) soil was measured in the plots using time-domain
reflectometry (TRASE Model 6050 X1, SoilMoisture Corp., Santa Barbara, CA).

A3. Plot Descriptions
A3.1 White Cloud - Tahoe N.F.

¢ Plot 1. Fairly dense ponderosa pine dominated mixed conifer stand on S-facing 25 siope with
open exposure to the west. Tall ponderosa pines mixed with sugar pine, incense cedar,
California black oak, white fir; understory of sapling ponderosa pine, Ceanothus,
Arctostaphylos; ground cover of Chamaebatia.

@ Plot 2. Fairly open ponderosa pine dominated mixed conifer stand on flat terrain with good
exposure to the W. Pines generally younger than those in Plot 1.

@ Plot 3. No access to Plot 3.
A3.2 Sly Park - Eldorado N.F.

® Plot 1. Tall ponderosa pine mixed with incense cedar, white fir, occasional sugar pine, black
oak; understory of seedling and sapling ponderosa pine. Plot is on shallow S-facing slope,
high ridge to SW.

® Plots 2,3. No access.
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A3.3 Five-Mile - Stanislaus N.F.

® Plots 1,2,3. Very open ponderosa pine stands on gentle S-facing slopes; clear exposure to W.
Trees are mostly young, with dense clumps of seedlings near isolated tall ponderosa pines.
Many young pines appeared stressed, possibly because of drought but also heavy infestation
of mistletoe in the area. Soil is fine-textured, light reddish-yellow, rocky under thin litter
layer.

A3.4 Jerseydale - Sierra N.F.

® Plot 1. Scattered large ponderosa pines on gentle W-facing slope; exposure to W may be
limited by intervening ridge to W. Trees are clumped and separated by grassy clearings;
occasional large incense cedars and sugar pines; occasional canyon oak (Q. chrysolepis).

® Plot 2. Fairly dense ponderosa pine stand on gentle slope; poor exposure to W.
® Plot 3. No access.
A3.5 Shaver Lake - Sierra N.F.

® Plot 1. Very open Jeffrey pine stand on ridge-top; large areas of exposed granite with trees
growing in pockets of rocky soil. Sparse understory. Some trees appeared stressed, others had
begun senescence of older needles.

® Plot 2. Mixed ponderosa and Jeffrey pine stand on gentle SE-facing slope, interspersed with
incense cedar and black oak. Understory is Rosa and Arctostaphylos. Good soil water
availability. Trees appeared healthy and less stressed than at Plot 1.

® Plot 3. Very open mixed ponderosa and Jeffrey pine stand. Trees are scattered in a clearing
near meadows; good soil water availability. Oldest age class of needles, usually fourth year
but occasionally third year, beginning to senesce.

A3.6 Mountain Home - Sequoia N.F.

® Plot 1. Fairly dense mixed conifer plot on steep (45) E-facing slope, with some exposure to
SW. Young ponderosa pines mixed with large black oaks, young incense cedar and white fir.
Ground cover is dense Chamaebatia.

® Plot 2. Open ponderosa pine stand on ridge-top with good exposure to W. Many dead pines,
interspersed with black oak and incense cedar, occasional sugar pine. Ground cover is dense
Chamaebatia.

® Plot 3. Dense stand of mixed conifers in SE-facing ravine. Trees are on steep slopes on
either side of ravine. Oaks dominate near bottom of slope, pines near top. Understory of
dense incense cedar saplings and seedlings. Ground cover of dense Chamaebatia.



A4. Stomatal Conductance and Soil Water Contents

Age Conductance Transpiration  Fascicle Needle length

class (mol m?2 s'2) (mmol m? s‘l) diam.(mm) (mm)

White Cloud

Plot 1.

Tree No. 76: Time 1250, RH 23.2%, PAR 430, Temp. 31.2°

1993 0.044 2.36 1.4 183
1992 0.031 1.78 1.4 156
Tree No. 75: Time 1315, RH 18.0%, PAR 1510, Temp. 33.0°

1993 0.037 1.81 1.6 166
1992 0.022 1.08 1.5 160

Soil water content 12.0%

Plot 2.

Tree No. 51: Time 1515, RH 24.8%, PAR 1270, Temp. 33.8°

1993 0.043 225 2.25 183
1992 0.043 2.21 1.4 188

Soil water content 21.8%

Sly Park

Plot 1.

P. pine sapling (ca.15 yrs old): Time (0945, RH 31.6%, PAR 1060, Temp. 24.4°
1993 0.070 1.83 1.5 235

1992 0.070 1.64 1.3 185

Soil water content 9.2%

Five Mile

Plot 1.

P. pine sapling {(ca, 25 yrs old): Time 1530, RH 18.8%, PAR 610, Temp. 28.6°
1993 0.026 0.96 1.3 153

1992 0.042 1.55 1.3 152

Jerseydale
Plot 1.
Tree No. 21: Time 0930, RH 42.4%, PAR 47, Temp. 17.6°
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1993 0.026 0.36 1.6 209

1992 0.026 0.35 1.6 194
Tree No, 49: Time 1000, RH 42.0%, PAR 450, Temp. 18.0°

1993 0.042 0.61 1.3 187
1992 0.036 0.56 1.4 197

Soil water 13.1%

Plot 2.

P. pine sapling: Time 1030, RH 25.2%, PAR 490, Temp. 24.3°

1993 0.076 2.05 1.8 203
1992 0.067 1.81 1.7 247
Shaver Lake

Plot 1.

Tree No. 14 (J. pine): Time 1015, RH 24.4%, PAR 650, Temp. 27.2°

1993 0.025 0.97 1.5 170
1992 0.025 0.85 1.6 151
Tree No. 13 (J. pine): Time 1030, RH 24.0%, PAR 1520, Temp. 29.6°
1993 0.016 0.68 1.5 166
1992 0.016 0.77 1.5 139

Soil water 6.6%

Plot 2.

J. pine near tree No. 51: Time 1130, RH 21.2%, PAR 1730, Temp. 30.6°
1993 0.025 1.01 1.31 157
1992 0.031 1.27 1.2 163
Plot 3.

- J. pine sapling near tree no. 43 (tree has only current and previous year’s needles, green older needles
senescent): Time 1230, RH 22.4%, PAR 164, Temp. 29.2°

1893 0.053 1.93 1.4 138
1992 0.047 1.80 1.4 150

]. pine sapling near tree no. 42 (tree has 5-6 yrs of healthy green needles): Time 1245, RH 22.4%,
PAR 126, Temp. 29.2% '

1993 0.019 0.74 1.3 142



1992 0.019 0.73 1.7 175

Soil water 8.8%

Mountain Home

Plot 1.

P. pine sapling: Time 0900, RH 39.6%, PAR 1170, Temp. 26.2°
1993 0.054 1.67 1.7 199
1992 0.026 0.81 1.6 148
Soil water (thick litter layer) 6.3%

Plor 2.

Tree no. 8 (four years of needles): Time 110, RH 28.4%, PAR 1450, Temp. 28.0°
1993 0.028 0.98 1.5 190

1992 0.044 1.39 1.5 150

Soil water 8.3%

Plor 3.

Stressed P. pine sapling (3 years needle retention): Time 1130, RH 24.8%, PAR 1820, Temp. 29.8°
1993 0.007 0.28 1.5 169

1992 0.003 0.23 1.4 145

Healthy P. pine sapling (5 years needle retention): Time 1145, RH 29.6%, PAR 240, Temp. 30.2°
1993 0.003 0.16 1.4 142

1992 0.003 0.18 1.2 106

A5. Trends in Stomatal Conductance
AS5.1 Comparisons Among Sites

The average stomatal conductance for all measured trees at each site is shown in Figure A3-1. The sites are
arranged in sequence from White Cloud in the North to Mountain Home in the South. The plots at Sly Park
had the highest conductances and the Shaver Lake plots had the lowest. No geographical trends were
observed either for 1993 or 1992 needles. Conductances for 1993 needles averaged 0.039 mol m2 5!,
slightly greater than 1992 needles, which averaged 0.036, but these differences were not statistically
significant.

AS5.2 Comparisons Among Plots

The average stomatal conductance for each plot is shown for 1993 foliage in Figure A3-2 and for 1992
foliage in Figure A3-3. The plots at Mountain Home had the greatest variation in conductance for a particular
site. Plot 2 at Jerseydale had the highest conductance for 1993 needles, but plot 1 at Sly Park had a higher
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conductance for 1992 needles. Although the plots at Shaver Lake had the lowest average conductance, plot 3
at Mountain Home had the lowest absolute conductance. Stomates were almost completely closed at this plot,
despite apparently favorable environmental conditions. This plot was not included in the average stomatal
conductance measurements used in section A5.1.

A5.3 Environmental Controls of Conductance

Multivariate regression analysis was used to determine the important environmental variables driving stomatal
conductance and transpiration of the trees in these plots. Data on stomatal conductance and transpiration were
the dependent variables and time of day, ambient temperature, PAR, RH, soil water, and elevations were the
independent variables used in the regressions. For stomatal conductance, elevation and PAR were the only
significant environmental variables in the regression equation:

Conductance = 0.12 - 0.22 x 10# (elev) + 0.14 x 10* (PAR)
F = 8.00, r = 0.74, r* = 0.48, p 0.01.

Elevation appeared to be a significant negative factor because the plots at Shaver Lake, which at 5400 ft were
the highest plots, also had the lowest average conductance. The multivariate regression for transpiration was
different in that soil water content was a significant factor, as was PAR:

Transpiration = 0.16 + 0.06 (soil water) + 0.59 x 10-3 (PAR)
F =6.03,r =069, =0.40,p < 001.

The one factor that best predicted stomatal conductance was needle length (Figure A3-4). The regression
equation between needle length and conductance had an r? of 0.56, p<0.01. This suggests that needle length
may be a good surrogate indicator for favorable growing conditions, which would also be correlated with
more rapid rates of stomatal conductance. Number of years of needle retention, which is another indicator of
favorable growing conditions in pines, may be inversely related to stomatal conductance, but in this study,
years of needle retention was not significantly correlated with conductance.

A6. Conclusions

This survey of environmental factors controlling stomatal conductance in pine injury evaluation plots found
significant variation in rates of conductance among sites, among plots, and among trees within plots. The
trees at the Shaver Lake plots had the lowest average conductances, although plot 3 at Mountain Home had
the lowest conductance of any plot. Plot 1 at Sly Park had the highest rate of conductance. No geographical
trends were observed in these data. Although rates of stomatal conductance were inversely correlated with
elevation, this appeared to be due to the low conductances of trees in the high elevation plots at Shaver Lake,
Multiple regression analysis indicated a statistically significant but weak correlation between rates of stomatal
conductance and transpiration and PAR. The best predictor of rates of conductance was needle length, which
may be a good surrogate indicator of favorable growing conditions for the tree.
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Table A3-1.  Location of sites in the Forest Ozone Response Study.

Location Latitude Longitude Elevation (m)
White Cloud (WC) 39 18 120 50 1270
Sly Park (SP) 38 44 120 33 1150
Five-Mile (FM) 33 03 120 18 1240
Jerseydale (ID) 37 32 119 50 1120
Shaver Lake (SL) 37 08 119 16 1636
Mountain Home MH 36 13 118 41 1364
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Figure A3-1. Average stomatal conductance for 1993 and 1992 foliage for each site of the Forest Ozone
Response Study. Sites are arranged geographically from north to south. 1 = White Cloud,
2 = Sly Park, 3 = Five Mile, 4 = Jerseydale, 5 = Shaver Lake, 6 = Mountain Home.
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~ Figure A3-2. Average stomatal conductance for 1993 foliage from each plot at each FOREST site, arranged
as in Figure A3-1.

Plot Stomatal Conductance - 1993 needles

Conductance ( mol e 8 )

0.08
|
0.07 - °
0.06 -
°
0.05
|
0.04 ° ¢
A
0.03
]
[ |
0.02 ® plot1 d
B piot? o
A
0.00 T | T T T T
0 1 2 3 4 5 8 7

Plot Locations

A-9



Figure A3-3.
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Figure A3-4. Relationship between stomatal conductance and needle length, across plots and sites for 1993
and 1992 foliage; r* = 0.58, p = 0.01.
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4.0 INTENSIVE STUDY: DAY-TO-DAY DESCRIPTION OF METEOROLOGY, POLLUTANT
CONCENTRATIONS, POLLUTANT DEPOSITION AND TREE RESPONSES FROM JULY 18
TO 31, 1993. :

J. Chow, J. Watson, C. Frazier, G. Taylor, A. Bytnerowicz,
M. Poth, P. Temple, R. Glaubig, S. Schilling, D. Jones and P. Miller

4.1 Introduction

The purpose of this task was to examine selected variables measured at the Barton Flats monitoring station,
the 29 m scaffold at plot 2, and the other vegetation plots on a day-to-day basis. This schedule was designed
to reveal fine structure in events that may have been overlooked by the routine monitoring schedule carried
out from 1991 to 1994. Figure 4-1 lists the variables to be measured and the frequency of measurement. The
measurement of some variables, particularly throughfall and wet deposition and dry deposition/leaf washing
depended on the occurrence of rain.

4.2 Methods

Most of the methods employed for this phase of the study, except for gas fluxes from soils, have already been
documented in the final report of the companion ARB-sponsored Contract No. A032-180, and Volumes 1 and
2 of the associated Standard Operating Procedure manuals.

Soil Greenhouse Chamber System

Fluxes of NO and CO, were measured using a closed box flux technique (Anderson and Levine, 1987;
Anderson and Poth, 1989). One day prior to making flux measurements six stainless steel frames, covering an
area of 0.581 m® were driven 2.5 cm into the soil. In order to measure fluxes of either CO, or NO, a Teflon
lined, expanded-cell polycarbonate box, fitted with a fan, and with a total volume of 150.5 liters (including
the frame volume) was placed over the frame. The base of the flux box sealed to the frame via a Teflon
covered foam lining. Two openings (0.64 cm) in the top of the flux box prevented pressure changes from
developing during sampling. Since measurements were made during the summer, soils were relatively dry.
After measuring trace gas flux rates of dry soils, distilled water equivalent to a 1 ¢m rainfall was added. After
1 hour, gas flux measurements were repeated and measured again the following day (24 hours after the water
addition).

Analysis of Carbon Dioxide

Immediately upon setting the flux chamber on its frame, CO, was analyzed in sample air over a 3 min period
using a LiCor 6200 photosynthesis system with integrated infrared gas analyzer and data system. The

instrument was modified by removing the cuvette and substituting the flux box cover system described above
as the input source. Standard errors for CO, fluxes using this system were <1 percent of the rates measured.

Analysis of Nitric Oxide

Immediately following the 3 minute sampling period for CO, the sample stream was switched to a system for
analysis of NO, which was detected over an 8 minute period using a Luminox, nitrogen dioxide (NO,)
detector (Model LMA-3, Scintrex-Unisearch, Toronto, Canada) as described in Anderson and Poth (1989).
Sample air from the flux box, pumped at approximately 2.8 ¢ min~! by a Teflon bellows, battery operated
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pump was dried by passage through nafion tubing (Type 815, Dupont perfluorinated polymer, Perma Pure,
Inc., Toms River, NJ) packed in indicating silica gel. NO in the dried sample gas was converted to NO, by
passage through a tube (7.6 cm) containing 10 percent chromium trioxide on firebrick (30/60 mesh,
Chromosorb P, Altech) before being pumped to a tee inlet on the LMA-3 NO, detector, which then sampled
the gas stream at the rate of 1.5 ¢ min'!. A three-way valve which switched flow of sample air from the
converter tube to a blank tube allowed measurement of either background NO, in sample air (following
passage through the blank tube) or NO + NO, (following passage through the converter tube). The
chromium trioxide/firebrick was replaced whenever a decrease in converter efficiency was observed during
calibration. Calibrations and measurements of flow rates through the pumping system and the LMA-3 were
performed at the beginning and at the end of each day of data collection. During calibration the LMA-3 was
zeroed with room air which was first passed through a column containing pellets of alumina coated with
KMnO, (Purafil, Southeastern Engineering Co., Midlothian, VA). This column reduces the background NO
in room air to approximately 2 - 4 ppbv and obviates the need for transporting cylinders of zero air to field
sites, For calibration NO (approximately 9 ppmyv, Scott Environmental Technology, Plumsteadville, PA) was
mixed with room air (after passage through KMnO, coated alumina) providing known concentrations of NO
ranging from 20 - 50 ppbv. Gas flows were controlled with mass flow controllers (Tylan, model FC 280).
Fluxes of NO were calculated from the slope of the regression line of NO vs. time (4 - 8 min) after
correction of the NO concentration for dilution during sampling. The minimum flux of NO that could be

measured with this detection and sampling system over an 8 min time span at 298K was 3.7 pg-N m?gl,

4.3 Results
4.3.1 Description of Weather and Ozone during the Intensive Study.

4.3.1.1 Comparison of Meteorological Variables and Ozone for the July 18-31 Periods of 1992,
1993 and 1994 at the Barton Flats Monitoring Station

The intensive sampling period was characterized by comparing it with the same time interval in 1992 and
1994 using daylight (0600 to 1800 PST) means for temperature, relative humidity, solar radiation and ozone
(Table 4-1). During the 1993 intensive study the 14 day temperature mean was 19.8° C compared to 21.4° C
in 1992 and 22.7° C in 1994. The daylight relative humidity average was 33 percent in 1992 and 27 percent
in 1993; the record was incomplete in 1994. The daylight ozone mean for the 14 day period was 68, 69, and
78 ppb for 1992, 1993, and 1994. Figure 4-2 shows the daily course of temperature and ozone for the July
18-31 periods of 1992, 1993, and 1994. In 1992 the temperature was rising gradually from the beginning to
the end of the period. The ozone trace was relatively flat (range 51 to 82 ppb) for the same period compared
to 1994 when daylight averages exceeded 100 ppb on two occasions. The mean daily solar radiation (w/m?)
was 656, 711 and 597 for 1992 ,1993, and 1994, respectively. There was a trace of rain on one day in each
1992 and 1994 but 1993 was dry. Wind speed and wind direction at 1600 did not vary much among the 3
years (Table 4-1). The 14 day average for wind speed at 1600 was 3.1 m/sec in 1993, generally from the
west- northwest (263-332°). In conclusion, the 1993 intensive sampling period was a little cooler but
otherwise not very different from 1992 and 1994,

4.3.1.2 Meteorological and Ozone Measurements in the Forest Canopy at Plot # 2 During July 18-
31, 1993.

The day-to-day conditions at Barton Flats vegetation plot #2 are described by the hourly values for
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temperature, relative humidity, and average wind speed, measured at 29 m and 2 m on the scaffold; ozone
was measured nearby at 2 m using the solar powered trailer. There was very little variation in the daily
temperature, wind speed and ozone measurements except for slight increase in all variables during Julian days
211 and 212 (Figure 4-3). The major feature on the weather map was a 500 millibar (mb) high pressure
system that developed over the area. The ozone peak was highest on Julian day 212. Relative humidity shows
a different pattern with the highest values on Julian days 205 to 207. The weather map showed a southward
extension of a 500 mb low pressure system on these days. There was no rain. In conclusion, the weather
during this period was very representative of the preceding and the following summers.

4.3.2 Dry Depositien Measurements at the Monitoring Station.

Intensive monitoring was conducted daily between 07/18/93 and 07/31/93 at three times per day to assess the
diurnal variations of particulate matter and reactive gaseous species. Table 4-2 summarizes the averages,
standard deviations; maximum and minimum concentrations for the morning (0600 to 1200 PST), afternoon
(1200 to 1800 PST) and nighttime (1800 to next day 0600 PST) periods; and time weighted average of
morning and afternoon samples.

The breakdown of daytime sampling intervals into the morning and afternoon periods provided more insight
into the concentration variations. Table 4-2 shows that maximum mass, ions, and reactive species
concentrations all occurred during the afternoon periods. In contrast, the lowest concentrations for the
intensive monitoring period all occurred during the morning period, with the exception of PM, 5 chloride and
gaseous ammonia, sulfur dioxide, and nitric acid concentrations. It implies that PM, 5 mass and ions varies
significantly during the daytime and much of the information was not attainable by acquiring an integrated 12-
hour sample.

Average daytime (0600-1800 PST) and nighttime (1800 to the next day 0600 PST) concentrations during the
intensive sampling period (from 07/18/93 to 07/31/93 (14 samples), as originally presented in Table 2-9 of
the Final Report of the companion project, ARB Contract No. A032-180, and 15 to 17 daytime and nighttime
samples acquired from the same site during 06/01/94 and 08/31/94 (originally Table 2-10 in the Final Report
of Contract No. A032-180) are presented together in Table 4-3 in order to compare the same number of
samples taken in differing time periods. The difference among species were variable between 1993 and 1994,

4.3.3 Diurnal Variations of Particulate Nitrate, Nitric Acid, Particulate Ammonium, and
Ammonia

Variations of gaseous and particulate phases of nitrate and ammonium compounds were examined for the
morning, afternoon, and nighttime samples. Figure 4-4 shows that nitrate and ammonium compounds were a
factor of two or more higher during the afternoon periods as compared to the other sampling periods. The
most distinguishing features were found for PM, 5 volatilized nitrate and ammonium concentrations which
were a factor of two to ten times higher during the afternoon periods. Nitric acid concentrations were similar
between the morning and afternoon samples, and a factor of seven to ten higher than the nighttime samples.
Similar phenomena were found for ammonia with more prenounced concentrations during the afternoon
periods.

07/27/93 - This day had a high concentration of nitric acid in the afternoon and higher than usual ratio of
nitric acid to volatilized particulate nitrate. A trough of low surface pressure was present over the
western United States. A trace of precipitation was recorded at San Diego. There appeared to be a deep
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marine layer, resulting in greater than usual inland penetration of low clouds. This moisture would
enhance formation of nitric acid, while the lower temperatures would minimize the volatilization of
particulate nitrate.

4.3.4 Measurement of Greenhouse Gas Efflux from Soils at Plot 2

CO, and NO fluxes for the soils at Barton Flats are summarized in Figure 4-5. Because these measurements
were made in August when water is limiting, the rates dramatically increased with the addition of water.
Rates remained elevated for 24 hours. This experiment simulates the potential for gaseous emissions from
these soils following summer rains.

4.3.5 Dry Deposition to Foliage at Plots 1, 2 and 3.

Deposition fluxes of nitrate and ammonium to branches of ponderosa pine seedlings placed at the forest floor
were similar at all the study sites. Deposition fluxes to the pine seedlings at the top of the canopy (tower top)
were higher than at the forest floor (Figures 4-6 and 4-7). Similar trends were seen for sulfate during the
second period of the intensive study (Figure 4-8) (during the first period sulfate deposition fluxes were very
variable and inconsistent). Deposition fluxes of nitrate, ammonium and sulfate to the branches of mature
ponderosa pine, white fir and California black oak trees were also similar among different study sites. The
highest deposition fluxes of nitrate and sulfate were recorded for California black oak. Deposition fluxes of
ammonium to pine and oak were similar and higher than the deposition to white fir (Tables 4-4 and 4-5). In
addition measurements of deposition to branches of seedlings and mature ponderosa pine trees at different
levels of the forest canopy were also continued during the intensive study.

Information on deposition of nitrate, ammonium and sulfate to seedlings and mature trees, different tree
species, and distribution of fluxes within forest canopy allowed for calculation of deposition of nitrogen and
sulfur at the forest stand level.

In addition to the measurements of deposition of nitrate, ammonium and sulfate, determinations of deposition
fluxes of potassium, sodium, calcium, and magnesium were also conducted. This information permitted the
calculation of metal deposition to a forest stand during the "polluted” part of the year (see Section 5.0 of the
Report for Contract No. A032-180).

The simulation of deposition to pine, white fir, and black oak with the Big Leaf model was available only for
the entire month of July and not on a day-by-day basis.

4.3.6 Diurnal Variation of Stomatal Conductance During July 20-22, 1993

Hourly measurements of stomatal conductance for the three age classes of pines, averaged over a two-day
period of intensive study in July 1993, are shown in Section 3 of this report in Figure 3-4. Conductance in
the seedlings peaked at 0900, then remained relatively constant until 1500, when stomates began to close,
Stomatal conductance in the saplings remained relatively constant throughout the day and declined only as
light began to fade after 1800. The mature trees showed a similar pattern, with a rapid decline in conductance
only after 1700, in response to fading light. These diurnal patterns of stomatal conductance for the three age
classes of pines suggested that conductance rates were relatively constant throughout the day. Thus, a daily
mean rate of conductance, calculated using conductance measurements taken from 0900 to 1200 and the
number of hours of daylight, was an appropriate assumption for the calculation of ozone flux rates to the
pines.
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4.4 Discussion

The meteorological conditions and air chemistry measured during the intensive sampling period were very
similar to the same period in 1992 and 1994. The morning (0600-1200) and afternoon (1200-1800) sample
periods were a departure from the routine of daylight (0600-1800) sample period for the entire project and
presented the opportunity to show clearly that most chemical species were at their lowest concentration in the
morning, and highest in the afternoon. Nitric acid was an exception because highest concentrations could
occur either in morning or afternoon. The 14 samples taken as daytime (0600 to 1800 PST) and nighttime
(1800 to 0600 the following day) during the intensive study compared with 15-17 daytime and nighttime
samples taken during a longer time span (06/01/94 to 08/31/94) suggested that results during these two spans
were generally higher in the 1993 intensive period, except for SO, and NO,.

The intensive study was the only time that nitrate and ammonium fluxes to ponderosa pine seedlings were -
measured simultaneously at all plots. There was no difference in flux rates at the three plots for pine
seedlings. Similarly, a plot to plot comparison of flux rates of ammonium, nitrate and sulfate to mature
branches of ponderosa pine, white fir and black oak did not show differences. California black oak received
the highest amounts of nitrate and sulfate.

During this time of summer when soil moisture availability is declining it is expected that the amplitude of
stomatal conductance would not be very large. Indeed, the daily curves were relatively flat and there was not
much difference among conductances of the seedling, sapling and mature trees. The diurnal curves confirmed
that 0900 to 1200 conductances were suitable for calculating ozone flux for the entire day.

CQ, fluxes from soils were comparable to rates observed in Florida pine plantations (Castro et al., 1994) and
California chaparral (Anderson and Poth, 1989). The results can be considered typical and provide a
reference point for making future comparisons.

The production of NO by soils is typically facilitated by nitrifying soil bacteria. The ratio of NO to N,O
emissions from-soils is controlled by the water filled pore space. Given the relatively coarse nature of the soil
at Barton Flats water filled pore space is typically low. Hence NO emissions dominate. Given that the
processes that produce NO and N, O are closely linked their emission are comparable on the basis of N
content. The highest emissions of N trace gases are from soils in fertilized agricultural fields. These
measurements are of the same order of magnitude as those seen in fertilized agriculture (Eichner, 1990). N
fluxes from Barton Flats exceed the N flux from eastern forests (0.11 to 0.58 ng-N m? s'!) by an order of
magnitude (Castro et al., 1994).

Trace gas fluxes from soil can be a useful diagnostic tool when trying to determine forest condition. In dryer
forests, like those in most of California, soil NO flux may be an important indicator of disturbance and N
status. This is analogous to measurements of N,O flux at more mesic sites (Sitaula e al., 1996). N saturated
sites in the San Bernardino Mountains of southern California have elevated NO soil fluxes (Fenn er al. in
press). Soil CO, fluxes do increase in response to management disturbances (Dulohery et al., 1996) and fire
in California chaparral (Anderson and Poth, 1989). The results presented here for CO, provide a baseline for
future comparisons in relation to acidic deposition or other changes and disturbances.

4.5 Summary

The separation of daytime sampling intervals into the morning and afternoon periods during the intensive
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monitoring program between 07/18/93 and 07/31/93 provided insight into the diurnal variations of particle
and gaseous concentrations. In most cases, gas and particle concentrations were lowest during the morning
(i.e., 0600 to 1200 PST) and highest during the afternoon (i.e., 1200 to 1800 PST). Distribution and
concentration levels found during the intensive period were mostly similar to routine monitoring data acquired
during the summers of 1992 and 1994.

Dry deposition amounts to ponderosa pine, white fir, and black oak were similar for each species at plots 1,2
and 3. Of the three species black oak, showed the most deposition.

The measurement of stomatal conductances of seedling, sapling and mature Jeffrey pines over a diurnal
period showed that 0900 to 1200 conductances were appropriate for estimating ozone flux for the entire
daylight period.

CO, fluxes from soils were comparable to rates observed in other forest and chaparral soils. NO fluxes
exceed those of eastern forests (0.11 to 0.58 ng-N m2 s°!) by an order of magnitude.

In general, the conditions during the intensive study sampling period were very representative of typical mid-
summer meteorology, air chemistry and tree physiology.
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Table 4-1. Contrast of 0600 to 1800 (PST) averages for temperature, relative humidity, solar radiation and
ozone; total daily precipitation, and winds at 1600 (the approximate time of the daily ozone peak)
for the 07/18 to 07/31 periods of 1992, 1993 and 1994.

July (Station)
Date 18 |19 |20 [21 |22 |23 (24 |25 |26 (27 |28 (29 (30 |31

1992
Temp. C° 247(252)1212{198|18.4]118.1}188]18.7)21.2|22.8|24.0]236|20.1]208

'RH percent 18.6(16.4|309{28.012359(31.7[461|38.01328]282]272]175)]48.1]55.1

'Solar Rad. 730 | 738| 736| 691 745 736| 714 | 716 €652 717 704| 705 211} 389

°Wind Speed | 41| 43| 38| 32| 28| 37| 33| 40| 35| 43| 42| 40 21| 19

Swind Dir. 290 ) 261} 267 266 | 275| 273 272 253 | 275| 268| 281 | 271| 255| 168

“Precip (in.) ol ol ol o] ol ol of of of o] o] o ol 24

10Ozone (ppb) | 68| 69| 89| 88| 74{ 85| 95( 80| 64| 67| 72| 66| 42| 51

1993
Temp. C° 19.0]19.0|179|168]19.1[184}19.1|182]1200|215|215]1208|226]|248

'RH percent | 18.4)20.7|235]402)318|282|437|480|303|229|227(180|184|15.2

'Solar Rad. 748 | 724 752 | 695 693 | 718 723 723| 736 735) 730} 654} 714 615

*Wind Speed 36| 33| 41| 21| 28| 33| 31| 26| 26| 27| 26| 41) 3.7} 4.0]

SWind Dir. 270| 274 | 263 | 332| 278 | 268| 290 295| 314 | 278] 284 | 267 | 273 | 272

‘Preciptiny | o] ol ol o] o o] of ol o] ol o] o] o] o

'Ozone (ppb) | 78| 78| 77| e8| 82]| 82| e9| 67| 51} B6| 65| 58| 64| 68

1994

Temp. C° 194}1195]208(21.0|23.1|23.4|236(247]|253|266|258[219(216(224

22.71495|41.1|286 -

'RH percent - - - - - - - -
'Solar Rad. 425) 568 403| 415 648 698| 733 721 ] 6551 694 | 683 | 290| 707} 713
“Wind Speed 26| 34 24 371 40| 45| 38| 51} 40] 38| 41| 13} 50| 40
SWind Dir. 283 | 274 268 278 | 263 | 259 263 | 313 | 302 292| 259 313| 261 | 267

“Precip (in.) of ol o] ol o]l ol of o o o| of o5] o o

'Ozone (ppb) | 70| 79| 79| 103| 76| es| es| 67| e4| 83| 107| 87| 85| 66

! 6am - 6pm average
2 meters/sec. @ 4pm
3 degrees @ 4pm

4 24 hour total



Table 4-2. Statistical summary of gas/particle ambient concentrations acquired at the Barton Flats Station,
CA, during the summer intensive period between 07/18/93 and 07/31/93

Concentrations in ug/m’ Concentrations in xg/m’
Morning (0600 to 1200 PST) Afternoon (1200 to 1800 PST)
Average  Std. Dev. Maximum Minimum No. in Avg. Average Std. Dev. Maximum Minimum No. in Avg
PM, s Mass 4. 2. 8. 0. 13 15. 4, 22, 7. 14
Chloride (CI) 0.02 0.02 0.07 0.00 14 0.03 0.03 0.11 0.00 14
Non-volatilized Nitrate (NO3) 0.30 0.03 0.35 0.24 14 0.58 0.32 1.55 0.30 14
Sulfate (SO,") 0.91 0.40 1.51 0.31 14 3.31 1.07 5.1 1.20 14
Ammonium (NH,*) 0.38 0.14 0.60 0.16 14 1.46 0.44 2.1 0.59 14
Ammonia (NH;) 1.79 0.68 3.6 0.90 14 5.4 1.7 9.0 2.2 14
Sulfur Dioxide (SO;) 0.4 0.2 0.7 0.0 14 0.9 0.4 1.6 0.1 i4
Ni;rogen Dioxide (NO,) 1. 1. 3. 0. 13 3. 2. 6. 2. 14
Total Particulate Nitrate (NO;) 0.61 0.35 1.28 0.21 14 6.8 2.5 10.7 2.2 14
Nitric Acid (HNOQ3) 3.4 0.8 4.4 2.3 14 4.9 0.9 6.7 3.5 14
Sum of Ionic Species 1.62 Q.55 2.5 0.78 14 5.4 1.6 7.5 2.3 14
Concentrations in pg/m’ Concentrations in ,ug/m3
Daytime (0600 to 1800 PST)" Nighttime (1800 to next day 0600 PST)
Average Std. Dev. Maximum Minimum No. in Avg. Average Std. Dev. Maximum Minimum No. in Av;
PM, 5 Mass 9. 2. 13. 6. 13 7.8 3.2 16.0 4.1 13
Chiloride (CI') 0.03 0.02 0.06 0.00 14 0.01 0.01 0.03 0.00 14
Non-volatilized Nitrate (NO3) 0.44 0.16 0.90 0.32 14 0.40 0.39 1.53 0.08 14
Sulfate (S0,7) 2.11 0.69 3.1 0.89 14 1.42 0.40 23 0.89 14
Ammonium (NH, ") 0.92 0.27 1.3 0.42 14 0.69 0.23 1.11 0.39 14
Ammonia (NH,) 3.60 0.87 5.1 1.72 14 1.25 0.73 3.2 0.62 14
Suifur Dioxide (SO,) 0.6 0.3 1.0 0.1 14 0.29 0.14 0.61 0.1t 14
Nitrogen Dioxide (NO,) 2. 1. 4. 1. 13 2.1 1.1 4.5 0.8 14
Total Particulate Nitrate (NO,) 3.7 1.4 5.8 1.2 i4 1.64 1.09 32 0.24 14
Nitric Acid (HNQ,) 4.2 0.8 5.5 3.1 14 0.5 0.2 0.9 0.2 14
Sum of lonic Species 3.5 1.0 4.9 1.7 14 2.52 0.87 3.9 1.36 14

® Calculated from datly averages of Morning and Afternoon concentrations.
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Table 4-3. Comparison of the averages of 15-17 gas/particle ambient daytime and nighttime concentrations
acquired at Barton Flats between 06/01/94 and 08/31/94 with 13-14 daytime and nighttime
samples obtained during the intensive sampiing period between 7/18/93 and 7/31/93.

Species Concentrations pg/m3
Daytime 1993 Daytime 1994 Nighttime 1993 Nighttime 1994

PM,; 5 Mass 9.0 7.4 7.8 6.8
Chloride 0.03 0.04 0.01 0.04
Non-Volatilized 0.44 0.40 0.40 0.31
Nitrate

Sulfate 2.11 1.50 1.42 1.39
Ammonium 0.92 0.62 0.69 0.64
Ammonia 3.60 3.80 1.25 1.30
Sulfur Dioxide 0.60 1.18 0.29 0.71
Nitrogen Dioxide 2.0. 3.0 2.1 2.4
Total Particulate 3.70 2.96 1.64 1.29
Nitrate

Nitric Acid 4.2 4.5 0.5 0.99
Sum of lonic 3.5 24 2.5 2.2
Species
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Table 4-4. Deposition of nitrate and ammonium (ug m™ h™") to branches of mature trees at the forest floor

level during the intensive study.

Plot Pine Qak Fir
Number | Ng,- NH,* NOy NH,* NO; NH,*
July 19-23, 1993
1 12.88 4.10 32.80 5.80 13.45 2.92
(4.68) (1.38) (5.67) (1.59) (1.11) 0.75)
2 12.65 4.14 35.30 5.74 9.32 1.78
(3.99) (1.13) (11.32) (1.61) (6.45) (1.55)
3 18.33 4.96 22.23 4.75 7.80 1.64
9.95) @.37) (8.94) (2.44) (4.80) (1.54)
July 23-30, 1993
1 13.21 3.80 29.70 5.53 15.06 2.90
(3.26) (0.92) (5.70) (1.56) (1.29) (0.76)
2 16.10 4.84 30.37 5.08 8.18 1.21
(1.45) (0.55) (6.80) 0.50) (1.36) (0.34)
3 19.58 a7 24.89 4.16 10.08 2.14
(6.98) (1.72) (8.74) (1.42) (3.34) (0.52)
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Table 4-5. Deposition of sulfate to branches of mature trees at the forest floor level during the intensive study

(kg m?h).

Plot Number Pine Oak Fir
July 19-23, 1993

1 231 (.17 5.90 (2.26) 3.79 (4.10)

2 2.15 (0.30) 5.68 (2.12) 5.23 (0.23)

3 2.08 (0.62) 4.78 (3.22) 1.88 (0.20)
July 23-30, 1993

1 2.02 (2.25) 3.13 (1.28) 0.68 (0.39)

2 1.70 (1.22) 4.00 (0.48) 1.35 (0.88)

3 2.48 (0.59) 8.67 (4.22) 1.25 (1.09)
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Figure 4-1. Schedule for data gathering activities during the intensive study, July 18-31, 1993.

July 1993
Intensive Study
Freq. Sun | Mon | Tues | Wed | Thurs{ Fn Sat | Sun | Mon | Tues | Wed | Thurs| Fr Sat
Schedule eq 1 od
18 19 20 21 22 23 24 25 26 27 28 29 30 31
Monitgring Station
Foliage Washing
Meteorology and Ozone Cont.
Dry Deposition 6-6-12 AL | AMA |AAalaaa|asalana|asa|aaslaaaasalanajaaalanala
Wet Deposition/Throughfall Event
KAPS 24 brs vzzzs ez ez
Scaffold/Plot 2
Foliage Washing @ @)
| O= —0
Meteorology and Qzone cont, I !
Wet Deposition/Throughfall Event
Soil Moisture, Conductance Discont.
KAPS 24 hrs ) s wzzza e2Z2zzz
Soil Alux Prep AM/PM AM
Plot 1
Foliage Washing (@ @)
@ @)
Wet Depositiory Throughfall Event
Plot 3
Foliage Washing (@ =9)
= —0
Wet Deposition/ Throughfail Event
18 19 20 21 22 23 24 25 26 27 28 29 30 31
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Figure 4-2. Daily course of temperature and ozone for the 07/18 to 07/31 periods of 1992, 1993 and 1994.
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Figure 4-3. Average ozone, relative humidity, wind speed and temperature at the Plot 2 scaffolding during
the intensive study, July 18-31, 1993,
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Figure 4-4. Diurnal variations of a) PM, 5 non-volatilized particulate nitrate, PM, 5 volatilized particulate
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Figure 4-5. Summary of CO, and NO fluxes for the soils at Barton Flats, Plot 2.
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Figure 4-6. Deposition of nitrate to foliage of ponderosa pine seedlings located at the forest floor of Plots
1,2,and 3, roof of the monitoring station and tower top (Plot 2) during the July 23-30, 1993
period of the intensive study.
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Figure 4-7. Deposition of ammonium to foliage of ponderosa pine seedlings located at the forest floor of

Plots 1, 2 and 3, roof of the monitoring station and tower top (Plot 2) during the July 23 - 30,
1993 period of the intensive study.
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Figure 4-8. Deposition of sulfate to foliage of ponderosa pine seedlings located at the forest floor of Plots I,
2 and 3, roof of the monitoring station and tower top (Plot 2) during the July 23 - 30, 1993
period of the intensive study.
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