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Abstract

Concern over future changes in water yield and timber production in southern pine forests has increased the need for a
well tested and validated forest ecosystem model which can be used to predict potential climate change effects on forest
processes. However, before a model is used to project potential climate change impacts on forests, it should first be validated
across a wide range of climates and site conditions. We used PnET-IIS, a physiologically-based, monthly time-step model
that uses soil, vegetation, and climate parameter inputs to predict evapotranspiration, drainage, soil water stress and net
primary productivity for loblolly pine (Pinus taeda) stands across the southern United States. Sensitivity analyses and model
validation of predicted net primary productivity (NPP) were conducted. Predicted hydrology and productivity were most
sensitive to temperature driven parameters (e.g. optimal temperature for photosynthesis, and changes in air temperature).
Values of PnET-IIS predicted NPP were compared with measured annual site basal area growth from 12 stands located from
eastern Texas to eastern Virginia, from the year of site canopy closure to 1990. Annual basal area growth ranged from 4.2 to
26.8 cm2 per tree year" '. Annual basal area growth was significantly correlated with predicted NPP (r2 = 0.30, P < 0.005,
n = 164), and the correlation improved when annual basal area growth was averaged by site (r2 = 0.66, P < 0.005, n = 12).
Total annual precipitation was the single climate variable which best correlated with annual basal area growth (r2 = 0.14,
P < 0.005, n = 164). These result indicate that PnET-IIS could be useful in predicting the effect of changing patterns of
precipitation and air temperature on southern pine hydrology and productivity.
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1. Introduction stand age, and climate all influence the amount of
water use and yield (Swank et al., 1988). Because

The southeastern United States is one of the most forests comprise approximately 55% of the southern
rapidly growing regions in US, and as the population US (USDA Forest Service, 1988), changes in forest
increases, the demand for commercial, industrial and water use could significantly alter water yield and
residential water will also increase (United States potentially lead to water shortages within the region.
Water Resources Council, 1978). Forest species type, In addition to water, timber is an important forest

resource. Accurate estimates of future southern pine
forest productivity are essential for the development

' Corresponding author. Tel: (919) 515-3311; fax: (919) 515- Plans that provide enough timber to meet consumer
3593. demands. Southern forests may not be able to main-
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tain (or increase) current levels of productivity. Ra-
dial growth of loblolly pine (Pinus taeda) decreased
during the years from 1949 to 1984 in Piedmont
stands (Zahner et al., 1988). If pine productivity
decreases by 10%, annual timber production would
be reduced by 2.9 million m3, across the southern
US (USDA Forest Service, 1988).

A physiologically based forest hydrology and pro-
ductivity model that is sensitive to climate change is
needed to project how forests may respond to poten-
tial changes in precipitation and air temperature.
However, before a forest process model is used for
projecting potential climate change impacts on
forests, the model should first be well validated
across a wide range of climates and site conditions.
We used PnET-IIS, a physiologically-based, monthly
time-step model that uses soils, vegetation and cli-
mate parameter inputs to predict evapotranspiration,
drainage, soil water stress and net primary productiv-
ity (NPP) for loblolly pine {Pinus taeda) stands
across the southern United States.

This paper describes, and tests PnET-IIS annual
predictions of NPP and hydrology, and validates
model predictions of NPP across the southern US.
PnET-IIS is a derivation of the PnET-II model (Aber
et al., 1996) which was originally developed and
validated in the northeastern United States. Discus-
sion of the original model (PnET-II) structure and
algorithms have been published, so we will limit our
discussion to the changes made in the original model
which were necessary for the development of PnET-
IIS for predicting hydrology and productivity in
southern United States loblolly pine stands.

Sensitivity analysis and a validation of predicted
NPP across a wide geographic, inter-annual air tem-
perature and precipitation range were conducted with
PnET-IIS. The range in inter-annual climate data
used to parameterize the model is greater than the
predicted average annual variation in air temperature
and precipitation from most general circulation mod-
els (GCMs). The use of many sites with diverse
inter-annual and inter-site climates for validation of
model predicted NPP, in necessary if future uses of
the model include predicting the potential affects of
climate change on forest NPP.

Therefore, the objectives of this paper are to
discuss how: (l) PnET-IIS was modified from PnET-
II (Aber et al., 1996) to predict hydrology and

productivity in southern pine forests; (2) test model
sensitivity to changes in model parameterization and
climate; (3) predict annual changes in forest growth
and water use for 12 loblolly pine sites located
across the southern US; (4) validate model prediction
of NPP using measured basal area growth data from
the 12 sites.

2. Methods

2.1. Model description

Given the importance of timber and water supply
in the southern US we wanted to predict the potential
that inter-annual changes in air temperature and pre-
cipitation could have on forest productivity. How-
ever, within the southern region, no physiologically
based model existed which could be easily parame-
terized, so we looked outside of the region for a
model to use in predicting southern US hydrology
and productivity.

Aber and Federer developed PnET (Aber and
Federer, 1992) and its successor PnET-II (Aber et
al., 1996), which are process-based hydrology and
productivity models, which predict evapotranspira-
tion, drainage, NPP, and leaf area index (LAI), at
monthly intervals, for northeastern US forests.
PnET-II uses four site specific climate parameters,
one soil parameter, and generalized vegetation pa-
rameters for calculating ecosystem processes for a
variety of forest types. When PnET (Aber and Fed-
erer, 1992) or PnET-II (Aber et al., 1996) were
applied across a range of environmental conditions
and species types (excluding loblolly pine), the re-
sults of their simulations indicated good agreement
between predicted and measured hydrology and pro-
ductivity. However, PnET-II performed poorly when
we attempted to predict hydrology and productivity
in loblolly pine forests cross a range of southern US
sites.

Compared with the northeastern US, southeastern
forests have developed under very different climato-
logical conditions, so we developed PnET-IIS (i.e.
PnET-II south) from PnET-II, to better predict
ecosystem processes in southern US pine forests.
The model structure and all of the algorithms of
PnET-II are incorporated in PnET-IIS, except where
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noted. PnET-IIS uses modified controls of gross
photosynthesis, respiration, and litter fall which bet-
ter reflect physiological characteristics for loblolly
pine. With the exception of the changes noted below,
the complete PnET-II model has been fully described
previously (Aber et al., 1996).

2.2. PnET-IIS: general structure and variations from
PnET-II

PnET-IIS calculates the maximum amount of leaf
area which can be supported on a site based on the
soil, climate and parameters specified for the vegeta-
tive type. Leaf area is a major component in calculat-
ing NPP and water use. PnET-IIS assumes all stands
are fully stocked and that leaf area is equal to the
maximum amount of foliage that can be supported
due to soil and climate limitations. Predicted NPP is
defined as total gross photosynthesis minus growth
and maintenance respiration for leaf, wood and root
compartments. PnET-IIS calculates respiration as a
function of the current and previous months mini-
mum and maximum air temperature. Given the dif-
ference in species composition and climate, we re-
placed the day and night time respiration rates in
PnET-II with respiration rates derived specifically
for loblolly pine by Kinerson (1975) (Eqs. (1) and
(2))

(1)

(2)= e(3-2 + 0-072XTnight)

DayResp and NightResp are leaf respiration (mg
CO2 m~ 2 foliage h~'), Tday is average daily air
temperature, Tnight is average nightly air tempera-
ture (Aber et al., 1996).

Across the southern US, loblolly pine have the
ability to acclimate to seasonal variations in air
temperature. PnET-IIS uses a curvilinear function to
simulate the relationship between increasing air tem-
perature, optimal temperature for gross photosynthe-
sis, and maximum air temperature for gross photo-
synthesis (Fig. 1) (Strain et al., 1976). As tempera-
ture increases beyond the optimal photosynthetic
temperature, the respiration rate increases while gross
photosynthesis increases slightly or decreases, so
proportionally less net carbon per unit leaf area is
fixed (Kramer, 1980). Total gross photosynthesis is a

function of gross photosynthesis per unit leaf area,
and total leaf area. Changes in water availability and
plant water demand place limitations on the amount
of leaf area produced, so as vapor pressure deficit
and air temperature increase above optimal levels,
leaf area and total gross photosynthesis decrease.
Predicted NPP, expressed as t biomass ha~' year"1,
was compared with site measured annual basal area
growth in cm2 year"1.

PnET-IIS also incorporates a forced timing of
autumn/winter needle fall. Because loblolly pine
grows across a wide geographic range (Fig. 2), leaves
fall after a wide range of growing degree days, with
peak litterfall in November. PnET-IIS uses average
monthly minimum temperature of less than 5°C as a
stimulus for leaf senescence. Leaf senescence is
forced if the temperature conditions for leaf fall are
not met by November of each year.

The same model structure and algorithms used in
PnET-II were also used in PnET-IIS for predicting
forest hydrology. Annual transpiration was calcu-
lated from a maximum potential transpiration which
was modified by plant water demand (a function of
gross photosynthesis and water use efficiency). Inter-
ception loss was a function of leaf area and total
precipitation. ET was equal to transpiration and
interception loss. Drainage was calculated as water
in excess of ET and soil water holding capacity
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Fig. 1. Relationship between changing air temperature (°C) and
changing maximum and optimal gross photosynthetic leaf temper-
ature (°C), from Strain et al. (1976).
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Fig. 2. Site locations of the 12 pine sites sampled in study, overlaid on range map of loblolly pine (gray shaded zone).

(SWHC). Plant water demand was dependent on
monthly precipitation and water stored in the soil
profile. If precipitation inputs exceed plant water
demand, the soil was first recharged to the SWHC
and if water was still available, water was output as
drainage. Monthly drainage values are summed to
provide an estimation of annual water outflow.
Growing season soil water stress (GSSWS) was de-
fined as 1 - (average growing season soil
water/SWHC). Average growing season soil water
equals the sum of monthly calculated soil water,
which was less than or equal to SWHC, divided by
the number of months in the growing season. Grow-
ing season and annual soil water deficit ranged from
0.00 (no water stress) to 1.00 (maximum water
stress).

2.3. Input data

PnET-IIS uses constant generalized species-de-
pendent process parameters (e.g. light extinction co-
efficient, and optimal temperature for gross photo-
synthesis) and site specific soil and climate data.
Table 1 summarizes the constant parameters used in
model predictions of loblolly pine hydrology and
productivity at 12 sampled sites in the southern US
(Fig. 2).

Soil series data were derived from a GIS-based
Soils Atlas compiled by the Soil Conservation Ser-
vice (Marx, 1988). The soil series were hand digi-

tized from a paper source at a scale between
1:500000 and 1:1500000, depending on the state.
Soil information associated with each series includes
SWHC to a depth of 102 cm (Table 2), the only
site-specific soils data used in our simulations. All
other soil parameter values were held constant across
all sites and years (Table 1).

PnET-IIS also requires four monthly climatic
drivers; minimum and maximum air temperature,
precipitation and solar radiation. The Forest Health
Atlas provided cooperator and first-order station data
from 1951-1984, which was originally acquired from
the National Climatic Data Center (NCDC) (Marx,
1988). Cooperator station data include average mini-
mum and maximum monthly air temperature and
total monthly precipitation, while first-order station
records include relative humidity. Because these data
had error rates between 5 and 40% (Marx, 1988), a
large proportion of the data was removed prior to
usage. After checking for accuracy, the database was
interpolated on a 0.5° X 0.5° grid across the southern
US (Marx, 1988). The gridded databases of mini-
mum and maximum air temperature, relative humid-
ity and precipitation were compiled into a single
database and run through a program to calculate
monthly solar radiation (Nikolov and Zeller, 1992)
on a 0.5° X 0.5° grid. Solar radiation values were
then combined with average monthly maximum and
minimum air temperature and total monthly precipi-
tation and input into PnET-IIS.
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Table 1
PnET-IIS model parameters used to predict productivity and hydrology for loblolly pine stands

Parameter name

Light extinction coefficient
Foliar retention time (years)
Leaf specific weight (g)
NetPsnMaxA (slope)
NetPsnMaxB (intercept)
Light half saturation (J m~2 s"1)
Vapor deficit efficiency constant
Water use efficiency constant
Canopy evaporation fraction
Soil water release constant
Maximum air temperature for photosynthesis (°C)
Optimal air temperature for photosynthesis (°C)
Change in historic air temperature (°C)
Change in historic precipitation (% difference)

Parameter
abbreviation

k

HS
VPDK
WUEC

F
TMAX
TOPT
DTEMP
DPPT

Model default
value

0.5
2.0
9.0
2.4
0
70
0.03
10.9
0.15
0.04
Variable
Variable
0
0

Sensitivity analysis
values

0.4, 0.5, 0.6

60, 70, 80
0, 0.03, 0.05
10, 10.9, 12.0

0.03, 0.04, 0.05
35,45
17,23
+ 2, -2
+ 10, -10

Climate data (i.e. air temperature, precipitation
and relative humidity) from 1985 to 1990 for the
three first-order or cooperator stations located closest
to each of 12 sampled loblolly pine sites were ex-
tracted from the NCDC microfiche. These data were
averaged to estimate climate for each site, and solar
radiation from 1985 to 1990 was calculated. The
1951-1984 and 1985-1990 climate databases were

combined to produce a continuous monthly climate
database from 1951 to 1990.

2.4. Sensitivity analysis

PnET-IIS runs using numerous user defined pa-
rameters, and varying degrees of certainty are associ-
ated with these parameter estimates. These parame-

Table 2
Climatic data for 12 measured loblolly pine sites. Standard errors are included in parentheses

Site

Bradford, FL
Bienville, LA
Chatham, NC
Chester, SC
Colleton, SC
Glouchester, VA
Dooly, GA
McMinn, TN
Morgan, AL
Walker, TX
Wayne, MS
Wilkinson, GA

YOR

21
15
14
8
11
13
11
14
10
12
28
14

Lat.

(deg.)

30.0
32.3
35.6
34.8
32.9
37.5
32.1
35.5
34.5
31.0
31.6
32.8

Grow. seas.
avg. solar
radiation
Om- 2 s-')

465 (10)
446(5)
414(6)
432 (10)
436 (6)
400 (7)
466 (8)
417 (9)
424 (9)
477 (8)
432 (4)
449(6)

Grow. seas.
avg. temp.

(°C)

25.3 (0.2)
24.3 (0.2)
21.8(0.1)
22.6 (0.2)
24.5 (0.2)
22.0 (0.2)
26.6 (0.2)
21.7(0.2)
21.8(0.2)
25.3 (0.3)
24.1 (0.2)
24.0 (0.6)

Annual
avg. temp.

(°C)

20.2 (0.2)
18.0(0.2)
15.0(0.2)
16.2 (0.3)
18.7 (0.2)
15.0 (0.3)
20.2 (0.3)
14.8 (0.2)
15.0 (0.2)
19.5 (0.2)
18.2(0.2)
17.9 (0.2)

Grow. seas.
avg. PPT

(cm H2O)

80(2)
67(7)
61(4)
66(5)
68(3)
62(4)
50(2)
63(6)
63(4)
55(2)
72(3)
50(3)

Annual
avg. PPT

(cm H2O)

130(3)
149 (9)
117(6)
120 (6)
121 (4)
117(7)
108 (4)
134 (9)
136(5)
114(7)
149 (6)
111(4)

GS SWHC

(cm H2O per
102 cm soil)

6
14
14
13
13
12
14
9

14
11
16
13

Avg. basal
area growth

(cm2 year" ')

11.4(0.5)
11.3(0.9)
11.8(0.5)
13.1 (0.4)
21.1(1.3)
11.7(0.7)
8.7 (0.8)

11.3(0.7)
13.6 (0.4)
14.2(1.6)
17.4 (0.7)
11.4(0.6)

YOR, years of record since canopy closure; Lat., latitude; Grow. seas. avg. solar radiation, growing season solar radiation; GS SWHC, site
soil water holding capacity derived from a Soil Conservation Service map of the soils on each site; Avg. basal area growth, average annual
basal area growth for the measured trees on each site.
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ters may have varying impact on model predictions
of hydrology and productivity. To determine model
sensitivity to changes in input parameter values, the
light extinction coefficient, light half saturation, va-
por pressure efficiency constant, water-use-efficiency
constant, soil water release constant, and tempera-
tures of maximum and optimal gross photosynthesis,
were individually set at different values while all
other variables remained static (Table 1). Addition-
ally, historic air temperature and precipitation were
changed to observe changes in predicted annual tran-
spiration, evapotranspiration, soil water drainage, soil
water stress, maximum LAI, and NPP.

2.5. Validation of predicted NPP

We sampled 12 loblolly pine stands in 1991 and
1992 to validate PnET-IIS NPP predictions (Table
2). These sites represented a wide range of climate
and soil conditions. Sites met the following selection
criteria: (1) stands were fully stocked at the time of
sampling; (2) over 95% of the stand basal area was
comprised of loblolly pine; (3) the site had not been
thinned, burned, fertilized, or damaged by insect or
disease; (4) all sites were on relatively level terrain
(less than 10% slope).

Two tree core samples were collected 1.4 m
above the forest floor (DBH) from each of 20 trees
per site. The trees selected were located randomly
within the plot, but represented the dominant or
co-dominant size class. The first core was selected at
a random azimuth, and the second core was extracted
at 90° to the first core. Cores were returned to the
laboratory, mounted and sanded prior to ring width
measurements. The cores were cross dated, and ring
width was measured using a Model 3 increment
measurer (Fred C. Henson Co., Mission Viejo, CA) \
which has an accuracy of 0.01 mm. All cores were
measured twice and if the difference in measured
annual ring width was over 10% between the two
readings, the core was measured a third time. Annual
basal growth (cm2) was calculated as TT X (tree ra-
dius)2 of the current year ring area - TT X (tree
radius)2 of the previous year ring area.

1 The use of trade or firm names in this publication is for reader
information and does not imply endorsement by the US Depart-
ment of Agriculture of any product or service.

PnET-IIS was run on each of the 12 sites using
climate data from 1951 to 1990. Predictions of an-
nual NPP were compared with annual basal area
growth (n = 165), and average annual basal area
growth (n = 12), from each site. Although annual
basal area growth varied between sites, all sites
exhibited a pattern of rapidly increasing basal area
growth during the early years of stand development,
followed by a decline in growth, and then a fluctua-
tion in growth about a longer term average rate.
Once the period of rapid basal area growth had
subsided, it was assumed that inter-tree competition
for water, nutrient and light had the greatest influ-
ence on tree growth rates and that the stand had
reached canopy closure. PnET-IIS assumed closed
canopy conditions for model predictions of produc-
tivity and hydrology.

3. Results and discussion

3.1. Sensitivity analysis

Changing the values of input parameters had both
direct and indirect effects on PnET-IIS output values.
Of the six observed PnET-IIS outputs, GSSWS was
the most sensitive to changes in model input parame-
ter values (Table 3). Compared with ambient
GSSWS, the change in GSSWS ranged from -28%
when optimal air temperature for photosynthesis was
reduced to 17°C, to a + 12% increase in GSSWS
when the light extinction coefficient (£) was reduced
to 0.4. Reducing the optimal temperature for gross
photosynthesis (TOPT) reduced NPP and maximum
LAI (MXLAI). As LAI was reduced, total evapo-
transpiration and GSSWS were also reduced. Reduc-
ing the light extinction coefficient {k) increased
maximum LAI and evapotranspiration, and as this
water demand increased, GSSWS increased. In addi-
tion to k and TOPT, the vapor pressure deficit
constant (VPDK), soil water release parameter (F),
and air temperature of maximum photosynthesis
(TMAX) also affected GSSWS.

The other hydrology output values (i.e. transpira-
tion, evapotranspiration and soil water drainage) were
most strongly influenced by k and TOPT. Both of
these parameters directly influence LAI, transpiration
and, therefore, water use. Predicted NPP and MXLAI



S. G. McNulty etal/ Forest Ecology and Management 86 (1996) 241-251 247

Table 3
Changes in PnET-IIS predicted hydrology and productivity corresponding to changes in input parameter values. Numbers in parentheses are
the percent deviation from ambient values. Abbreviations for input parameters are the same as Table 1

Variable

Ambient
4 = 0.4
4 = 0.6
#5 = 60
HS=SO
VPDK = 0
VPDK = 0.05
F = 0.05
F = 0.03
WUE C = 12
WUE C = 10
TMAX = 45
TMAX = 35
TOPT = 17
TOPT = 23
DTEMP= + 2
DTEMP= -2
DPPT= +10%
DPPT= -10%

Annual

Transpiration
(cm)

61.2
65.5 ( + 7)
59.0 (-4)
64.0(4-4)
60.6 (-1)
63.0 ( + 2)
60.5 (-1)
64.2(4-5)
60.5 (-1)
60.4 (-1)
63.8(4-4)
62.1(4-1)
58.7 (-4)
54.3 (-11)
59.9 (-2)
63.0(4-3)
59.1 (-3)
64.5(4-5)
59 .6 (-3)

Evapotranspiration
(cm)

80.3
83.3(4-4)
76.7 (-5)
81.7(4-1)
78.5 (-1)
80.7 (0)
78.3 (-2)
80.9 (0)
78.3 (-2)
78.6 (-2)
81.8(4-2)
81.2(4-1)
77.9 (-3)
73.6 (-9)
79.0 (-2)
81.9(4-2)
77.3 (-4)
101.1 (4-8)
88.6 (-10)

Drainage
(cm)

47.2
44.2 (-6)
50.8(4-8)
45.8 (-3)
49.0(4-4)
46.8 (-1)
49.2(4-4)
46.6 (-1)
49.2(4-4)
48.9(4-4)
45.6 (-3)
46.3 (-2)
49.6(4-5)
53.9(4-14)
48.3(4-2)
46.5 (-1)
50.2(4-6)
54.0(4-14)
41.0(-13)

NPP
(t biomass)

11.0
11.7(4-6)
10.2 (-7)
11.5(4-5)
10.4 (-5)
11.3(4-3)
10.5 (-5)
11.2(4-2)
10.6 (-4)
11.8(4-8)
10.1 (-9)
11.2(4-2)
10.4 (-6)
9.4 (-15)

10.6 (-4)
9.5 (-14)

11.7(4-6)
11.6(4-5)
10.3 (-6)

Max. LAI
(m2 in'2)

5.7
6.5(4-14)
5.0 (-12)
5.9(4-4)
5.5 (-4)
5.7 (0)
5.5 (-4)
5.7 (0)
5.6 (-2)
5.8(4-2)
5.5 (-4)
5.7 (0)
5.6 (-2)
5.4 (-5)
5.8(4-2)
5.2 (-9)
6.0(4-5)
5.8(4-2)
5.6 (-2)

Growing season

GSSWS

0.32
0.36(4-12)
0.34 (-16)
0.34(4-6)
0.30 (-6)
0.33(4-3)
0.29 (-10)
0.36(4-12)
0.26 (-19)
0.30 (-6)
0.34(4-6)
0.34(4-6)
0.27 (-16)
0.23 (-28)
0.31 (-3)
0.31 (-3)
0.31 (-3)
0.28 (-12)
0.36(4-12)

were most strongly influenced by k, water use effi-
ciency constant (WUE C) and TOPT. Changes in the
light half saturation point (HS) had the least influ-
ence on predicted hydrology and productivity. A
16% change in HS produced a 1-6% change in
model outputs.

Generally, changes in air temperature had a greater
impact on productivity outputs while changes in
precipitation had a greater influence on predicted
hydrology (Table 3). Increasing average annual air
temperature by 2°C decreased LAI, transpiration,
GSSWS and NPP, while increasing average annual
drainage (Table 3). Increasing average annual pre-
cipitation by 10% increased LAI, transpiration, aver-
age annual drainage, and NPP. When precipitation
was increased by 10%, PnET-IIS predicted only a
8% increase in evapotranspiration, so predicted
GSSWS decreased.

3.2. NPP validation sites

Across the 12 sites, canopy closure occurred be-
tween 1963 (Wayne County, MS site) and 1983
(Chester County, SC site). The climate from 1963 to

1990 was very dynamic, including some of the
hottest, driest and wettest years on record (Marx,
1988). In addition to inter-site climate variability,
climate also varied along longitudinal and latitudinal
gradients. Generally, the lower latitude sites were
warmer, but during the years of measurement, no
clear regional trend in precipitation was observed
(Table 2).

The greatest average annual air temperatures were
recorded at the Bradford County, FL site, and the
Dooly County, GA site. The lowest average annual
air temperature occurred on the McMinn County, TN
site. The Bradford County, FL site received the
highest average annual precipitation while the
Wilkinson County, GA site received the lowest.
Across the 12 sites, average SWHC was 12.4 cm,
but ranged from 6.0 cm at the Bradford County, FL
site, to 16.0 cm at the Wayne County, MS site.

3.3. Predicted hydrology

Predicted annual evapotranspiration (ET) ranged
from 55.3 cm during 1988, at the Walker County,
TX site, to 104.0 cm during 1979, at the Wayne
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Table 4
Predictions of growing season evapotranspiration {ET), drainage and soil water stress (GSSWS) and annual evapotranspiration, drainage
and net primary productivity (NPP) for the 12 measured loblolly pine sites. Standard errors are included in parentheses

Site (state, county)

Bradford, FL
Bienville, LA
Chatham, NC
Chester, SC
Colleton, SC
Gloucester, VA
Dooly, GA
McMinn, TN
Morgan, AL
Walker, TX
Wayne, MS
Wilkinson, GA
Average

Average growing season

ET
(cm)

51.8(1.5)
55.4(1.1)
54.1 (1.1)
51.7(2.0)
56.4(1.6)
51.7(1.3)
50.8(1.9)
50.3(1.5)
56.7(1.4)
48.1 (1.7)
62.6 (0.7)
51.9(1.6)
54.2 (0.5)

Drainage
(cm)

28.0(1.9)
12.7(2.7)
11.2(1.4)
12.1 (1.8)
14.5(1.3)
15.6(1.8)
6.7 (0.5)

15.1 (3.2)
14.3 (2.0)
11.3(1.8)
15.2(1.6)
6.2 (0.5)

14.5 (0.6)

GSSWS
(%)

0.17(0.02)
0.37 (0.03)
0.35 (0.05)
0.37 (0.08)
0.31 (0.05)
0.30 (0.05)
0.44 (0.03)
0.26 (0.04)
0.33 (0.05)
0.38 (0.05)
0.28 (0.03)
0.44 (0.05)
0.32 (0.01)

Average annual

ET
(cm)

83.0(1.7)
83.0(1.4)
73.6(1.4)
73.8(2.1)
83.1 (1.3)
69.1 (1.4)
79.1 (1.4)
70.3(1.3)
79.8(1.5)
76.0(2.1)
94.1 (0.8)
76.9(1.6)
80.3 (0.7)

Drainage
(cm)

47.6 (2.6)
53.6 (4.6)
43.2 (3.2)
46.0 (4.2)
38.5 (2.6)
48.2 (3.9)
29.5 (2.6)
60.8 (5.6)
59.0 (4.4)
39.8 (3.7)
55.2 (2.9)
34.3 (2.2)
47.2(1.2)

NPP
(t biomass ha"1)

11.4(0.9)
10.2 (0.7)
10.8 (0.9)
10.3(1.3)
12.8(1.2)
10.8 (0.9)
9.4 (0.8)
9.3 (0.8)

11.9(0.9)
9.9 (0.8)

13.1 (0.5)
9.1 (0.8)

11.0(0.3)

County, MS site. The lowest average annual pre-
dicted evapotranspiration occurred at the Glouchester
County, VA site (mean + SE 69.1 +2.1 cm H2O,
n= 14), and the highest average annual evapotran-
spiration rate occurred at the Wayne County, MS site
(94.1 + 1.0 cm H2O, n = 28), (Table 4). Total an-
nual drainage was a function of precipitation, SWHC
and plant water demand. Annual drainage ranged
from 5.2 cm in 1988 for the Walker County, TX site,
to 86.0 cm in 1989 for the McMinn County, TN site.
Average annual drainage was least in the Dooly
County, GA site (29.5 + 2.6 cm, n = 11) and great-
est in the McMinn County, TN site (60.8 + 5.6 cm,
n = 14), (Table 4).

Predictions of GSSWS ranged from 0.15 (little
water stress) for various years on the Bradford County
FL, Glouchester County VA and Wayne County MS
sites, to 0.63 in 1986 on the Dooly County, GA site
and 0.68 in 1988 on the Walker County, TX site.
The lowest predicted average annual GSSWS oc-
curred on the Bradford County, FL site (0.17 + 0.02,
n = 21), and the greatest predicted average annual
GSSWS occurred on the Dooly County (0.44 + 0.04,
n= 11) and Wilkinson County, GA sites (0.44 +
0.03, n= 13), (Table 4).

Soil water stress may be a useful indicator of
plant stress and susceptibility to insects, pollutants or
disease. For example, Lorio and Sommers (1986)

found that soil water stress was related to oleoresin
production in loblolly pine. Moderate water stress
increases oleoresin production and decreases tree
susceptibility to southern pine beetle (Dendroctonus
frontalis, Zimm.) attack. Areas of predicted high
GSSWS correlate with sections of the southern US
which historically have high rates of southern pine
beetle infestation (Price et al., 1991). These results
suggest that given potential climate change scenar-
ios, the model could predict future areas of southern
pine beetle outbreak, based on GSSWS (McNulty et
al., 1997a).

3.4. Predicted NPP

Predicted NPP ranged from 2.4 t ha"1 year"1 for
1978 at the Walker County, TX site to 18.6 t ha"1

year"1 in 1975 at the Wayne County, MS site, with
the average NPP across all sites equal to 11.3 t ha"1

year"1. Predicted average annual NPP was greatest
on the Colleton County, SC and Wayne County, MS
sites, and least in the Dooly County GA, McMinn
County TN, and Wilkinson County GA sites (Table
4).

Predicted NPP in this study agrees closely with
measurements of NPP. Teskey et al. (1987) mea-
sured a range of above ground NPP between 2 and
10 t dry matter ha"1 year"1 on loblolly pine sites.
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Other studies have estimated that below ground pro-
duction equals approximately 40% of above ground
NPP (Whittaker and Marks, 1975; Nadelhoffer et al.,
1985). Multiplying Teskey et al. (1987) measure-
ments of above ground NPP by 1.5 (60% above
ground NPP/40% below ground NPP) yields a mea-
sured range of total (above and below ground) NPP
between 3.0 and 15.0 t biomass ha"1 year'1, with
most site NPP (above ground only) over 8.5 t biomass
ha'1 year"1 (Teskey et al., 1987). PnET-IIS pre-
dicted NPP ranged from 2 to 18 t biomass ha~'
year"1, with an average annual NPP value of over 9
t biomass ha~' year"1. Although NPP was always
positive on an annual basis, the model predicted that
NPP would be negative on some sites during the
hottest months (average monthly maximum air tem-
perature over 30°C).

In PnET-IIS, predicted gross photosynthesis is a
function of photosynthesis per unit leaf area, and
total leaf area. Optimal air temperature for loblolly
pine photosynthesis is 17°C and 23°C, beyond which
point, gross photosynthesis begins to decline (Strain
et al., 1976). As temperature increases beyond the
optimal level for gross photosynthesis, the rate of
respiration continues to increase, therefore, propor-
tionally less photosynthate per unit leaf area will be
gained (Kramer, 1980). Within the model, changes
in water availability and plant water demand place
limitations on the amount of leaf area produced
(Aber and Federer, 1992). Therefore, as air tempera-
ture increases above an optimal level, both photo-
synthesis per unit leaf area and total leaf area de-
cline, while respiration continues to increase, which
causes a reduction in NPP.

3.5. Measured basal area growth

The years of record (YOR) that basal area growth
could be compared with predicted NPP varied be-
tween sites, due to differences in plantation estab-
lishment time and rate of canopy closure. The short-
est record of basal area growth was from the Chester
County, SC site and the longest was from the Wayne
County, MS site (Table 2). Basal area growth ranged
from 4.5 cm2 per tree for 1980 at the Bienville
Parish, LA site, to 26.4 cm2 per tree in 1982 at the
Colleton County, SC site. The Colleton County, SC

site also had the largest average annual basal area
growth, while the Dooly County, GA site had the
smallest average annual basal area growth (Table 2).

3.6. Basal area growth vs. predicted NPP

Across all sites and years, predicted NPP was
significantly (r2 = 0.30, P < 0.005, n = 165) corre-
lated with annual basal area growth (Fig. 3). Average
annual basal area growth was highly correlated (r2

= 0.66, P < 0.005, n = 12) with average annual pre-
dicted NPP (Fig. 4). Predictions of NPP may be
more closely related to average annual basal area
across all sites when compared with inter-annual
basal area growth, because factors influencing growth
not accounted for in PnET-IIS average out over long
time periods. For example episodic O3 events are
known to influence growth of loblolly pines (Faulkner
et al., 1990; Kress et al., 1992), but are not ac-
counted for by PnET-IIS. Additionally, changes in C
portioning are not accounted for by measuring basal
area alone. During drought years, a greater percent-
age of the NPP may be placed into root production,
compared with years with average or above average
precipitation when proportionally more NPP could
be allocated into basal area growth (Boyer, 1970).
Over time, variation in C portioning is averaged into
the basal area growth.
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Fig. 3. Annual predicted NPP (t biomass ha~' year"') vs. annual
measured basal area growth (cm2 per tree year"') for all 12
measured loblolly pine sites and years.
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r = 0.66

P = 0.0004

7 9 11 13 15 17 19 21

Average Annual Measured Site BA Growth (cm/tree)

Fig. 4. Average annual predicted NPP (t biomass ha~' year"1)
vs. average annual measured basal area growth (cm2 per tree
year"1) for all 12 loblolly pine sites.

3.7. Basal area growth vs. other ecosystem parame-
ters

In comparison with predicted NPP, other pre-
dicted and measured factors were less well correlated
with measured annual basal area growth. Total grow-
ing season precipitation was the climate variable
most strongly correlated with measured annual basal
area growth (r2 = 0.14, P < 0.005, n = 165), but no
relationship (P> 0.05) between average growing
season precipitation and average annual basal area
growth was shown. The poor correlation with any
single climate variable and basal area growth demon-
strates the advantage of using plant water demand
and soil water holding capacity for modeling forest
growth.

Annual evapotranspiration was the hydrologic
output that had the highest correlation with measured
annual basal area growth (r2 = 0.34, P < 0.005, n
= 164). Total annual evapotranspiration was also the
only hydrologic or climate variable which correlated
with average annual basal area growth for the 12
sampled sites (r2 = 0.32, P < 0.05, n = 12). Many
of the same soil, climate and vegetation factors
needed to predict NPP are also used to predict
evapotranspiration. Thus, a good correlation between
predicted NPP and predicted annual evapotranspira-
tion exists (r2 = 0.55, P < 0.0001, n = 165).

3.8. Hydrology validation

Precipitation was the only hydrologic variable
measured on or near each of the 12 sampled sites, so
validation of PnET-IIS predicted hydrology was not
possible with these sites. However, predictions of
site hydrology have been validated at the stand level
with PnET (Aber and Federer, 1992) and PnET-II
(Aber et al., 1996), and at the landscape scale with
PnET-IIS (McNulty et al., 1994, 1996, 1997b).

4. Conclusions

PnET-IIS predictions of hydrology and productiv-
ity were most sensitive to changes in temperature-re-
lated model parameters. Sampling 12 loblolly pine
sites across the southern US yielded a wide range of
annual basal area growth rate. PnET-IIS was signifi-
cantly correlated with measured annual and average
annual basal area growth across the region. These
results, along with previous research, indicate that
PnET-IIS prediction of ecosystem hydrology are well
correlated with measured ecosystem function. Future
uses of this model could include prediction of cli-
mate change affects loblolly pine productivity and
hydrology.
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