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ABSTRACT 

Aboveground net primary production (ANPP) and 
leaf-area index (LAI) of lodgepole pine (Pinus con- 
torta var. latifolia Engelm. ex Wats.) saplings and 
aboveground productivity of herbaceous vegetation 
components were determined 9 years after the 1988 
fires in Yellowstone National Park (YNP). Measure- 
ments were made in four sites representing a wide 
range of early postfire vegetation present in YNP, 
including high-density lodgepole pine, low-density 
lodgepole pine, and two nonforest stands. LAI of the 
pine saplings and total ANPP (trees plus herbs) 
generally increased with increasing sapling density, 
from 0.002 m mm-2 and 0.25 Mg ha-' year-' in the 
infertile nonforest stand (100 pine saplings ha-') to 
1.8 m2 m-2 and 4.01 Mg ha-' year-' in the high- 

INTRODUCTION 

The 1988 fires in Yellowstone National Park (YNP), 
Wyoming, affected more than 250,000 ha, creating 
a striking mosaic of burn severities across the land- 
scape that is likely to influence ecological processes 
for decades to come (Christensen and others 1989; 
Knight and Wallace 1989; Turner and others 1994). 
Substantial spatial heterogeneity in early postfire 
succession has been observed in the decade since 
the fires, resulting largely from spatial variation in 
fire severity and in the availability of lodgepole pine 
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density pine stand (62,800 saplings ha-'). Above- 
ground herbaceous productivity was not strongly 
correlated with sapling density, but appeared to be 
influenced by soil fertility. In the high-density pine 
stand, tree ANPP and LAI were within the lower 
range of values reported for similar mature conifer- 
ous forests. This finding suggests that at least some 
ecosystem processes (related to ANPP and LAI) may 
have nearly recovered after only 9 years of postfire 
succession, in at least some of the young forests 
developing after the 1988 Yellowstone fires. 

Key words: lodgepole pine; Yellowstone National 
Park; succession; fire; aboveground net primary 
production; leaf-area index. 

(Pinus contorta var. latifolia) seeds in or near the 
burned area (Anderson and Romme 1991; Tinker 
and others 1994; Turner and others 1997). Postfire 
vegetation now includes pine stands ranging from 
relatively low to extremely high pine sapling den- 
sity (- 10,000 to nearly 100,000 stems ha-') as well 
as nonforest or marginally forested communities 
(< 1000 saplings ha-') in some areas previously 
characterized by coniferous forest. 

We are interested in how the variability and 
spatial pattern of early postfire successional vegeta- 
tion across the Yellowstone landscape may influ- 
ence ecosystem processes related to energy flow and 
biogeochemistry. We also are interested in how 
quickly these processes may return to their predistur- 
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Table 1. Characteristics of Study Sites Where Aboveground Net Primary Production and Leaf-Area Index 
Were Measured in 1997 in Yellowstone National Parka 

Sapling Height 
Lodgepole () in 1997:H UTM Coordinates 

Elevation Pine Density Dominant Herbaceous and Date of 
Study Site (m) Substrate (Stems ha-') Mean (SE) n and Shrub Species Sampling 

Infertile nonforest 2570 Rhyolite 100 0.62 (0.06) 10 Epilobium angustifolium 527050E, 4899400N 
(Pitchstone) Carex rossii 26 July 1997 

Fertile Nonforest 2560 Andesite 1000 0.44 (0.09) 10 Epilobium angustifolium 543400E, 4962900N 
(Mt. Washburn) Trisetum spicatum 28 July 1997 

Low-density pine 2560 Rhyolite 20,100 0.42 (0.08) 10 Epilobium angustifolium 527600E, 4899300N 
forest Carex rossii 26 July 1997 
(Pitchstone) 

High-density pine 2070 Rhyolite 62,800 0.89 (0.12) 10 Calamagrostis rubescens 505550E, 4943650N 
forest (Mt. Spirea betulifolia 30 July 1997 
Haynes) 

aEach site was burned by crown fires in 1988; UTM, Universal Transverse Mercator. 

bance characteristics. In this report, we begin to 
address these general questions by examining the 
variation in aboveground net primary production 
(ANPP) and leaf-area index (LAI) of tree (lodgepole 
pine) and herbaceous components in successional 
stands 9 years after the fires. ANPP measures the 
cumulative new biomass generated over a given 
period and is a fundamental ecosystem property 
often used to compare ecosystems (Carpenter 1998). 
Leaf area (typically expressed as LAI, that is, leaf 
area per unit ground surface area) influences rates 
of two fundamental ecosystem processes-primary 
productivity and transpiration-and is commonly 
used in ecosystem models [for example, Forest-BGC 
(Running and Coughlan 1988) and FIRE-BGC 
(Keane and others 1996)]. Disturbances cause reduc- 
tions in leaf area that cause simultaneous reductions 
in transpiration and photosynthesis and increases in 
stream flow (Helvey and others 1976; Gholz and 
others 1985; Davis 1987, 1993; Keane and others 
1996). 

This study had three specific objectives. The first 
was to address two hypotheses: (a) that total ANPP 
would primarily reflect variation in tree sapling 
density, increasing as sapling density increased from 
nonforest to high-density pine stands; and (b) that 
herbaceous ANPP would be inversely related to tree 
ANPP across all sites because of competition be- 
tween tree saplings and herbaceous plants. Our 
second objective was to quantify differences in tree 
LAI across a range of sapling densities. Thirdly, we 
compared our measured ANPP and LAI with values 
in the literature to determine how close these 

9-year-old postfire stands in YNP have come to 
developing ANPP and LAI characteristic of mature 
coniferous forests. 

STUDY AREA AND METHODS 

Yellowstone encompasses 9000 km2 in the north- 
west corner of Wyoming and is primarily a high, 
forested plateau. The 1988 Yellowstone fires af- 
fected about 45% (400,000 ha) of this area (Despain 
and others 1989). Fires of this scale have occurred in 
YNP in the past, most recently in the early 1700s 
(Romme and Despain 1989). Approximately 80% 
of the park is covered with coniferous forests domi- 
nated by lodgepole pine (Despain 1991). Our study 
focused on the subalpine forested plateau that 
covers most of Yellowstone and supports extensive 
lodgepole pine forests. The climate is generally cool 
with relatively moist springs and dry summers 
(Martner 1986). The two most important environ- 
mental gradients controlling vegetation on the pla- 
teau relate to elevation and geological substrate 
(Despain 1991), with moisture generally increasing 
with elevation and soil fertility lower on rhyolite 
than on andesite and detrital substrates. 

Study Sites 

We conducted this study in late July of 1997 at four 
sites, each about 1 ha in extent, in YNP (Table 1). 
These four sites represented four contrasting types 
of early postfire vegetation: (a) infertile nonforest 
(Pitchstone Plateau; lodgepole pine sapling density 
of 100 stems/ha), (b) fertile nonforest (Mount 
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Table 2. Aboveground Net Primary Production (ANPP) and Leaf-Area Index (LAI, Measured in 1997) in 
Four 9-Year-Old Stands Developing After the 1988 Yellowstone Firesa 

Aboveground Above- 
Aboveground Herbaceous ground 
Tree Productivity Productivity Total ANPP Proportion Tree LAI 

Study Site (Mg ha-' yr'") (Mg ha-' yr-l) (Mg ha-~ yr'-) Herbaceous (m2 m-2) 

Infertile nonforest (Pitchstone) 0.0021 0.2434 0.2455 0.99 0.002 
(0.0008-0.0033) (0.1169-0.3700) (0.1177-0.3733) 

Fertile nonforest (Mt. Washburn) 0.0164 0.7374 0.7537 0.98 0.012 
(0.0074-0.0253) (0.5015-0.9732) (0.5089-0.9985) 

Low-density pine forest (Pitchstone)- 0.1431 0.7121 0.8552 0.83 0.138 
(0.0563-0.2299) (0.3946-1.0297) (0.4509-1.2596) 

High-density pine forest (Mt. Haynes) 3.8134 0.1998 4.0133 0.05 1.822 
(0.8781-6.7488) (0.0889-0.3108) (0.9670-7.0595) 

aNutmbers are means, with 95% confidence interval in parentheses; mg, metric ton (1,000,000 g). 

Washburn; sapling density of 1000 stems/ha), (c) 
low-density lodgepole pine (Pitchstone Plateau; sap- 
ling density of 20,100 stems/ha), and (d) high- 
density lodgepole pine (Mount Haynes; sapling 
density of 62,800 stems/ha). All four sites were fully 
stocked with trees at the time of the fires in 1988. 
The fires were stand replacing at all four sites, so the 
trees for which we measured ANPP and LAI all 
germinated after 1988. 

ANPP Measurements 

For field vegetation sampling, we established a 
50-m transect through the approximate middle of 
each study site. We counted the number of postfire 
lodgepole pine saplings within a 50 x 2-m belt 
transect along the central transect of the sampling 
area to determine tree density at the site. The 50-m 
transect was stratified into five 10-m intervals. 
Within each interval, we located two 0.25-m2 quad- 
rats by choosing a distance along the transect at 
random and then choosing a distance (up to 10 m) 
away from the transect at random on both the left 
and the right sides. For herbaceous productivity, we 
clipped all nontree aboveground biomass within 
each quadrat and dried and weighed the material. 
We assumed that this mass represented peak season 
biomass for all species. The herbaceous samples 
included small amounts of biomass from low decidu- 
ous shrubs (Vaccinium scoparium and Spirea betulifo- 
lia). Ordinarily, the shrub productivity would be 
separated into wood and foliage components. How- 
ever, shrubs comprised a very small proportion of 
the biomass in the stands that we studied, and their 
woody parts were a very small fraction of total plant 

biomass. Therefore, the error resulting from their 
inclusion in the herbaceous samples was minimal. 

For woody productivity, we randomly sampled 10 
lodgepole pine saplings by selecting the closest 
sapling to the lower left-hand corner within each 
sampling quadrat or, if there were no saplings 
within the quadrat, then the closest to that corner 
outside the quadrat. We measured the current 
year's increment in biomass in the 10 sampled trees 
(as described below), computed an average for the 
10, and then multiplied the average value for each 
component of woody ANPP by the density of trees 
to obtain an estimate of woody ANPP per hectare. 
We also computed confidence intervals based on the 
measured variance in ANPP among the samples 
within a study site; these confidence intervals (Table 
2) do not reflect variance in tree density within a 
site. 

For each tree sampled, we measured the length of 
the stem in 1997 (to the tip of the terminal bud) and 
in 1996 (the base of the current year's growth), as 
well as the radius of the woody portion of the base 
of the tree in 1997 and 1996 (indicated by most 
recent complete ring). The formula for the volume 
of a cone was used to compute volume of the stem 
in 1996 and in 1997; the difference in these two 
volumes is the current year's increment of stem 
wood. We also measured the total radius (bark + 
wood) of the base of the tree in 1997 and used the 
volume of a cone to calculate the total stem volume. 
The volume of bark was calculated by the difference 
between the total stem volume in 1997 and the total 
wood volume in 1997. For each branch, we also 
measured the length in 1996 and in 1997, as well as 
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the radius of the woody portion of the base. The 
volume of branch wood in 1997 was calculated 

using the formula for a cone; it was then assumed 
that the proportion of total wood volume added in 
this current year is the same in the branches as in 
the boles. Dividing the new wood volume by the 
total stem volume gave us the new wood fraction; 
similarly, dividing the bark volume by the total stem 
volume gave us the bark fraction. These fractions 
were then used to calculate the mass of bark and 
new wood from the measured total stem dry masses. 
The total bark mass was divided by 3 (the estimated 
number of years over which the current bark was 
formed) to estimate the current year's bark produc- 
tion. Finally, we clipped off all of the current year's 
needles and dried and weighed them. The older 
wood and needles were dried and weighed to obtain 
their contribution to the total tree mass. 

Our estimates of herbaceous, woody, and total 
ANPP were underestimates for the year. In late July 
1997, the trees had not yet completed their radial 
growth and their new leaves were not yet fully 
expanded. In addition, some of the herbaceous 
species reached their peak season biomass either 
earlier or later than the sampling date. However, 
since all four sites were sampled within a few days 
of each other (Table 1), we can reasonably compare 
ANPP in late July among the four sites. 

LAI Measurements 

We developed relationships between LAI and dry 
weight for lodgepole pine saplings for one 10- 
fascicle sample from each of two trees per site by 
using the following procedure. First, the exterior 
surface area of each fascicle was calculated (assum- 
ing a fascicle is two cones oriented end to end) by 
using its length and diameter measured in the 
middle of the fascicle (subtracting the bases of the 
cones). Next, the interior surface area of each 
fascicle was determined (that is, the area exposed if 
the two needles were pulled apart) by using its 
length and intermediate diameter and implement- 
ing the formula two times the area of a triangle. We 
summed the exterior and interior surface areas of 
each fascicle to obtain the total surface area. The 
total surface area for all 10 fascicles in the 10-needle 
sample was summed, and the total 10-fascicle sam- 
ple surface area was divided by the measured mass 
of that sample to obtain the area-mass ratio. We 
averaged the two area-mass ratios derived for each 
site and averaged the 10 total leaf-mass samples 
(from the 10 saplings collected per site for the ANPP 
measurements; new and old leaves calculated sepa- 
rately). The mean tree leaf mass (grams) was multi- 
plied by the mean area-mass ratio (cm2 g-') and 

divided by 10,000 to obtain the mean leaf area per 
tree (m2 tree-'), which was multiplied by site tree 
density to derive the leaf area per hectare. Total 
lodgepole pine LAI for the site equaled the LAI new 
leaves + LAI old leaves. Herbaceous LAI was not mea- 
sured because of the diversity of species, leaf shapes, 
and leaf area-mass relationships among the ground- 
layer species. Therefore, the LAI values presented in 
this report refer to the tree component only. 

RESULTS 

Aboveground lodgepole pine sapling productivity 
was lowest in the infertile nonforest stand (0.002 
Mg ha-' year-'), greater in the fertile nonforest 
stand (0.016 Mg ha-' year-'), greater yet in the 
low-density pine stand (0.143 Mg ha-' year-'), and 
greatest in the high-density pine stand (3.813 Mg 
ha-' year-') (Table 2). Aboveground herbaceous 
productivity was approximately 0.20 Mg ha-' year-' 
in the infertile nonforest and the high-density pine 
stands and approximately 0.70 Mg ha-' year-' in 
both the fertile nonforest and low-density pine 
stands (Table 2). Total (tree + herbaceous) ANPP 
was lowest in the infertile nonforest stand (-0.25 
Mg ha-' year- ), comparable in the fertile nonforest 
and low-density pine stands (-0.80 Mg ha-' year-'), 
and greatest in the high-density pine stand (-4.00 
Mg ha-l year-') (Table 2). Herbaceous species com- 
prised 98%-99% of the total ANPP in both nonfor- 
est stands, 83% in the low-density pine stand, and 
5% in the high-density pine stand (Table 2). 

Tree LAI was lowest (0.002) in the infertile 
nonforest stand, an order of magnitude greater 
(0.012) in the fertile nonforest stand, another order 
of magnitude greater (0.138) in the low-density 
pine stand, and still an order of magnitude greater 
(1.82) in the high-density pine stand (Table 2). 

DISCUSSION 

This study has documented substantial variation in 
ANPP and LAI in early postfire successional vegeta- 
tion. Our first hypothesis-that total ANPP would 
primarily reflect variation in tree sapling density- 
was generally supported (Table 2), although the 
difference in total ANPP between two of the stands 
(the fertile nonforest stand and the low-density pine 
stand) was not significant (see below). ANPP in the 
tree component clearly increased as sapling density 
increased from the nonforest stands to the high- 
density pine stand. With each order of magnitude 
increase in sapling density, we observed an order of 
magnitude increase in tree ANPP, until the step 
between the low-density and the high-density pine 
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Table 3. Aboveground Net Primary Productivity (ANPP) and Leaf-Area Index (LAI, Tree Component Only) 
in Mature Coniferous Forests Similar to Those of Yellowstone National Park 

Tree LAI 
(m2 Leaf m2 Tree ANPP 

Forest Type Ground) (mg ha yr') References 

Lodgepole pine, southeastern Wyoming 
(75- to 240-year-old stands, 420-14640 stems/ha) 4.5-9.9 0.8-3.0 Pearson and others 1984, 1987 

Lodgepole pine, southeastern Wyoming 
(23- to 117-year-old stands) 1.8-4.6 Binkley and others 1995 

Lodgepole pine, northern Colorado 
(71- to 77-year-old stands, 1600-8600 stems/ha) 4.5-14.0 -Moir and Francis 1972 

Lodgepole pine, northern Utah 
(67- to 134-year-old stands, 208-6300 stems/ha) 2.0-5.0 - Jack and Long 1991 

Lodgepole pine, interior British Columbia 
(22-year-old stands, 3500-109,000 stems/ha) 2.3-13.4 - Keane and Weetman 1987 

Jack pine, north central Wisconsin 
(51- to 61-year-old stands, 640-960 trees/ha) 1.2-2.4 2.9-5.1 Fassnacht and Gower 1997 

Red pine, north-central Wisconsin 
(67- to 75-year-old stands, 816-1008 trees/ha) 3.1-3.4 3.9-5.1 Fassnacht and Gower 1997 

Scots pine, East Anglia, U.K. 
(32- to 59-year-old stands, 398-1560 stems/ha) 2.3-4.2 - Mencuccini and Grace 1996 

Evergreen boreal coniferous forests, Canada and Siberia 2-10 0.92-7.19 Box and others 1989 

Nine-year-old lodgepole pine stands, Yellowstone National 
Park 

(100-62,800 stems/ha) 0.002-1.8 0.002-3.8 This study 

stands. Here, while the stem density increased by 
only a factor of 3, the tree ANPP increased by 
another order of magnitude. The exceptionally high 
tree ANPP in the high-density pine stand probably 
was due not only to the high density of saplings, but 
also to the greater average size of saplings and a 
longer growing season on this lowest elevation site 
(Table 1). 

While tree ANPP generally followed the trend in 
sapling density, herbaceous ANPP showed no simple 
pattern. As expressed in our second hypothesis, we 
expected a straightforward trade-off between herba- 
ceous and tree sapling growth, such that herbaceous 
productivity would decrease as tree productivity 
increased. However, this hypothesis was rejected. 
Herbaceous ANPP was comparable in the infertile 
nonforest and high-density pine stands, suggesting 
that, even under the intensively competitive envi- 
ronment presented by high pine densities, herba- 
ceous productivity can be maintained at levels 
comparable to those exhibited in some other post- 
fire stands. Herbaceous ANPP was also comparable 
in the fertile nonforest stand and in the low-density 
pine stand, suggesting that even a 20-fold increase 
in sapling density was not necessarily detrimental to 
the productivity of herbaceous species. 

Substrate and soil characteristics appeared to 
influence productivity, especially of the herbaceous 

component, although our sample size was limited. 
Herbaceous ANPP was significantly greater in the 
nonforest stand on fertile andesite than in the 
nonforest stand on infertile rhyolite at comparable 
elevations, and total ANPP on the fertile nonforest 
site was comparable to total ANPP in the low- 
density pine stand (which is on an infertile sub- 
strate). This latter finding suggests that, during the 
early stages of succession, areas recovering as herba- 
ceous vegetation can be as productive as areas 
recovering as forest. 

Not surprisingly, tree LAI followed closely the 
variation in tree sapling density among the four 
stands. With order-of-magnitude increases in sap- 
ling density, we saw order-of-magnitude increases 
in tree LAI. What was surprising, however, was that 
leaf area in the high-density pine stand had reached 
the lower range of values reported in the literature 
for similar mature coniferous forests (Table 3). 
ANPP in the high-density pine stand also was well 
within the lower range of values reported for ma- 
ture forests (Table 3). This would indicate that at 
least some ecosystem processes (related to ANPP 
and LAI) in at least some of Yellowstone's young 
pine forests have recovered or nearly recovered to 
prefire conditions after only 9 years. We hasten to 
emphasize that this statement applies only to high- 
density young pine forests at lower elevations, such 
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as the stand sampled in this study, and that even 
these forests are obviously different from mature 
forests in terms of tree size, standing crop, and other 
important ecosystem characteristics. Moreover, 
much of the burned area in Yellowstone is covered 
by lower-density pine stands and nonforest stands, 
where LAI and ANPP are substantially lower than in 
mature forests. Nevertheless, it is interesting and 
surprising to find that, on at least some sites and 
with some initial densities of pine saplings, func- 
tional properties related to LAI and ANPP are 
recovering remarkably fast from the severe distur- 
bance caused by the 1988 fires. 

Understanding the implications of landscape het- 
erogeneity and disturbance dynamics for ecosystem 
processes remains an important challenge (Schimel 
and others 1997), and predicting broad-scale pat- 
terns of ecosystem processes requires understanding 
the variability within and among ecosystems (Zak 
and others 1989; Walley and others 1996). Little is 
known about the long-term implications of a fire- 
generated landscape mosaic for ecosystem pro- 
cesses, and strong links between pattern and process 
at broad scales have yet to be documented for 
natural ecosystems. The significant variation in 
ANPP and LAI that we observed in four contrasting 
stands of early postfire vegetation suggests substan- 
tial variation in at least some parameters of ecosys- 
tem function across the postfire Yellowstone land- 
scape. The differences in ANPP and LAI between the 
nonforest stands and those developing new forests 
are likely to persist for many decades. However, the 
differences between the low-density and high- 
density pine stands may diminish over time as both 
kinds of forests form closed canopies. Pearson and 
colleagues (1984) reported similar LAIs in two 
mature lodgepole pine stands that grew on similar 
soils but differed greatly in tree density (2217 vs 
14640 trees/ha) and suggested that LAI is controlled 
more by site water balance than by forest structure 
in mature stands. Similarly, Jack and Long (1991) 
found no significant trend in LAI as tree density 
increased from 200 to 6300 trees/ha. Keane and 
Weetman (1987), however, found a substantial 
reduction in LAI in extremely dense stands (> 
80000 trees/ha). Continuing, long-term studies of 
infrequent "natural experiments" like the 1988 
Yellowstone fires can contribute to our general 
understanding of ecosystem structure and function 
at broad scales. 
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