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Abstract 

Sugar maple (Acer saccharum Marsh. )-dominated northern hardwood forests were examined at four locations 
along an acid deposition and climatic gradient in the Great Lakes region of the USA. The study sites were matched 
in terms of physiography, soils, stand history, and vegetative characteristics. Measurements of basal area and 
biomass growth were made for the 1988-1991 growing seasons. There were no significant differences in either 
basal area or biomass increment among the four sites over the 4 year period. There was a great deal of year-to-year 
variability with relative basal area growth rates ranging from as low as 0.2% to as high as 2.4% on a single site in 
successive years. Growth efficiency measures reflected this variability with as much as an 800% difference between 
successive years on a single site. When coupled with year-to-year variability of up to 34% in leaf area related to 
heavy seed years and defoliation, this indicates that growth efficiency and leaf area measures are not consistent 
indicators of aboveground productivity for tolerant deciduous specics, especially if derived from short-term mea- 
surements or temporary plots. 
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1. Introduction 

A recent report (Barnard et al., 1990) defined 
forests as being healthy i f "  ... they are function- 
ing in a manner that allows sustainable develop- 
ment of ecosystems with productivity at or near 
potential levels as determined by edaphic, cli- 
matic, and genetic factors and normal commu- 
nity dynamics." By defining forest health in 
terms of aboveground productivity, it becomes 
imperative to understand the normal patterns of 
change and variability of productivity in order 
to accurately assess forest health (Avery and 
Burkhart, 1983; Franklin et al., 1987). It is im- 
portant for one-point-in-time evaluations of for- 
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est health to be made with due consideration of 
the natural variation in productivity. 

The growth and development of forests is de- 
pendent on the growth and development of in- 
dividual trees (Chapman and Meyer, 1949). 
Vigorous growth on a tree level does not neces- 
sarily relate directly to vigorous growth on a stand 
level (Bickerstaff, 1946) because factors which 
affect growth of individual trees may not be the 
same factors which affect growth on the stand 
level (Spurr, 1952 ). Evaluation of factors affect- 
ing forest productivity in field settings requires 
an understanding of the natural variability in the 
measures of forest productivity as well as high 
quality measurement of the factors being evalu- 
ated (Schreuder and Thomas, 1991 ). 

There has been much discussion in recent years 
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concerning the usefulness of observational field 
data in evaluating cause and effect relationships 
between agents of stress and forest productivity 
(e.g. Schreuder and Thomas, 1991, and accom- 
panying comments). Most attention has been 
placed on statistical methods to control variabil- 
ity in such things as climate or soil factors through 
study design, replication, and the use of covar- 
iates. However, there appears also to be a gener- 
ally poor level of appreciation of natural tem- 
poral variability in forest productivity due to 
other things such as seed crop production and 
defoliation (Burton et al., 1991a). 

This study was designed to evaluate the basal 
area and biomass increments and growth effi- 
ciency of sugar maple (Acer saccharum, Marsh. ) 
dominated northern hardwood stands in the 
northern Lake States. The four study sites were 
selected in 1987 along a gradient of air pollution 
and climate. The sites are generally representa- 
tive of the sugar maple-beech community of the 
hemlock-white pine-northern hardwoods re- 
gion defined by Braun (1950). Measurements 
from the 1988-1991 growing seasons are sum- 
marized here to; (1) compare stand level pro- 
ductivity and growth efficiency as related to re- 
gional gradients of pollutant deposition and 
climate, and (2) evaluate the year-to-year vari- 
ability of productivity and growth efficiency in 
these stands on a regional basis. 
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Fig. 1. Location of  s tudy sites (circled number s ) .  

ture, soils, physiography, and stand history (Ta- 
ble 1 ). The sandy, spodosol soils are typical of a 
major portion of the 5.3 million ha of northern 
hardwoods in the Lake States (Burton et al., 
1991 a). The sites have similar levels of growing 
season precipitation but differ in temperature 
and length of the growing season (Table 1 ). 

2.2. Measurements 

2. Methods 

2.1. Study areas 

The four northern hardwood study sites were 
located across the geographic range of the com- 
munity from central to northern Michigan (Fig. 
1); there are acid deposition and climate gra- 
dients which also extend across the region (Ta- 
ble 1). All sites were located on sandy, well- 
drained soils in second growth, sugar maple- 
dominated northern hardwood stands. Stands 
were identified following a rigorous selection 
process (Reed et al., 1988; Burton et al., 1991b). 
Selection criteria ensured that the sites were sim- 
ilar in terms of species composition, age, struc- 

Each study site consisted of three 30 × 30 m 2 

study plots surrounded on all sides by a 10 m 
wide buffer strip. Diameter at breast height 
(dbh) (1.37 m) measurements of individual 
trees greater than 5.0 cm [dbh] were made at 
permanently marked locations using diameter 
tapes in the fall of 1987, 1988, 1989, 1990, and 
1991 after at least 50% of leaf fall had occurred. 
Each tree was measured by two individuals who 
had to agree to within +_ 1 mm; this resulted in a 
standard error (SE) of 0.3 mm or less for the in- 
dividual tree measurements (based on a 10% re- 
measurement of sample trees). Basal area was 
calculated using standard mensurational formu- 
lae (Avery and Burkhart, 1983) and converted 
to a per hectare basis. Basal area was assigned to 
survivor growth (if the tree was living at the be- 
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Table 1 
Selected characterist ics of  the four nor thern  hardwood sites 

Site 1 Site 2 Site 3 Site 4 

Lati tude (N )  46:  52' 45 ° 33' 
Longitude (W)  88 ° 53' 84 ° 51' 
Basal area (m 2 ha - j  ) 32 (0.5)a  30 (1.2)  
Sugar maple basal area (%) 86 ( 7 ) 86 ( 8 ) 
Biomass ( M g h a  - l )  261 (13)  261 (24)  
Sugar maple biomass  (%) 87 (6)  83 ( 11 ) 
Canopy height (m)  24 ( 1 ) 27 ( 1 ) 
Overstory age (years)  79 ( 15 ) 73 (6)  
Mean annual  precipi ta t ion a ( r a m )  870 830 
SO ] - - S  deposi t ion (kg ha ~ year-~ )b 4.9 7.6 
NO~- -N deposi t ion (kg h a -  l yea r - i  )b 3.8 5.8 
Mean annual  tempera ture  ( ° C )  4.3 5.2 
Growing degree days c ( > 5.6 ° C ) 1528 1736 
Soil great group Haplor thod Haplor thod 

44~23 ' 
85 :50  ' 

30 (2.8) 
83 (5)  

274 (31)  
84 (5)  
28 (1)  
7 4 ( 1 1  

810 
9.0 
7.8 
5.8 

1944 
Haplor thod 

43~40 ' 
86o09 ' 

30 (2.0) 
75 (13)  

234 (29)  
7 6 ( 1 1 )  
2 4 ( 1 )  
78 (5)  

85O 
9.7 
7.6 
7.6 

2083 
Haplor thod 

" 30-year means for the nearest  NOAA station (NOAA, 1983). 
b Average annual  (October  1987 through September  1990) wet plus d w  deposi t ion (MacDona ld  et al., 1992 ). 
c Phillips and McCulloch (1972) .  
d Mean _+ (S tandard  Deviat ion ). 

ginning and end of the year), mortality (if the 
tree died during the year), or ingrowth (if the 
tree grew to be greater than 5.0 cm [dbh ] during 
the year). 

Heights of each tree were measured in the fall 
of 1987 but were not remeasured each year due 
to the slow height growth in the stands and the 
low precision of height measurements. Total 
heights were independently measured using cli- 
nometers by two individuals until there was 
agreement within + 1 m; this resulted in a SE of 
0.24 m or less for individual trees (based on a 
10% remeasurement of sample trees). Host et al. 
(1989) assembled a computer program of bio- 
mass equations for Lake States forest species. The 
equations in this program, along with the total 
heights and annual diameter measurements, were 
used to calculate total aboveground woody bio- 
mass (kg) for individual trees at the end of each 
growing season. These were assigned to survivor, 
ingrowth, or mortality, summed, and converted 
to a per hectare basis for analysis. 

Expressions of growth efficiency relate stem- 
wood basal area or aboveground biomass pro- 
duction to leaf area or foliar biomass. These pro- 
ductivity indices are based on the assumption 
that stand productivity is related to leaf area 

(Waring, 1983; Oren et al., 1987), and they have 
been related to environmental stress (Waring and 
Pitman, 1985; Oren et al., 1988). Growth effi- 
ciency measures used here are modeled after 
those described by Whittaker et al. (1974) for 
the Hubbard Brook ecosystem; the amount of 
basal area or biomass production is divided by 
leaf area or foliar weight. Leaf area and foliar 
weight for the study plots are based on individ- 
ual species foliar litterfall collected on the sites 
as described by Burton et al. (1991a). 

A one-way analysis of variance was used to ex- 
amine differences in productivity and growth ef- 
ficiency observed on the study sites. The three 
measurement plots were considered to be nested 
within the study sites in the analysis of variance. 
Annual observations were treated as repeated 
measurements on the same experimental units 
(plots). A significance level of P =  0.05 was used 
for all comparisons reported here. 

3. Results 

Total stand basal area across the sites averaged 
3 0 - 3 2  m 2 ha-~, 75-90% of which was sugar ma- 
ple (Table 1 ). In two old growth northern hard- 
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wood stands in northern Michigan, Mroz et al. 
(1985) observed total basal areas of 34-43 m 2 
ha-~, 93-94% of which was sugar maple. Whit- 
taker et al. (1974) noted basal areas of 22-26 m 2 
ha ~ in second growth northern hardwoods at 
Hubbard Brook with 79-year-old sugar maple. 
Host et al. ( 1988 ) report average total basal areas 
of 27.4 m 2 ha-~ in second growth northern hard- 
wood stands in northern lower Michigan which 
had significant sugar maple components. 

Aboveground biomass on the four study sites 
ranged from 234 to 274 Mg ha-  ~ (Table 1 ), be- 
low the values of 282 and 324 Mg ha-1 in old 
growth northern hardwoods given by Mroz et al. 
(1985) but above the values of 145 Mg ha -1 in 
second growth northern hardwoods in the Lake 
States noted by Crow et al. ( 1991 ) and 102-161 
Mg ha-  ~ observed by Whittaker et al. (1974) at 
Hubbard Brook. Host et al. (1988) found abov- 
eground biomass of 172-249 Mg ha-~ in stands 
with significant sugar maple components in 
northern lower Michigan; Zak et al. (1989) re- 
port that ecosystems similar to those on the study 
sites average 243 Mg ha -j .  

The following analyses are based on the sugar 
maple component of these stands. Similar re- 
sults were found for total growth but the addi- 
tional species were not the same at every site. The 
growth efficiency measures account for differ- 
ences in initial sugar maple basal area and bio- 
mass; analyses were performed on the relative 
growth as well as the actual growth to account for 
compositional differences among the stands. Re- 
sults concentrate on survivor growth to remove 
the variability introduced into net productivity 
by mortality events and ingrowth. There were no 
differences in basal area or biomass ingrowth 
among the study sites but there were differences 
(P< 0.005 ) in mortality among the study years. 

3.1. Basal area and biomass production 

For sugar maple survivors, basal area produc- 
tion ranged from 0.23 to 0.28 m 2 ha-  l (Table 2 ) 

and did not differ among the four study sites. But, 
there were significant (P< 0.001 ) differences in 
basal area productivity among the four study 
years and there was a significant (P< 0.001 ) site 
X year interaction. Variability was greater among 
years than among sites. Survivor basal area 
growth at site four ranged from 0.05 to 0.54 m 2 
ha-I  in successive years. Similar results were 
found when basal area productivity was ex- 
pressed on a percentage basis; the sites averaged 
0.88-1.20% annual growth, but, again for site 
four, survivor basal area growth percent ranged 
from 0.22% to 2.39% in successive years. These 
encompass the range (1.93-2.19%) noted by 
Whittaker et al. (1974) at Hubbard Brook but 
the average productivity over the four study years 
is lower than what was reported for Hubbard 
Brook. 

The four study sites were also similar in aver- 
age annual aboveground sugar maple survivor 
biomass production. Sugar maple survivor 
woody biomass production ranged from 2.1 to 
2.7 Mg ha-  l year-l  among the four sites (Table 
3). There were significant (P<0.001) differ- 
ences among years as well as a significant 
(P<0.001) site X year interaction. As was the 
case for basal area, year-to-year variability within 
sites was greater than variability among sites. On 
site four for example, survivor biomass produc- 
tivity ranged from 0.5 to 4.6 Mg ha -1 year -1 in 
successive years. Host et al. (1988) report mean 
annual increments of aboveground biomass for 
all species to range from 2.7 to 3.6 Mg ha-  
year-1 in stands with significant sugar maple 
components in northern lower Michigan which 
is similar to the 3.0-3.7 Mg ha -1 year-~ ob- 
served for all species on the study sites (Table 
1). 

Similar results were found for sugar maple sur- 
vivor biomass productivity expressed on a per- 
centage basis. There were no differences among 
sites but there were differences among years and 
a significant site X year interaction. Survivor 
biomass increment for the sites averaged 0.89- 
1.28%, but survivor biomass increment ranged 
from 0.27 to 2.52% in successive years at site four 
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Table 2 
Initial sugar maple basal area (Spring 1988 ), annual survivor sugar maple basal area increment ( 1988-1991 ), and annual rela- 
tive basal area growth rate for the four study sites a 

Site 1 Site 2 Site 3 Site 4 

Initial sugar maple basal area (Spring 1988) (m 2 ha 1) 
27.4 (1.9) 25.2 (2.3) 24.8 (1.0) 22.3 (4.9) 

Annual survivor sugar maple basal area increment (m 2 ha 1) 
1988 0.21 (0.04) 0.20 (0.02) 0.33 (0.12) 
t989 0.31 (0.10) 0.23 (0.07) 0.06 (0.10) 
1990 0.35 (0.11) 0.22 (0.08) 0.46 (0.01) 
1991 0.26 (0.08) 0.25 (0.06) 0.27 (0.06) 

.Average 0.28 0.23 0.28 

0.23(0.11)  
0.05 (0.07) 
0.54 (0.15) 
0.27 (0.08) 

0.27 

Relative survivor sugar maple basal area growth rates (%)u 
1988 0.77 0.79 1.33 1.03 
1989 1.12 0.90 0.24 0.22 
1990 1.25 0.86 1.83 2.39 
1991 0.92 0.97 1.05 1.17 

Average 1.02 0.88 I. 11 1.20 

a Values given are the means (and Standard Deviations) from the three measurement plots at each site. 
b Relative growth rate is the annual increment expressed as a percentage of the standing crop at the beginning of 

season. 
the growing 

Table 3 
Initial sugar maple aboveground woody biomass (Spring 1988 ), annual survivor sugar maple woody biomass increment ( 1988- 
1991 ), and annual relative woody biomass growth rate for the four study sites a 

Site 1 Site 2 Site 3 Site 4 

Initial sugar maple biomass (Spring 1988) (Mg ha ~) 
228.4 (13.4) 226.6 (29.0) 

Annual survivor sugar maple wood); biomass increment (m 2 ha -1) 

228.3 (12.6) 179.9 (44.6) 

1988 1.8 (0.3) 1.8 (0.2) 3.2 (1.1) 2.0 (0.9) 
1989 2.6 (0.7) 2.1 (0.7) 0.6 (0.9) 0.5 (0.6) 
1990 2.9 (0.9) 2.0 (0.7) 4.4 (0.2) 4.6 (1.3) 
1991 2.2 (0.8) 2.3 (0.7) 2.7 (0.6) 2.3 (0.7) 

Average 2.4 2.1 2.7 2.4 

Relative survivor sugar maple wood), biomass growth rates (%)b 
1988 0.79 0.79 1.40 1.11 
1989 1.13 0.92 0.26 0.27 
1990 1.25 0.87 1.90 2.52 
1991 0.93 0.99 1.14 1.23 

Average 1.03 0.89 1.18 1.28 

a Values given are the means (and Standard Deviations) from the three measurement plots at each site. 
o Relative growth rate is the annual increment expressed as a percentage of the standing crop at the beginning of the growing 

season. 
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(Table 3). The mean annual increment of bio- 
mass reported by Host et al. ( 1988 ) was between 
1.4 and 1.6% for stands with significant sugar 
maple components. 

3.2. Growth efficiency 

Expressions of growth efficiency relating 
stemwood basal area and aboveground biomass 
production to leaf area and foliar biomass are 
given in Table 4. There were no site differences 
in basal area: leaf biomass or basal area: leaf area 
but there were significant differences among 
years (P< 0.001 for both) and significant site X 
year interactions (P=0.035 and P=0.016, re- 
spectively). Basal area:leafbiomass ranged from 
0.083 to 0.124 m 2 Mg- ~ while basal area:leaf area 
ranged from 0.044 to 0.059 m 2 ha-  ~ among the 

study sites. There were greater differences be- 
tween successive years for given sites than among 
sites for both growth efficiency measures, with 
both sites three and four having an eight to ten- 
fold increase from 1989 to 1990 (Table 4). 

Similar results were found for the biomass in- 
crement growth efficiency ratios; there were no 
differences among sites but there were differ- 
ences (P<0.001 for both measures) among years 
and significant site X year interactions (P< 0.001 
for both measures). Biomass increment:leaf 
biomass averaged 0.744-1.125 Mg Mg- ~ among 
the sites but, from 1989 to 1990 had an eight- 
fold increase at sites three and four. Biomass in- 
crement :leaf area was less variable ranging from 
0.378 to 0.508 Mg ha -~ among the sites but still 
had six to seven-fold increases from 1989 to 1990 
at sites three and four. 

Table 4 
Survivor sugar maple growth efficiency estimates (and Standard Deviations) from the four sites 

Site 1 Site 2 Site 3 Site 4 

Basal area increment: litterfall fol iar weight On 2 M g  - 1 ) a  

1988 0.06 (0.01) 0.06 (0.01) 0.15 (0.05) 0.09 (0.04) 
1989 0.15 (0.05) 0.08 (0.02) 0.02 (0.04) 0.02 (0.03) 
1990 0.14 (0.05) 0.10 (0.04) 0.20 (0.03) 0.22 (0.08) 
1991 0.09 (0.03) 0.08 (0.02) 0.10 (0.02) 0.09 (0.02) 

Average 0.11 0.08 0.12 0.11 

Basal area increment : foliar leaf  area On 2 ha - 1) 
1988 0.04 (0.01) 0.03 (0.00) 0.08 (0.02) 0.05 (0.02) 
I989 0.08 (0.02) 0.04 (0.01) 0.01 (0.02) 0.01 (0.02) 
1990 0.06 (0.02) 0.06 (0.02) 0.08 (0.01) 0.10 (0.03) 
1991 0.04 (0.02) 0.03 (0.01) 0.04 (0.01) 0.04 (0.01) 

Average 0.06 0.04 0.05 0.05 

Biomass increment: litterfall fol iar weight (Mg M g -  1) 
1988 0.57 (0.07) 0.59 (0.06) 1.39 (0.48) 0.80 (0.36) 
1989 1.28 (0.37) 0.77 (0.20) 0.23 (0.33) 0.22 (0.24) 
1990 1.17 (0.39) 0.91 (0.35) 1.94 (0.28) 1.86 (0.69) 
1991 0.79 (0.29) 0.70 (0.21) 0.94 (0.22) 0.8I (0.21) 

Average 0.95 0.74 1.12 0.92 

Biomass increment : foliar leaf  area (Mg ha - 9 
1988 0.31 (0.05) 0.30 (0.03) 0.74 (0.23) 0.41 (0.18) 
1989 0.69 (0.14) 0.40 (0.11) 0.12 (0.17) 0.12 (0.13) 
1990 0.49 (0.16) 0.51 (0.21) 0.78 (0.09) 0.86 (0.29) 
1991 0.36 (0.15) 0.31 (0.09) 0.40 (0.10) 0.36 (0.09) 

Average 0.46 0.38 0.51 0.44 

a Litterfall weights (dry. weight, Mg ha-  ~ ) and leaf area indices (m 2 m 2 ) are taken from Burton et al. ( 1991 a). 
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4. Discussion 

The lack of differences among the four study 
sites for any of  the productivity or growth effi- 
ciency measurements implies that there were no 
detectable differences in aboveground woody 
production among the sites due to mean nitrate 
or sulfate deposition, regional climate, or site 
characteristics over the four study years. Burton 
et al. ( 1991 a) found similar results for leaf area 
and biomass. Total annual precipitation, grow- 
ing season (May through September) precipita- 
tion, and actual evapotranspiration were not 
correlated with basal area or biomass increment 
on the study sites. These seasonal measures may 
not accurately assess moisture availability dur- 
ing the specific times when it is physiologically 
important for production of aboveground woody 
biomass. Additional years of record will allow 
assessment of the importance of the seasonal 
pattern of precipitation and temperature on 
aboveground woody production. 

A possible explanation of the lack of differ- 
ence in productivity among the study sites is that 
the genotypes in the respective local sugar maple 
populations are adapted to the local growing sea- 
son and climate conditions. Pollution sensitivity 
screening studies have shown no differences in 
susceptibility to ozone, nitrogen, or sulfur inputs 
in seedling material collected from these study 
sites (D.F. Karnosky, personal communication, 
1993 ). There is, therefore, no evidence of genet- 
ically related differences in pollutant susceptibil- 
ity of sugar maple at the study sites and no de- 
tectable effects of sulfate or nitrate deposition on 
the conventional productivity or growth effÉ- 
ciency of sugar maple. Previous studies, how- 
ever, have shown very clear effects of sulfur and 
nitrogen deposition on sugar maple foliar stoi- 
chiometry (Pregitzer et al., 1992), canopy leach- 
ing (Liechty et al., 1990, 1992), soil chemistry 
(MacDonald et al., 1991), and soil solution 
chemistry (MacDonald et al., 1992). 

Even though there is no evidence of differ- 
ences in average annual aboveground woody 
production among the sites, there is a great 
amount of annual variability that is difficult to 
attribute to any specific cause. Burton et al. 

( 1991 a) showed the effects of life history events 
on foliar production and Pregitzer and Burton 
(1991) demonstrated that increased seed pro- 
duction decreases stand leaf area and increases 
total nitrogen flux in litterfall. There appears to 
be little direct relationship between seed crop 
production and basal area, biomass productiv- 
ity, or growth efficiency. It is possible for seed 
crop production to affect foliar production or 
growth the following year but that is difficult to 
evaluate given only four years of records from the 
study sites. Sites three and four had their lowest 
basal area and biomass productivity in years fol- 
lowing heavy seed crops but sites one and two 
showed little change in basal area and biomass 
productivity in 1990 as compared with 1989, a 
heavy seed year. 

Although not clear from the relatively short 
records from these sites, growth may be more de- 
pendent on the carbohydrate storage of the pre- 
vious year. Spring cambial growth in hardwoods 
is dependent on carbohydrates stored the pre- 
vious year (Kramer and Kozlowski, 1979) and 
somewhat less dependent on the current year's 
carbohydrate production. A year with high foli- 
age production and ideal growing conditions may 
result in more stored carbohydrate for successive 
years and not necessarily more growth in the cur- 
rent year. Through interactions with tempera- 
ture and moisture, seed crop production, and in- 
sect defoliation events, carbohydrate storage may 
be driving the annual variability in aboveground 
productivity. Lane ( 1991 ) studied the relation- 
ship between tree ring widths and the long-term 
climate records for these sites. He found that ring 
widths were positively related to weather condi- 
tions which would delay the start of the previous 
growing season but extend it into the previous 
fall, coupled with temperature conditions lead- 
ing to an early start in growth in the spring of the 
current year. These results support the hypothe- 
sis that carbohydrate storage is the factor driving 
the high level of annual variability in above- 
ground production. 

Clearly, the link between aboveground pro- 
ductivity and foliar biomass or leaf area is weak 
in these stands. Several other authors, such as 
Waring and Pitman (1985), Oren et al. (1988), 
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and Gower et al. (1992) have shown strong re- 
lationships between growth efficiency and envi- 
ronmental stress in conifers. One possibility is 
that, since conifers retain their foliage for several 
years, the year-to-year variability in foliar pro- 
duction and basal area and biomass productivity 
is mitigated allowing greater sensitivity in de- 
tecting environmental effects on these variables. 
Pines use carbohydrates produced by old needles 
in early spring shoot expansion (Dickmann and 
Kozlowski, 1968) and are not dependent on 
stored carbohydrates for growth initiation. The 
poor relationship between leaf area and produc- 
tivity in sugar maple may also be due to physio- 
logical relationships; sugar maple sapwood is 
known to vary in its effectiveness at conducting 
water and in the number of annual rings in- 
volved in active conduction (Kramer, 1983). 
The physiological differences in sugar maple as 
compared with the coniferous species where bet- 
ter growth efficiency relationships have been 
identified may also play a role in the strength of 
the linkage between foliar production and basal 
area or biomass productivity. 

Crown defoliation values presented by Burton 
et al. (1991a) for 1988-1990 show little rela- 
tionship to basal area or biomass productivity for 
these years. Site two, for example, had 22% de- 
foliation in late July, 1990 and only 1% defolia- 
tion in 1989, yet had roughly equal basal area and 
biomass increments in these 2 years. As with seed 
production, defoliation may affect basal area and 
biomass production in subsequent years but the 
lag effect cannot be evaluated from 4 years of 
measurement. There may also be an interaction 
between seed production and defoliation on the 
replacement and maintenance of stored carbo- 
hydrates that may affect production in subse- 
quent years in a complex fashion. An implica- 
tion of these results, and those of Burton et al. 
( 1991 a), is that leaf area and growth efficiency 
measurements made on temporary plots or mea- 
surements made every few years using a 'snap- 
shot' approach probably have little relevance to 
the productive capacity of these stands. The re- 
sults of this and other studies (Schreuder and 
Thomas, 1991; Burton et al., 1991 a) indicate that 
detection of subtle shifts in forest productivity 

due to environmental stresses against a back- 
ground of extensive, natural, year-to-year varia- 
bility requires multiple years of observation and 
careful documentation of defoliation, seed pro- 
duction, weather conditions, and other biotic and 
abiotic factors. 
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