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ABSTRACT 

Seasonal trends in five traits of sugar maple (Acer saccharum Marsh.) and yellow birch 
(Betula allegheniensis Britt.) leaves thought to influence feeding by herbivores were measured 
from 17 May through 19 September, 1979. Total nitrogen and water contents declined and 
toughness increased through the growth season. These seasonal changes were more pronounced 
in sugar maple than in yellow birch. Total polyphenol contents and tanning coefficients of leaf 
extracts from both species reached a season high by the end of May and changed very little 
after that date; these patterns differ from those reported by several other investigators. Sugar 
maple leaf extracts exhibited much higher tanning coefficients than did those of yellow birch, 
a finding which is consistent with current plant defense theory. Significant differences in total 
polyphenol content and tanning coefficients were found between individual trees in yellow 
birch, but not sugar maple. The relationship between successional status, leaf quality traits, 
and variability in these traits in forest trees is discussed. 

THE QUALITY of tree leaves as food for insects 
may play an important role in keeping forest 
consumption at low levels (Ehrlich and Birch, 
1967; Mattson and Addy, 1975; Feeny, 1976; 
Lawton, 1976). Leaf characteristics shown to 
influence the food value of leaves for insects 
include nitrogen content (Feeny, 1970; Edel- 
man, 1963; McNeil and Southwood, 1978), 
water content (Scriber, 1977; Scriber and 
Feeny, 1979), polyphenolic (especially tannin) 
content (Feeny, 1970, 1976; Rhoades and 
Cates, 1976; Haukioja and Niemela, 1978), and 
toughness (Hough and Pimentel, 1978; Feeny, 
1970). 

These and other traits influencing the food 
value of leaves do not remain constant through- 
out the growth season. Nitrogen content 
(Mitchell, 1936; Tamm, 1951; Edelman, 1963; 
Feeny, 1970; Shaw and Little, 1977; McHargue 
and Roy, 1932; Hoyle, 1965; Haukioja, Nie- 
mela, Iso-livari, Ojala, and Aro, 1978) and 
water content (Scriber, 1977; Haukioja et al., 
1978) have been shown to change seasonally 
in several tree species. Tannin content of Quer- 
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cus robur has been shown to increase through 
the summer (Feeny, 1970). Dement and Moo- 
ney (1974) reported a similar tannin increase 
in a rosaceous shrub, Heteromeles arbutifolia, 
as did Cooper-Driver et al. (1977) for bracken 
fern (Pteridium aquilinum). Seasonal increases 
in physical toughness have been shown in Q. 
robur (Feeny, 1970) and several other tree 
species (Hough and Pimentel, 1978). Macauley 
and Fox (1980) reported that seven species of 
Eucalyptus did not show a seasonal pattern in 
leaf total phenolics or condensed tannins. 
Their investigations showed considerable vari- 
ation between individual trees and between 
different age classes of leaves in these hetero- 
phyllous species. Hence the susceptibility of 
forest trees to defoliation may change season- 
ally. Many species in several orders of insects 
have been shown to grow and survive less well 
on the mature foliage of their host species than 
on younger leaves (Chibula et al., 1967; Coley, 
1980; Feeny, 1968, 1970; Hough and Pimentel, 
1978; Johansson, 1964; Mansingh, 1972; Mitter 
et al., 1979; Schweitzer, 1979; and others). 
Seasonal changes in leaf quality have also been 
proposed as strong influences on herbivore life 
histories (Schweitzer, 1979; Feeny, 1970) and 
patterns of seasonal abundance (Feeny, 1970; 
Futuyma and Gould, 1979). 

This study documents seasonal change and 
variation among and within trees in five leaf 
quality characteristics for two northern hard- 
wood tree species, sugar maple (Acer saccha- 
rum Marsh.) and yellow birch (Betula alleghe- 
niensis Britt.). 
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MATERIALS AND METHODS-Four sugar 
maple and 4 yellow birch trees growing near 
Hanover, New Hampshire, USA (43042'30"N 
Lat., 72?17'30" W Long.), were sampled ap- 
proximately biweekly throughout the growing 
season of 1979. Within-species site differences 
were minimized by selecting trees growing 
within 30 m of one another. The birches were 
growing under canopy in a mixed hemlock/red 
maple stand on Suffield silt loam. The maples 
were growing in an open field on Ondana sandy 
loam. 

The sugar maple trees had diameters at 
breast height of 15-30 cm and the yellow 
birches 3-10 cm. Sampling began approxi- 
mately 1 wk after the commencement of spring 
leaf flush and continued until the first signs of 
leaf senescence. To minimize differences due 
to leaf age, all leaves chosen for the biweekly 
sampling were derived from primordia estab- 
lished in the previous year (Sharik and Barnes, 
1976) and hence developed synchronously 
from budbreak. Sugar maple leaves were taken 
only from interior (shaded) stems on the north 
sides of the sample trees, and hence received 
minimal direct sun. All leaves were placed in 
plastic bags and returned to the laboratory on 
ice. 

Leaves for nitrogen analyses were oven 
dried and passed through a Wiley mill with a 
60-mesh sieve. The microkjeldahl technique 
was employed for total nitrogen determina- 
tions, using a Technicon autoanalyser. Results 
are expressed as percent dry weight of leaf. 
The water content of at least four leaves from 
each of the experimental trees was determined 
at the time of each biweekly sample by stan- 
dard gravimetric techniques. 

Leaf toughness of 2 to 4 leaves per tree was 
measured using a penetrometer similar to that 
described by Feeny (1970). Results are ex- 
pressed as mean g/mm2 necessary to puncture 
the leaf blade in an area away from the major 
veins. 

Individual leaf extracts were prepared by 
flash freezing in liquid nitrogen, grinding to a 
fine powder, and extracting in methanol-water 
(1:1, v/v) for 60 min. Total phenols were de- 
termined using the Folin-Denis assay de- 
scribed by Swain and Hillis (1959), with com- 
mercially prepared tannic acid as the standard. 
Results were expressed as the equivalent con- 
centration of tannic acid in test solutions (% 
TAE Folin-Denis; Bate-Smith, 1973). Tanning 
coefficients of extracts (defined by ability of 
leaf extracts to bind with protein) was deter- 
mined by a modified version of Bate-Smith's 
(1973) hemanalysis technique. Fresh bovine 
hemoglobin of a standard concentration was 

used as the protein substrate for tannin bind- 
ing. The difference in absorbance at 578 nm 
of test solutions before and after precipitation 
by the leaf extract was used to estimate binding 
(Bate-Smith, 1973; Schultz, Baldwin and Noth- 
nagle, 1981). Results are expressed as an 
equivalent concentration of tannic acid (% 
TAB). 

Yellow birch exhibits heterophylly (Sharik 
and Barnes, 1976), and new leaves may be 
flushed between May and August. To inves- 
tigate differences between leaf age classes, 
additional samples of terminal ("'young") and 
mid-branch ("old") leaves were selected on 
June 13, 1979 from each of two yellow birch 
trees and analyzed for total phenolics, tanning, 
and leaf toughness. 

REsULTs-Nitrogen contents of both species 
declined during the season (Fig. la). The Au- 
gust nitrogen content of sugar maple was only 
20% of what it was in May. The decline in 
yellow birch leaf nitrogen was less severe; 
August levels were about 40W% of May levels. 
Similar patterns are seen in water content (Fig. 
lb). Sugar maple leaves exhibited a very steep 
decline from just over 70W% water in May to 
50o by August. Yellow birch leaf water de- 
clined only 5% from May to September. 

Leaf toughness increased seasonally in both 
species, but the increase was greater and more 
rapid for sugar maple than for yellow birch 
(Fig. ic). Toughness in both species peaked 
by mid-June, and remained high throughout 
the rest of the growth season. 

Total phenolic content of sugar maple leaves 
also peaked by the end of June, then remained 
relatively constant through September (Fig. 
2a). Although the earliest (early May) sugar 
maple samples were invalidated by an unex- 
pected insecticide spraying (after which new 
experimental trees were chosen), phenolic 
levels appear to have risen through mid-June 
to a plateau (Fig. 2a). Subsequent sampling in 
May 1980 confirmed the early season pattern 
(Schultz, unpubl.). Yellow birch leaf phenolics 
reached their highest levels in mid- to late May 
and declined slightly to a low plateau from mid- 
June through September (Fig. 2a). 

Seasonal patterns in protein binding for each 
species were similar to those for total phenolics 
(Fig. 2b). In sugar maple, leaf extracts reached 
a peak protein-complexing capability in mid- 
June, after which they declined slightly to a 
season-long plateau. Yellow birch extracts ex- 
hibited a dip in complexing ability in mid-sea- 
son, representing an approximate 50%o decline 
during July, followed by a rise in September. 

The pattern of variability in tanning coeffi- 
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Fig. 1. Seasonal course of mean (a) total leaf nitrogen, 
(b) leaf water content, and (c) leaf toughness for yellow 
birch and sugar maple. Vertical bars show 1 S.D. 

cients differed in the two species examined 
(Fig. 3). Very similar patterns were observed 
in total phenolics. Variation in these two mea- 
sures was found to occur primarily between 
individual trees in yellow birch, while variation 
in sugar maple occurred primarily within trees 
(Table 1). For all yellow birch samples except 
one (June 21 for tanning coefficients), signifi- 
cant differences (P < 0.05) were found be- 
tween individual trees. For sugar maple, a sig- 
nificant difference between trees was found on 
only one occasion (June 7 for tanning coeffi- 
cient). These results indicate that these two 
tree species differ strongly in pattern of vari- 
ation in phenolic chemistry of the oldest, or 
first-flushed leaves. 

Differences in leaf quality associated with 
leaf age were found in yellow birch (Table 2). 
Younger leaves had significantly higher total 
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Fig. 2. Seasonal course of (a) leaf polyphenol content, 
expressed as a concentration of tannic acid with equivalent 
Folin-Denis activity (see text) and (b) tanning coefficient, 
expressed as a concentration of tannic acid with equivalent 
hemoglobin binding activity (see text). Each point is mean 
of 16 leaves, four leaves from each of four trees; vertical 
bars show 1 S.D. 

phenolic contents, and required significantly 
less force to puncture than mature leaves from 
the same branch. No significant difference in 
tanning coefficients was found between the 
two age classes. 

DIscussIoN-Previous studies have shown 
that the quality of leaves for herbivores in- 
volves a complex combination of character- 
istics which often change in the course of a 
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Fig. 3. Seasonal course of tanning coefficients for individual trees, expressed as in Fig. 2b. Each point is mean of 

four leaves from one tree. Vertical bars show 1 S.D. 

TABLE 1. Results of Kruskal-Wallis oneway analysis of variance for phenolic and tanning coefficient differences 
between individual trees. Based on 4 samples from each offour trees on each date 

Yellow Birch 

May 17 May 31 June 13 June 27 Aug 9 Sept 18 

Tanning coeff. P < 0.01 P < 0.01 P < 0.01 nsa P < 0.02 P < 0.05 
Total phenolics P < 0.05 P < 0.01 P < 0.01 P < 0.05 P < 0.01 P < 0.01 

Sugar Maple 

June 7 June 21 July 5 Aug 8 Sept 20 

Tanning coeff. P < 0.05 ns ns ns ns 
Total phenolics ns ns ns ns ns 

a p > 0.05. 
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TABLE 2. Age-related differences in leaf quality traits of 
yellow birch. Results are means of 8 replicates (I 
S.D.) 

Young leaves Old leaves pa 

Total phenolics 0.097 (0.066) 0.041 (0.005) <0.05 
Tanning coefficient 0.043 (0.006) 0.042 (0.007) ns 
Toughness (g/mm2) 7.4 (1.23) 12.8 (1.89) < 0.05 

a p = probability by Student's t-test. 

season (Scriber and Feeny, 1979; Schroeder 
and Malmer, 1980; and references above). Our 
results show a decline in water contents and 
nitrogen and an increase in leaf toughness sim- 
ilar to that described by other authors (Tamm, 
1951; Feeny, 1970; Scriber, 1977; Shaw and 
Little, 1977; Haukioja et al., 1978; Hough and 
Pimentel, 1978; Lea et al., 1979). Our data for 
total phenolics and tanning coefficients, how- 
ever, show no constant increase through the 
season, in contrast with results reported by 
Feeny (1970), Dement and Mooney (1974), 
Lawton (1976), and Cooper-Driver et al. (1977) 
for other perennial plant species. The results 
of this study are similar to those reported by 
Macauley and Fox (1980) for several euca- 
lypts. They found no strong seasonal trend in 
phenolic contents of leaves of the same age 
class, but did find differences in phenolic con- 
tents between different leaf age classes. 

Sugar maple in general showed a lower leaf 
quality than yellow birch. Sugar maple leaves 
were consistently tougher and contained less 
water and nitrogen (Fig. 1). Although the total 
phenolic contents of the two species cannot be 
compared using the Folin-Denis method 
(Swain, 1979), the tanning coefficients can be 
compared directly, and these are significantly 
lower in yellow birch. 

We do not believe that differences in these 
two measures can be attributed solely to dif- 
ferences in size of sampled trees or to their 
light regimes. In a separate study, we com- 
pared the average June tanning coefficients of 
seven canopy yellow birch trees with those of 
ten codominant canopy sugar maples growing 
on the same site under similar sun/shade con- 
ditions in the Hubbard Brook Experimental 
Forest (West Thornton, NH, USA; see Bor- 
mann and Likens, 1979b, for details of forest 
composition, soils, etc.). Leaves analyzed 
were taken from the lower, shaded levels of 
the trees, and were of the same age. Under 
these very similar conditions, sugar maple 
leaves had significantly higher tanning coeffi- 
cients than did leaves of yellow birch (mean 
sugar maple TAE = 0.228, S.D. = 0.032, 
mean yellow birch TAE = 0.067, S.D. = 

0.019; P < 0.0001, Student's t-test). These 
mean values are fully consistent with the Han- 
over values for the same species, and corrob- 
orate the differences observed between the two 
species. 

However, such differences may be related 
to the growth patterns and successional status 
of the two species. Although both tree species 
persist in the canopy of mature northern hard- 
woods forests (Forcier, 1975), yellow birch 
grows faster than sugar maple, has lower wood 
density, matures earlier, and colonizes dis- 
turbed sites, where it is joined later by maple 
seedlings (Marks, 1975; Bormann and Likens, 
1979a). In addition, yellow birch is continu- 
ously growing and heterophyllous (Sharik and 
Barnes, 1976); new leaves are produced on an 
approximate 10-day cycle well into August. In 
contrast, sugar maple completes shoot exten- 
sion and leaf growth within 30 days, typically 
by early June (Critchfield, 1971; Gregory, 
1980). Hence, sugar maple has reached a high, 
level plateau of tanning activity and phenolic 
content at about the time it completes growth 
for the season. 

The relatively constant, lower average pro- 
tein-complexing coefficient of yellow birch 
may reflect an energy or material budget which 
emphasizes fast growth at the expense of de- 
fenses. If the observed differences in protein 
binding result from differences in tannin con- 
tent (Bate-Smith, 1973), our results support the 
view that successional plant species may invest 
less materials and energy in "expensive" de- 
fenses such as tannins (Cates and Orians, 1975; 
Rhoades and Cates, 1976). This observation 
may also be a consequence of growth physi- 
ology. Active protein synthesis during growth 
has been shown to suppress the synthesis of 
phenolic compounds (including tannins) in 
maple leaf tissue cultures (Westcott, 1976; 
Westcott and Henshaw, 1976). A continuously 
growing tree such as yellow birch may expe- 
rience suppressed phenolic levels (and tanning 
coefficients) throughout the season when com- 
pared with sugar maple, for which growth es- 
sentially stops in June. 

Whatever the proximate cause, leaves of 
both species exhibit heterogeneity in tanning 
coefficients and total phenolics. In yellow 
birch, this variability occurs as discrete dif- 
ferences between individual trees or between 
age classes on a tree, while in sugar maple, 
heterogeneity is within individual trees. When 
combined with the seasonal changes observed 
in nitrogen, water, and toughness, it appears 
that populations of tree leaves represent a re- 
source for herbivorous insects which is highly 
variable in space and time. Female insects may 
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experience a highly heterogeneous and tem- 
porally shifting array of oviposition sites, cat- 
erpillar siblings may not all begin life on equally 
suitable resources, and successive generations 
of caterpillars may find themselves on host 
trees differing greatly in quality. This type of 
heterogeneity could have strong ecological and 
evolutionary impacts on herbivorous insects 
(Atsatt and O'Dowd, 1975; Feeny, 1976; Fu- 
tuyma, 1976; Whitham, 1980). These effects 
may include leaf age specialization among 
some insects, increased foraging time (and 
hence increased risk of predation) while larvae 
search for suitable leaves on which to feed, 
and adaptations to increase phenological com- 
patibility with host trees (Witter and Waisanen, 
1978; Mitter et al., 1979). In addition, seasonal 
changes in leaf quality may influence seasonal 
patterns in insect abundance or species com- 
position (Feeny, 1970; Futuyma and Gould, 
1979; Schroeder and Malmer, 1980). 

It seems clear that tree species and even 
individual trees are both unique and highly 
variable in the temporal and spatial distribution 
of leaf quality characteristics. We need to 
know more about forest tree physiology and 
the interactions between trees and their envi- 
ronments to elucidate such temporal and spa- 
tial variation. Moreover, a fuller knowledge of 
different species and their attendant insect fau- 
nas will be necessary before a general under- 
standing of the nature, distribution, and impact 
of leaf quality traits on herbivory will be pos- 
sible. 
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