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Abstract--Leaves from forest-grown sugar maple (Acer saccharum Marsh) 
and yellow birch (Betula allegheniensis Britt.) trees were analyzed for four 
tannin measures (hydrolyzable and condensed tannins, total phenolics, and 
protein binding) at three times during the growing season. Fifteen-year-old 
half-sib sugar maples from four provenances, representing the geographical 
extremes of the sugar maple range and growing in a common garden, were 
examined for the same traits. We found no significant geographic or seed 
source component to variation in three of the four tannin measures. We found 
significant seasonal changes in both birch and maple leaf tannins. Within- 
canopy leaf tannin variation tended to obscure differences between trees in 
maple, but in birches between-tree differences in leaf tannin content were 
more readily found. We also found a significant negative correlation between 
leaf protein binding capacity and leaf wet weight. 

Key Words--Acer saccharum, Aceraceae, Betula allegheniensis, Betula- 
ceae, tannins, phenolics, variability. 

INTRODUCTION 

Tannins  are po lypheno l i c  secondary  compounds  that have  ant i feedant  and toxic  

effects on a var ie ty  o f  herb ivores  (Feeny ,  1970; Chan et al . ,  1978; Reese  et a l . ,  

1982) as we l l  as an t ipa thogenic  proper t ies  (Swain,  1979). Suscept ibi l i ty / res is-  

tance o f  chestnut  trees to chestnut  bl ight  has been  attr ibuted to var iable  tannin 

product ion  (McCar ro l l  and Thor ,  1985). Tannins  in sugar  maple  (Acer sac- 

charum Marsh)  bark and roots may  de te rmine  tree resis tance to fungal  attack 
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(Wargo, 1972). Although their impact on defoliators is uncertain (Bernays, 
1981; Martin and Martin, 1982, Lawson et al., 1984), these compounds may 
constitute 20% of sugar maple leaf dry weight and 10% of yellow birch (Betula 
allegheniensis Britt.) dry weight (Schultz et al., 1982) and are likely to repre- 
sent a substantial metabolic investment by these trees (Mooney, 1983). 

Birch and maple leaf tannins can vary substantially in space and time 
(Schultz et al., 1982). There are many possible causes of this variation, includ- 
ing increased synthesis in response of leaf damage (Baldwin and Schultz, 1983), 
seasonal change (Schultz et al., 1982), leaf age (Schultz et al., 1982), and 
individual variation arising from genotypic and/or site differences. 

The last two sources of variation of other secondary compounds, e.g., 
monoterpenes in conifers are known to be heritable (Bridgen and Hanover, 1982; 
Strauss and Critchfield, 1982) and geographic variation are readily identified 
(Zavarin et al., 1979; Lester, 1974). Although the heritability of tannin pro- 
duction is well established for sorghum, where it has been employed in the 
development of pest-resistant cultivars (Woodruff et al., 1982), it is unstudied 
in trees. Understanding pattems and causes of leaf tannin variation might also 
help promote pest-resistance in trees. 

We report here analyses of tannin and phenolic variation in two northern 
hardwood tree species, including maple trees grown in a common plantation 
from known seed and geographic sources. We find that within-tree and individ- 
ual variation (related in part to leaf size) and seasonal changes are too great to 
permit us to identify variation arising from family, population, or even geo- 
graphic sources. 

METHODS AND MATERIALS 

Tannin Analysis. Birch and maple leaves were collected between 8 and 9 
AM and immediately placed on ice. Weighed leaves (to 0.2 rag) were flash- 
frozen and ground to a powder in liquid N 2 within 20 rain of collection and 
extracted individually in aqueous MeOH (1 : 1 v/v) under Nz for an hour at 70~ 
(Schultz et al., 1981). Leaf dry weights were determined gravimetrically. Ex- 
tracts were filtered through Whatman No. 1 and the phenolic content was esti- 
mated by the Folin-Denis technique (Swain and Hillis, 1959). The tanning ca- 
pacity of the extracts was estimated by protein precipitation; fresh hemoglobin 
was used as the substrate (Schultz et al., 1981). Hydrolyzable tannins were 
estimated with an iodate technique (Swain, 1979). These tannin values are ex- 
pressed as percent tannic acid equivalents per gram dry leaf weight (%TAE) 
from tannic acid standard curves. Condensed tannins were measured as proan- 
thocyanidins (Bate-Smith, 1975) and expressed as percent purified red oak con- 
densed tannin (%ROT) per gram dry weight leaf (Schultz and Baldwin, 1982). 
These techniques are highly replicable; tannin and phenolic measurements made 
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on 20 homogeneous maple leaf samples of varying weight (75-2500 mg dry 
wt) had coefficients of variation below 7 %. 

Analysis of Geographic Variation. Fifteen-year-old half-sib sugar maples 
grown from seed in a provenance plantation established and maintained by the 
USDA-FS Aiken Sugar Maple Lab located in Millbrook, New York, were stud- 
ied. Four seed sources from the approximate geographical extremes of the sugar 
maple range were chosen: Mille Lacs, Minnesota; Harlem County, Kentucky; 
Tucker, West Virginia; and Quebec City, Canada. Four trees from each seed 
source--one tree from each of four randomized blocks within the plantation-- 
were sampled. Five leaves were collected 2.5 m above ground from shaded 
stems in the southern canopy of each tree on July 8, 1981. Selecting widely 
spaced individuals should have minimized intertree "pheromonal" interactions 
(Rhoades, 1983; Baldwin and Schultz, 1983). 

Analysis of Seasonal Variation. Five 40- to 50-year-old forest sugar maple 
and yellow birch trees of unknown seed origin, with diameters at breast height 
(DBHs) of 15-22 cm, were sampled near Norwich, Vermont, on three dates 
during the growing season: May 19, June 10, and July 20. Five sugar maple 
leaves from one whorl from each tree were collected at each time period. All 
maple leaves were taken from the the west canopy, 2.5 m above the ground, 
from shaded stems, and were derived from primordia established during the 
previous year, thus minimizing chemical differences which might be due to leaf 
age or position. The first five fully expanded leaf pairs on the birch trees, at the 
same height and aspect as the maples, were collected. One randomly chosen 
leaf from each pair was selected for tannin analysis, the other was used for 
percent dry weight determination. The five birch leaves thus represent an age 
gradient. No branch was sampled twice, to avoid wound-induced changes in 
tannin chemistry (Baldwin and Schultz, 1983; Schultz and Baldwin, 1982), and 
widely spaced individuals were selected in an attempt to minimize "phero- 
mona1" interactions (Rhoades, 1983; Baldwin and Schultz, 1983). 

Statistical Methods. Many of the chemical measures were heteroscedastic 
between sampling dates or provenances which invalidates the use of two-way 
ANOVAs; thus Kruskal-Wallis one-way ANOVAs were used to compare groups 
(Sokal and Rohlf, 1969). A Pearson product-moment correlation matrix was 
calculated after the chemical data were transformed to z scores (Cooley and 
Lohnes, 1971). Leaf chemical values were regressed against leaf weight and 
dry weights and the significance of the slopes was determined with an F test 
(Sokal and Rohlf, 1969). 

R E S U L T S  A N D  D I S C U S S I O N  

Sugar maple trees grown from seeds collected at the geographical extremes 
of the sugar maple range showed no significant differences in leaf total phenolic 
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TABLE 1. TOTAL PHENOLIC CONTENTS, PROTEIN BINDING COEFFICIENTS, AND 
HYDROLYZABLE TANNIN CONTENTS AS PERCENT DRY WEIGHT TANNIC ACID 

EQUIVALENTS; PROANTHOCYANIDIN CONTENTS AS (PERCENT) DRY WEIGHT PURIFIED 
RED OAK TANNIN, OF SUGAR MAPLE LEAVES FROM 4 PROVENANCES IN COMMON 

GARDEN a 

Total Protein Hydrolyzable 
Provenance phenolics binding tannins Proanthocyanidins 

Kentucky 16.6 (2.3) 43.7 (8.0) 43.5 (7.7) 0.62 (0.31) 
Minnesota 18.1 (2.8) 43.6 (7.7) 50.5 (11.3) 0.42 (0.12) 
Quebec 17.7 (1.7) 43.1 (11.0) 55.8 (13.2) 0.53 (0.23) 
West Virginia 18.5 (4.8) 43.3 (9.4) 44.5 (5.8) 1.36 (0.94) 

H b 1.86 (ns) 1.36 (ns) 7.73 (ns) 13.35 (P < .005) 

aMeans (standard deviation). 
bH = Kruskal-Wallis one-way ANOVA statistic. (ns = P > 0.05). 

content, protein binding capacity, or hydrolyzable tannin content (Table 1). 
However, trees grown from the West Virginia seed source had higher con- 
densed tannin contents than those from the other provenances. 

Tannin measurements varied substantially among individual trees. Hydro- 
lyzable tannin contents had between-tree coefficients of variation (CV) of 
23.0%, protein binding coefficient CV of 21.1%, total phenolic content CV of 
18.3%, and condensed tannin content CV of 87.5%. However, little of this 
variation was associated with seed source; for example, trees with both the 
highest and lowest mean total phenolic contents were grown from seed collected 
in Mille Lacs, Minnesota. 

Seasonal changes were a major source of variation. Sugar maple leaf total 
phenolic contents, protein binding coefficients, and hydrolyzable tannin con- 
tents tended to decline from May 19 to June 23, with very little further decline 
by July 20 (Table 2). Together with the yellow birch results below, this is the 
first report of seasonal changes in hydrolyzable tannins of forest trees. Maple 
condensed tannin contents could not be detected in the May sampling and had 
reached a plateau by the June and July sampling dates (Table 2). This pattern 
differs from that found by Feeny and Bostock (1968) for Quercus robur, wherein 
an almost continuous seasonal increase in condensed tannins was found. 

The phenology of maple condensed tannin synthesis suggests that the high 
condensed tannin content found in leaves from the West Virginia seed source 
is not a result of altered phenology in these trees; their condensed tannin content 
is substantially above both forest and plantation trees sampled at approximately 
the same time. However, only three of the four West Virginia trees displayed 
this high tannin content. Several nongenetic factors could have generated ele- 
vated tannin contents in some of the West Virginia trees, including previous 
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TABLE 2. TOTAL PHENOLIC CONTENTS, PROTEIN BINDING COEFFICIENTS, AND 
HYDROLYZABLE TANNIN CONTENTS AS PERCENT DRY WEIGHT TANNIC ACID 

EQUIVALENTS; PROANTHOCYANIDIN CONTENTS AS PERCENT DRY WEIGHT 
PURIFIED RED OAK TANNIN OF SUGAR MAPLE LEAVES COLLECTED FROM 

5 TREES NEAR NORWICH, VERMONT ON 3 DIFFERENT DATES a 

Sampling Total Protein Hydrolyzable 
date phenolics binding tannins Proantbocyanidins 

May 19 28.4 (9.1) 40.3 (10.0) 87.1 (48.4) ND 
June 23 18.2 (2.7) 27.7 (12.6) 48.6 (11.8) 0.58 (0.25) 
July 20 16.1 (1.9) 31.0 (8.5) 37.9 (26.3) 0.45 (0.18) 

aMeans (standard deviation) ND = not detected. 

damage or infection. In laboratory grown maples, as little as 10% leaf area 
removal results in significantly increased tannin production (Baldwin and 
Schultz, 1983). 

All plantation trees sampled at the same time as forest trees had signifi- 
cantly greater protein binding coefficients. Differences between the two sets of 
trees could derive from superior growth conditions on the plantation. 

These results indicate that the chemical assays we used (with the possible 
exception of condensed tannin measurements) are likely to be poor markers for 
identifying geographic origin or seed source of sugar maples, because within- 
tree and seasonal variation obscure patterns in static chemical traits. However, 
other tree characteristics (e.g., ability to respond chemically to pest attack), 
could exhibit stronger geographic or family variation. 

Yellow birch leaves exhibited a more complicated seasonal pattern (Table 
3) than maple. Hydrolyzable tannin content decreased seasonally to a plateau 

TABLE 3. TOTAL PHENOLIC CONTENTS, PROTEIN BINDING COEFFICIENTS, AND 

HYDROLYZABLE TANNIN CONTENTS AS PERCENT DRY WEIGHT TANNIC ACID 
EQUIVALENTS; PROANTHOCYANIDIN CONTENTS AS PERCENT DRY WEIGHT 
PURIFIED RED OAK TANNIN OF YELLOW BIRCH LEAVES COLLECTED FROM 

5 TREES NEAR NORWICH, VERMONT ON 3 DIFFERENT DATES a 

Sampling Total Protein Hydrolyzable 
date phenolics binding tannins Proanthocyanidins 

May 19 12.2 (3.8) 15.7 (5.8) 68.9 (25.6) 1.15 (1.30) 
June 23 6.8 (2.7) 46.2 (15.3) 33.1 (10.2) 1.42 (0.85) 
July 20 33. l (6.7) 18.8 (5.4) 41.1 (11.3) 1. t6 (0.52) 

aMeans (standard deviation). 
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as it did in maple. Condensed tannin and protein binding coefficients increased 
in the June sampling date and decreased in July. Birch total phenolic contents 
displayed the reverse pattern, decreasing in June and increasing in the July 
sampling. 

Leaf chemistries of individual birch and maple trees, however, did not 
change in an orderly, parallel fashion. No forest maple tree maintained the same 
rank among the five individuals sampled through all time periods for any chem- 
ical measure. With a few exceptions, it is difficult to discern statistical differ- 
ences between leaf tannin contents in maple trees at any particular sampling 
period (Table 4). Yellow birch exhibits less within-canopy variation, and sta- 
tistical differences between trees are more frequently discerned (Table 4). These 
general seasonal patterns were similar to those found previously for both maple 
and birch (Schultz et al., 1982), but were temporally shifted so that plateaus 
were reached about three weeks earlier. 

We found no consistent relationship between leaf tannin values and posi- 
tion in the whorl for forest maple trees or position on the branch for the forest 
birch trees. This was not surprising for maple because the leaves in a whorl do 
not differ greatly in age (Gregory, 1980). Previous studies (Schultz et al., 1982) 
had led us to expect higher phenolic contents in the terminal, younger leaves 
of yellow birch, which flushes new leaves throughout a long growing season 
(Sharik and Barnes, 1976). We regressed the leaf tannin and phenolic contents 

TABLE 4. RESULTS OF KRUSKAL-WALLIS ONE-WAY ANALYSIS OF VARIANCE FOR 

TOTAL PHENOLICS, HYDROLYZABLE AND CONDENSED TANNIN, AND PROTEIN 

BINDING DIFFERENCES FROM 5 YELLOW BIRCH AND 5 SUGAR MAPLE TREES 

SAMPLED THREE TIMES DURING SEASON a 

Total Protein Hydrolyzable 
phenolics binding tannins Proanthocyanidins 

Sugar Maple 
Between dates P < 0.005 P < 0.005 P < 0.005 NS 
Between trees 

May 19 NS P < 0.05 NS -- 
June 23 NS NS NS P < 0.01 
July 20 P < 0.005 NS NS NS 

Yellow Birch 
Between dates P < 0.005 P < 0.005 P < 0.005 NS 
Between trees 

May 19 P < 0.01 NS NS P < 0.005 
June 23 P < 0.005 P < 0.01 P < 0.01 P < 0.005 
July 20 P < 0.01 NS P < 0.025 P < 0.005 

aNS = P > 0.05. 



LEAF T A N N I N  V A R I A T I O N  1075 

on leaf wet weights; results were the same when leaf dry weights were used. 
There were no significant differences in leaf dry weights between trees or time 
periods. We identified a significant negative relationship between protein bind- 
ing capacity and sugar maple leaf weight for the June (r = -0 .51 ,  DF = 24, 
F = 8.0, P < 0.01) and July (r = -0 .61 ,  DF = 24, F -- 13.7, P < 0.005) 
sampling dates; no other slopes differed significantly from zero. However, leaf 
size was found to predict protein binding in sugar maple. 

In yellow birch we found similar negative correlations between leaf weight 
and protein binding capacity for all time periods: May (r = -0 .41 ,  DF = 24, 
F = 4.66, P < 0.05), June (r = -0 .51 ,  DF = 24, F = 7.73, P < 0.025), 
and July (r = -0 .76 ,  DF = 24, F = 30.98, P < 0.001). We also found a 
positive correlation between condensed tannin content and leaf weight for the 
July sample (r - 0.54, DF = 24, F = 10.68, P < 0.001). No other regressions 
for birch were significant. 

The observation that smaller birch and maple leaves, regardless of their 
age, have higher protein binding coefficients than larger leaves suggests that 
tannin synthesis may be influenced by leaf expansion and growth. A similar 
situation was reported by Zucker (1982), who showed that the largest Populus 
angustifolia leaves had the lowest total phenolic contents. If a leaf is limited in 
the amount of phenolic compounds it can produce because of biosynthetic com- 
petition with growth processes, then smaller leaves should have higher tannin 
contents. Competition for precursors could occur at several points, including 
the deamination of phenylalanine (or tyrosine) at entry to the phenylpropanoid 
biosynthetic pathway, or between lignin synthesis and the synthesis of other 
phenolics. The first case would represent a direct trade-off between protein syn- 
thesis (growth) and phenolic synthesis. In the latter case, larger leaf size may 
result from shunting more precursors into structural lignins than into condensed 
tannins. However, if hydrolyzable tannins make a large contribution to the pro- 
tein binding capacity of a leaf, the biosynthetic trade-offs become less clear; 
gallic acid, the precursor of hydrolyzable tannins, can originate from the 
shikimate acid pathway, as well as the phenylpropanoid pathway. The obser- 
vations that many of the tannin measures decrease seasonally and that in both 
maple and birch the strength of the correlation with leaf weight increases sea- 
sonally are consistent with the hypothesis that lignification and tannin synthesis 
are competitive processes. 

In their classic study of Quercus robur L. tannins, Feeny and Bostock 
(1968) reported seasonal and leaf age increases in tannin concentrations. Except 
for condensed tannins in maple, our results differ substantially. Although these 
differences may reflect differences among the species involved, several inves- 
tigators have found higher tannin or phenolic concentrations in younger leaves 
(e.g., Coley, 1983), including oak (Faeth, 1986; Schultz and Baldwin, unpub- 
lished). Each of these studies also employed different analytical methods. We 
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suspect that the relationship between growth and phenolic synthesis is highly 
dynamic and complex in young, rapidly expanding tree leaves. Only very de- 
tailed (e.g., on a daily basis) studies of phenolic biosynthesis in expanding 
leaves will elucidate this interaction. 

Regardless of the mechanism, the correlation between leaf size and protein 
binding capacity could have important ecological and evolutionary implications 
for maple and birch feeders. If herbivores can distinguish between leaves of 
different weights (or sizes), then they may be able to increase their foraging 
efficiency for leaves of high food quality (e.g., Zucker, 1982). 

In previous work (Baldwin and Schultz, 1984), we found a significant neg- 
ative relationship between individual tree leaf weight and Folin-Denis reactive 
phenolics for unstressed laboratory-grown yellow birch trees. This correlation 
was lost if the trees were damaged or shared the atmosphere with trees that had 
been damaged. The observation that forest-grown birches do not, as a group, 
exhibit the negative total phenolic content-leaf weight relationship could be due 
to nearby leaf damage, either on the same tree or on nearby conspecifics. More- 
over, the observation that undamaged birch and late-season maple leaves exhibit 
a negative protein binding capacity-leaf weight relationship indicates that tan- 
nin synthesis, unlike phenolic synthesis, may be less responsive to nearby leaf 
damage. These results were consistent with previous work (Baldwin and Schultz, 
1983) on laboratory-grown maple trees. 

Calculation of a Pearson's product-moment correlation matrix allowed us 
to determine correlation coefficients between pairs of chemical traits of the 80 
leaves analyzed from the maple plantation. Protein binding coefficients, which 
measure the in vitro protein binding capacity of tannins, were significantly cor- 
related with total phenolic contents (r --- 0.65, P < 0.05). Hydrolyzable and 
condensed tannin contents were not significantly correlated with tanning coef- 
ficients, and the three chemical measures were not significantly correlated with 
each other. 

Correlation coefficients calculated from the forest maples differed dramat- 
ically from those in the plantation grown maples. Protein binding coefficients 
were not significantly correlated with any of the chemical measures. Total phe- 
nolic content was positively correlated with condensed tannin content (r = 0.62, 
P < 0.05) but negatively correlated with hydrolyzable tannin content (r = 
-0 .70 ,  P < 0.01) and condensed and hydrolyzable tannin contents were neg- 
atively correlated (r = -0 .78 ,  P < 0.01). 

The relationships among the tannin measurements appear to vary from site 
to site and/or seasonally. These results could be caused by several factors. First, 
synthesis of various tannin types might not be closely coordinated in a tree; 
there is no reason, for example, to expect any particular relationship between 
hydrolyzable and condensed tannin synthesis. Second, the individual experi- 
ences of each tree could alter tannin chemistry and synthesis as the season pro- 
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gresses .  F ina l ly ,  the  na tu re  o f  the  ana ly se s  e m p l o y e d  he re  is such  tha t  the  func-  

t iona l  and  syn the t i c  r e l a t i onsh ip s  o f  the  p r o d u c t  m e a s u r e d  are  unce r t a in .  M o s t  

o f  these  ana lyses  are  i n f luenced  by  qua l i t a t ive  c o m p o s i t i o n  o f  p lan t  p h e n o l i c s  

as wel l  as c o n c e n t r a t i o n  o f  the  " t a r g e t "  m o l e c u l e s  ( H a g e r m a n  and  But le r ,  

1978).  M a r t i n  and  M a r t i n  (1982)  f o u n d  a s i m i l a r  l ack  o f  co r r e l a t i on  b e t w e e n  

c h e m i c a l  m e a s u r e s  o f  t a n n i n s  and  func t iona l  m e a s u r e s  such  as p ro t e in  b ind ing .  
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