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Abstract—We examined the response of the widely used Folin-Denis assay to
purified tannins from 16 woody plant species and to three commercial polyphe-
nol preparations often used as standards. The reagent’s response to these chem-
ical mixtures differed significantly among sources (tree species, commercial
preparations) and sampling dates, even though the mixtures contained the same
total dry weight of tannins. Response to commercial standards usually did not re-
semble response to actual plant tannin and produced estimates that differed from
actual concentrations by as much as twofold. Species-based and seasonal dif-
ferences in polyphenol composition are evidently responsible for these variable
results. Reagents that depend on redox reactions, such as the Folin-Denis, do not
produce reliable absolute or relative quantification of phenolics when different
species or samples from different dates are compared, and use of commercial
standards does not resolve this problem.

Key Words—Phenolics, tannins, polyphenols, Folin-Denis assay, plant alloca-
tion theory.

INTRODUCTION

Folin-type assays (FA; Folin-Denis, Folin-Ciocalteau, Prussian blue) are
widely used to estimate amounts of total phenolics in vascular plant tissues. Plants
produce a diverse array of phenolics, ranging in size from simple, substituted
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monomers to the complex polyphenols called tannins. Within each structural class
there are hundreds to thousands of structurally distinct compounds. A single plant
can produce a diverse mixture of phenolics, some with primary roles in metabolism,
and some with sole or secondary functions in secondary metabolism. All vascular
plant species produce a common set of monomeric phenolics, but there is sub-
stantial variation in which molecules predominate and in the conformation and
substitution patterns of phenolics produced. For example, although virtually all
vascular plants contain caffeic and chlorogenic acids, each plant taxon is usually
characterized by one or a few particular types or groups of polyphenols (e.g.,
anthocyanins inArabidopsis, phenolic glycosides inPopulus). Similarly, among
tannin-producing species, some produce only condensed tannins (e.g., grasses),
some only hydrolyzable tannins (e.g.,Pelargonium), and some produce both (e.g.,
oaks, maples, elms, birches, raspberries). These combinations often change as tis-
sues age (e.g., Feeny, 1968; Scalbert and Haslam, 1987), and in response to a wide
variety of biotic and abiotic stresses (Rossiter et al., 1988; Karban and Baldwin,
1997).

Probably because of their ubiquity among plant species and functions in
defense, phenolics are among the most frequently studied plant secondary metabo-
lites (Schultz, 1988). Ecologists have used the FA to estimate the quality of food
for herbivores, the induction of polyphenols by herbivore feeding, and the invest-
ment by plants in defensive chemistry. Indeed, many influential ecological theories
and generalizations have been based at least in part on the FA, including the plant
apparency theory, optimal defense theory, resource availability hypothesis, carbon–
nutrient balance hypothesis, and growth–differentiation balance hypothesis (e.g.,
Feeny, 1976; Rhoades and Cates, 1976; Rhoades, 1983; Coley et al., 1985; Herms
and Mattson, 1992).

The chemistry underlying the FA and other redox-based assays limits their
value in comparing different samples quantitatively. FAs employ one of several
redox-based colorimetric reagents, e.g., Folin-Denis, Folin-Ciocalteau, Prussian
blue (Folin and Denis, 1915; see Waterman and Mole, 1994). These reagents mea-
sure the ability of any mixture to reduce phosphomolybdic and phosphotungstic
acids, which are blue when reduced (Swain and Hillis, 1959). At least as early
as 1959, Swain and Hillis (1959) pointed out that Folin reagents may be inap-
propriate for comparisons of phenolic samples from different sources because
the absorbance of the reagents is influenced by structural variation in phenolics
within and among species, as well as by the presence of interfering metabolites
and varying extraction and reaction conditions. Although phosphomolybdic and
phosphotungstic acids are reduced by the aromatic hydroxyls characteristic of all
phenolics, the degree to which they are depends on phenolic structure (Swain and
Goldstein, 1964), and they may be reduced by many other plant constituents (e.g.,
alkaloids, proteins). If phenolics from different sources differ sufficiently in struc-
ture (especially the number or position of hydroxyls), or if plant extracts differ
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in the presence of other reducing agents, Folin-reagent assays cannot accurately
quantify differences in the amounts of phenolics present.

The FA is easy to perform and provides consistent estimates of the reducing
power of phenolics within a sample, as evidenced by the highR2 of standard curves
relating absorbance to known concentrations of a standard and by the relatively
low variance among aliquots from a sample. However, when samples from dif-
ferent sources (e.g., species, tissue, time, treatment) are compared, it is difficult
to interpret FA values because different sources may comprise different mixes of
phenolic structures as well as different amounts of the same structures. If those
differences result in the same overall capacity to reduce the FA reagent, then the
FA values will be the same. If the differences result in a different capacity to reduce
the FA reagent, then the FA values will differ. Both the composition and amount
of phenolics can differ among samples without a change in FA value.

Thus, although the FA is often used to measure the “amount” of phenolics in
a mixture, it does not do so, but rather provides an estimate of the overall reducing
capacity. The importance of this distinction between the amount of phenolics and
their reducing capacity depends on the specific goals of the study and on what
is known about the mode of action of the phenolics in the bioassay. If the goal
is to measure theamountof phenolics, e.g., as a measure of plant investment in
their production, then the FA is inappropriate. If the goal is to measure the redox-
basedactivity of a mixture, then the FA can be very useful. FA results have been
useful predictors of biological activity in several systems, either because they are
correlated with some other key component of activity or because biological activity
depends directly on the reducing capacity of the phenolic mixture.

The structural specificity of Folin reagents is also a major problem when
selecting appropriate standards for these colorimetric assays. If the standard cho-
sen fails to duplicate the phenolic extract’s ability to reduce the Folin reagent—
likely unless the standard is precisely the same as the extracted phenolics—then
concentrations calculated from a standard curve do not reflect sample concentra-
tions. Even relative concentrations derived this way may not be useful. We believe
that dependence on Folin assays and the widespread use of convenient commercial
standards by the ecological community has often produced misleading results in
intraspecific or interspecific comparisons. Martin and Martin (1982), Hagerman
and Butler (1989), and Wisdom et al. (1987) have suggested that purified pheno-
lics from the plant and tissue being studied should be used as standards (“self”
standards), but we have seen little adoption of this approach in recent publications.

Despite these chemical arguments, little experimental work has addressed the
actual impact of qualitative structural variation on estimates of phenolic concen-
trations using Folin reagents (but see van Alstyne, 1995). To assess the limitations
of Folin-type assays in intra- and interspecific comparisons and the value of using
self standards, we compared results of FAs of known concentrations of purified
tannins from 16 woody plant species and three commercial standards. We found
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that the relationship between FA absorbance and the amount of self or commercial
standard differed significantly with sample source, confirming our expectation of
qualitative variation and demonstrating that a single standard cannot be used in
comparisons of this sort. With few exceptions, using commercial standards signif-
icantly over- or underestimated actual polyphenols to a degree that would produce
misleading ecological or evolutionary conclusions.

METHODS AND MATERIALS

Foliage Collection.We examined phenolic extracts from five oak species
sampled on three dates in May, June, and July 1994. Three species were sampled
from the subgenus Erythrobalanus (red oaks: red oak,Quercus rubraL.; black
oak, Quercus velutinaLam.; and scarlet oak,Quercus coccineaMuench.), and
two from the subgenus Lepidobalanus (white oaks: chestnut oak,Quercus prinus
L.; and white oak,Quercus albaL.)

To examine interspecific differences in foliar tannins, foliage from 16 woody
plant species was collected in July 1997: sugar maple,Acer saccharumMarsh.;
red maple,Acer rubrumL.; striped maple,Acer pensylvanicumL.; yellow birch,
Betula lutea Michx. f.; ironwood,Ostrya virginiana(Mill.) K. Koch; American ash,
Fraxinus americanaL.; black cherry,Prunus serotinaEhrh.; flowering dogwood,
Cornus floridaL.; witch hazel,Hamamelis virginianaL.; maple-leaf viburnum,
Viburnum acerfoliumL.; and blueberry,Vaccinium angustifoliumAit.

Leaves were collected haphazardly from 10 young trees (3–7 m in height)
of each species in a mixed stand at Wind Ridge Farm, Union Township, Centre
County, Pennsylvania. The leaf tissue was immediately frozen in liquid nitrogen
in the field, transported to the lab on Dry Ice, freeze-dried, ground in an air-driven
UDY Cyclone Mill (to reduce heating and oxidation) and the lyophilized powder
stored at−20◦C until use. For each species, leaves from the 10 trees were combined
for tannin measures.

Tannin Extraction and Purification.Five grams of lyophilized leaf powder
were washed in 100 ml of ether for 30 min to remove pigments and waxes, and
then extracted three times in 125 ml 70% acetone at 45◦C for 1 hr under sonication.
Ascorbate (10 mM) was added to the acetone to prevent oxidation. Acetone was
removed by evaporation under reduced pressure, and distilled water was added to
the aqueous extracts to a constant volume of 125 ml. This procedure favors extrac-
tion of polymeric tannins (Hagerman and Klucher, 1986) and is not exhaustive;
substantial amounts of polyphenols may remain covalently bound to cells walls or
other cellular components (Appel and Schultz, unpublished data).

Tannins in the polyphenol extracts were separated from nontannin polyphe-
nols by the method of Hagerman and Klucher (1986). A slurry of 50 g of Sephadex
LH20 (Pharmacia, Piscataway, New Jersey) and approximately 1 liter of 95%
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reagent-grade ethanol was equilibrated overnight and then mixed thoroughly with
125 ml of crude extract. Using a large Buchner funnel and vacuum filtration, non-
tannin, monomeric polyphenols were eluted from the slurry by washing it with
95% ethanol until the eluant contained no polyphenols. Polyphenols were detected
by the ferric chloride assay (Waterman and Mole, 1994), in which a drop of the
yellow ferric chloride reagent was mixed with a drop of eluant, immediately result-
ing in a blue color in the presence of polyphenols. Larger polymeric polyphenols
(tannins) were subsequently eluted with 70% acetone until the eluant tested neg-
ative with ferric chloride, indicating an absence of polyphenols, irrespective of
their composition. Acetone was removed from the filtrate by evaporation under
reduced pressure, and the extract was freeze-dried and stored under nitrogen at
−10◦C. This is a crude purification. While nonphenolic materials are unlikely to
be present (Hagerman and Klucher, 1986; Appel and Schultz, unpublished data),
the product is merely a more representative sample of extractable polyphenols
found in the actual plant than is a commercial standard from some other source.
Yields of the off-white tannin powder averaged 5% of the dry weight of the leaf.

Three commercial sources of tannins commonly used by ecologists as
standards in the Folin-Denis assay were also purified with LH20 to remove
low-molecular-weight contaminants: two different sources of the hydrolyzable tan-
nin mixture called “tannic acid” (Sigma T0125 prepared from Rhus sp.,
Anacardiaceae, and T8406 fromCaesalpinia spinosa, Leguminosae tara tannin),
and the condensed tannin quebracho (Leon Monnier, Inc., fromSchinopsisspp.,
Anacardiaceae).

Polyphenol Assays.Purified tannins of each species were assayed for
(1) total phenolicsby the FA (Swain and Hillis, 1959; Swain and Goldstein, 1964),
which measures the ability of phenolics to reduce a mixture of phosphomolybdic
and phosphotungstic acids; (2)condensed tanninsby the butanol HCl assay (Bate-
Smith, 1977), which quantifies hydrolyzed proanthocyanidin residues; and (3)
hydrolyzable tanninsby the potassium iodate method modified for quantitative
use (Schultz and Baldwin, 1982), which quantifies galloyl esters. Serial dilutions
were made of each extract to provide final concentrations of dry weight leaf pow-
der per milliliter of DD water of 2, 8, 14, and 20 mg/ml, and these were assayed
in triplicate for each assay. The data are reported as averages, and standard devi-
ations of triplicate measurements of absorbance of single extracts of each sample
comprising foliage combined from 10 trees. To determine the impact of the use
of commercial standards, we calculated the values obtained for a hypothetical ab-
sorbance of 0.200 using the regression equations for commercial standards and for
individual species, and then expressed each pair of values as a proportion.

Statistics.Linear regression was used to construct standard curves relating
absorbance of the FA reaction mixture to the known concentration (mg/ml) of
tannin. The relationships among absorbance of the FA reaction, polyphenol con-
centration, species, sampling date, and their interactions were examined using
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GLM (SAS 1996). Significant differences among species in their absorbance at
each concentration were determined by Tukey’s studentized range test, which
corrects alpha for the number of pairwise comparisons. To determine how com-
positional variation (i.e., condensed versus hydrolyzable tannin contents) among
the tree species might influence FA results, the relationships among absorbance
of the FA reaction mixture, condensed tannin levels, hydrolyzable tannin levels,
and their interactions were examined in a separate GLM analysis. To evaluate the
relative impact of these polyphenol types on variation for each species, we con-
ducted stepwise multiple regression (best model) of FA values with the variables
condensed tannins, hydrolyzable tannins, and their sum (SAS Institute, 1996).

RESULTS

All Species.As expected, all relationships between FA absorbance and tannin
concentration (all species) were strongly and significantly linear. TheR2 values
ranged from 0.970 to 0.999 (allP = 0.0001), confirming that the FA can gen-
erate standard curves relating absorbance and polyphenol concentrations for a
wide range of individual species. However, slopes ranged from 0.009 to 0.0328
(Figure 1) and intercepts from 0.005 to 0.030 among species, making the use of
a single standard inappropriate for comparisons among them. GLM analysis re-
vealed strong significant statistical interactions between polyphenol concentration

FIG. 1. Slopes and 95% confidence intervals for linear regressions of absorbance as a
function of concentration (milligrams purified polyphenol per milliliter) in the Folin-Denis
assay of total phenolics in foliage of 14 tree and two shrub species collected on July 14,
1998, and two commercial standards. Tannic acid used was Sigma T0125.
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TABLE 1. GLM ANALYSIS OF EFFECTS OFSPECIES ONESTIMATES OFFOLIN-DENIS

REACTIVE PHENOLICS IN 14 FORESTTREES AND2 SHRUBS AT 4 CONCENTRATIONS OF

PURIFIED POLYPHENOLS FROMEACH SPECIES

Source df Type III SS F P

Concentration= 2 mg/ml
Species 15 0.00930 249.01 0.0001

Concentration= 8 mg/ml
Species 15 0.06145 278.01 0.0001

Concentration= 14 mg/ml
Species 15 0.18192 73.70 0.0001

Concentration= 20 mg/ml
Species 15 0.32462 1190.52 0.0001

and source (species) at every concentration (Table 1), and specific pairwise com-
parisons revealed significant sample absorbance differences among most species
as a result (Tukey’s studentized range testP < 0.05). The slopes of American ash
and white birch were substantially lower and that of flowering dogwood much
higher, than all the other species (Figure 1). No single standard could represent
the phenolics in comparisons of all species. Single standards also are not repre-
sentative in comparisons within genera. Among oaks, no single standard would
be appropriate because the slope of red oak is much lower and that of scarlet oak
much higher, than the black, chestnut, or white oaks (Figure 1). Note that the
slopes do not segregate among subgenera. Slopes were more similar among the
three species of maple than among the oaks, but they too produced statistically
different absorbances at theP < 0.05 level in pairwise comparisons.

Interspecific differences in slope are likely due to different ratios of polyphe-
nol types (Swain and Goldstein, 1964; Feeny, 1968). Both condensed and hy-
drolyzable tannins contributed significantly to FA results in these assays, with
significant interactions between them (Table 2), indicating that the presence of
each class of tannin influences the other’s impact on FA absorbance. For some
species, hydrolyzable tannins were the best predictor of FA values, for others con-
densed tannins or the sum of hydrolyzable and condensed tannins was the best
predictor of FA values (Table 3).

TABLE 2. GLM ANALYSIS OF EFFECTS OFCONDENSEDTANNIN LEVELS,
HYDROLYZABLE TANNIN LEVELS, AND THEIR INTERACTIONS ONESTIMATES OF

FOLIN-DENIS REACTIVE PHENOLICS IN FOLIAGE OF 14 FORESTTREES AND2 SHRUBS

Source df Type III SS F P

Condensed tannins 1 1.17141 164.76 0.0001
Hydrolyzable tannins 1 0.43243 60.82 0.0001
Condensed X hydrolyzable 1 0.16086 22.63 0.0001
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TABLE 3. MOSTSIGNIFICANT TANNIN CLASSES INSTEPWISEREGRESSION ON

FOLIN-DENIS ABSORBANCEVALUESa

Source of polyphenol Variable R2 F P

Red oak (Quercus rubra) HT 0.9983 5881.8 0.0001
Black oak (Quercus velutina) CT+ HT 0.9972 3235.4 0.0001
Scarlet oak (Quercus coccinea) HT 0.9990 9760.8 0.0001
Chestnut oak (Quercus prinus) CT+ HT 0.9936 1398.8 0.0001
White oak (Quercus alba) HT 0.9979 4678.6 0.0001
Sugar maple (Acer saccharinum) CT 0.9980 2443.4 0.0001
Red maple (Acer rubrum) CT+ HT 0.9864 436.0 0.0001
Striped maple (Acer pensylvanicum) CT 0.9916 354.5 0.0003
White birch (Betula papyrifera) CT 0.9982 505.6 0.0001
Ironwood (Ostrya virginiana) CT 0.9913 682.0 0.000
American ash (Fraxinus americana) CT 0.9849 196.2 0.0008
Black cherry (Prunus serotina) CT 0.9942 510.8 0.0002
Flowering dogwood (Cornus florida) CT+ HT 0.9988 4241.8 0.0001
Witch hazel (Hamamelis virginiana) CT 0.9812 209.3 0.0001
Viburnum (Viburnum acerifolium) CT 0.9893 555.9 0.0001
Blueberry (Vaccinium angustifolium) CT 0.9873 311.2 0.0001

aNo other classes contributed more than 2% of the variation in Folin absorbance. CT= condensed
tannins, HT= hydrolyzable tannins in foliage of 14 forest tree and 2 shrub species collected in July
1998.

Oaks. Relationships between FA absorbance and tannin concentrations were
strongly and significantly linear, as expected, for all oak species on each of three
dates (R2 values ranged from 0.960 to 0.999, allP = 0.0001). However, even
within the genusQuercusand within subgenera, there were differences among
the slopes and intercepts of standard curves [slopes ranged from 0.019 to 0.029
(Figure 2), intercepts from 0.004 to 0.021. GLM analysis revealed strong sta-
tistical interactions between polyphenol source (species) and date, and between
species and date at all but the lowest concentration (Table 4). Specific pair-
wise comparisons revealed differences among species in their absorbance in the
FA (Tukey’s studentized range testP < 0.05). The relationship (slope) between
polyphenol concentration and FA absorbance differed among the oak species, dif-
fered within species among dates, and shifted among species from date to date
(Figure 2). In four of the five species, May values were highest and July val-
ues lowest. In some cases, thesame amountof purified tannins from May and
July leaves produced a twofold difference in FA values. These seasonal and in-
trageneric differences are as large in magnitude as the interfamilial differences in
Figure 1.

Seasonal shifts in FA values within oak species are likely due to changing
ratios of polyphenol types (Feeny, 1968; Hatano et al., 1992). Both condensed
and hydrolyzable tannins contributed significantly to FA results, with significant
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TABLE 4. GLM ANALYSIS OF EFFECTS OFSPECIES, SAMPLING DATE, AND THEIR

INTERACTIONS ONLEVELS OFFOLIN-DENIS REACTIVE PHENOLICS FORFIVE OAK SPECIES

AT THREESAMPLING DATES AND FOURCONCENTRATIONS OFPURIFIED POLYPHENOLS

Source df Type III SS F P

Concentration= 2 mg/ml
Species 4 0.000313 33.18 0.0001
Date 2 0.000070 1.48 0.2444
Species× date 8 0.001334 7.07 0.0001

Concentration= 8 mg/ml
Species 4 0.014429 99.50 0.0001
Date 2 0.004474 61.71 0.0001
Species× date 8 0.007983 27.53 0.0001

Concentration= 14 mg/ml
Species 4 0.033520 86.50 0.0001
Date 2 0.009317 48.08 0.0001
Species× date 8 0.022376 28.87 0.0001

Concentration= 20 mg/ml
Species 4 0.068371 404.81 0.0001
Date 2 0.021463 254.16 0.0001
Species× date 8 0.040830 121.17 0.0001

FIG. 2. Slopes and 95% confidence intervals for linear regressions of absorbance as a
function of concentration (milligrams purified polyphenol per milliliter) in the Folin-Denis
assay of total phenolics in foliage of five oak species collected in May, June, and July 1994.
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TABLE 5. GLM ANALYSIS OF EFFECTS OFSAMPLING DATE, CONDENSEDTANNIN

LEVELS, HYDROLYZABLE TANNIN LEVELS, AND THEIR INTERACTIONS ONLEVELS OF

FOLIN-DENIS REACTIVE PHENOLICS FORFIVE OAK SPECIES

Source df Type III SS F P

Date 2 0.00968 1.18 0.3093
Condensed tannins 1 0.23741 57.98 0.0001
Hydrolyzable tannins 1 0.10400 25.40 0.0001
Date× condensed tannins 2 0.05333 6.51 0.0019
Date× hydrolyzable tannins 2 0.22242 27.16 0.0001
Condensed X hydrolyzable 1 0.00041 1.01 0.3162

interactions with date (Table 5). Thus, the impact of each class of tannin on FA
absorbance changed with date (Table 6).

Commercial Standards. Although relationships between FA absorbance and
known concentrations of three commercial standards were strongly and signifi-
cantly linear, as expected, they too differed dramatically in the slopes and intercepts
of their standard curves (Figure 1). Quebracho (a condensed tannin mixture from

TABLE 6. MOSTSIGNIFICANT TANNIN CLASSES INSTEPWISEREGRESSION ON

FOLIN-DENIS ABSORBANCEVALUESa

Source of polyphenol Variable R2 F P

Red oak (Quercus rubra)
May CT 0.9977 2552.44 0.0001
June CT 0.9987 2266.02 0.0001
July CT 0.9983 4021.44 0.0001

Black oak (Quercus velutina)
May CT 0.9811 363.29 0.0001
June CT+ HT 0.9915 817.81 0.0001
July HT 0.9770 170.03 0.0002

Scarlet oak (Quercus coccinea)
May CT+ HT 0.9972 2124.10 0.0001
June CT 0.9954 1518.23 0.0001
July HT 0.9690 218.64 0.0001

Chestnut oak (Quercus prinus)
May CT 0.9916 236.01 0.0042
June CT+ HT 0.9896 668.57 0.0001
July CT 0.9746 191.70 0.0001

White oak (Quercus alba)
May CT 0.9866 444.13 0.0001
June CT+ HT 0.9833 412.06 0.0001
July CT+ HT 0.9930 988.277 0.0001

aNo other classes contributed more than 2% of the variance in Folin absorbance. CT= condensed
tannins, HT= hydrolyzable tannins in foliage of 5 oak species collected in May, June, July 1995.
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Schinopsisspp., Anacardiaceae) had a much lower slope than that of all the plant
species except American ash (AA) and substantially lower slope than the two
hydrolyzable tannin standards. Sigma’s T-0125 tannic acid, a mixture of gallotan-
nins and monomers extracted fromRhus(Anacardiaceae) (Figure 1), produced
slopes and intercepts significantly lower than Sigma’s T-8406 product (tara tannin,
a mixture of gallotannins fromCaesalpinia spinosa, Leguminosae). Thus, none of
the commonly used commercial standards better approximated the FA slopes and
intercepts of the plants examined here, and in most cases were substantially out of
range.

To compare results using a commercial standard with those using a standard
purified from each plant species (self standard), we calculated the ratio of FA
values obtained from the standard curves of the commercial standard and from
those of purified tannin from each species, for a hypothetical absorbance of 0.2
(Figure 3). This ratio reflects the degree of over- or underestimation of the tannin
content of each species by three commercial standards. Since the slopes of the
commercial standards differed, none over- or underestimated the tannin content of
all species to the same degree, producing widely varying errors of up to twofold in

FIG. 3. The effect of choice of standard on Folin-Denis estimates of total phenolics in leaf
extracts. Bars represent positive and negative deviations from “true,” concentrations (as in
Fig. 4) calculated using self standards, obtained by (as in Fig. 4) using three commercial
standards. RO= red oak, BO= black oak, SO= scarlet oak, CO= chestnut oak, WO=
white oak, SM= sugar maple, RM= red maple, StM= striped maple, WB= white birch,
I = Ironwood, AA= American ash, BC= black cherry, FA= flowering dogwood, WH=
witch hazel, V= viburnum, B= blueberry.
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FIG. 4. The effect of choice of standard and seasonal variation on Folin-Denis estimates
of total phenolics in leaf extracts. Bars represent positive and negative deviations from
“true” concentrations, calculated using self standards, obtained by using three commercial
standards. RO= red oak, BO= black oak, SO= scarlet oak, CO= chestnut oak, WO=
white oak.

the estimates of polyphenol concentrations (Figure 3). All three standards consis-
tently overestimated tannin content in all but ironwood (I), and to a lesser extent
white birch (WB), the one species that had a lower slope than the commercial stan-
dards. In a few cases, commercial standards came close to approximating tannin
levels in some species. Both tannic acid sources estimated WB within 5%, and the
tara tannic acid (Sigma T-8406) came within 10% for red oak (RO) and viburnum
(V). Even seasonal variation in polyphenol composition is sufficient to invalidate
the use of commercial standards to compare FA values within a species across
sampling dates (Figure 4). In five oak species, the same amount of polyphenols
produced significantly different FA values at different times of the season (Table 4),
and none of the commercial standards reflected this variation (Figure 4).

DISCUSSION

Our study examined the utility of the Folin-Denis assay (FA) to compare the
levels of polymeric polyphenols (tannins) in leaves of 16 woody plant species at a
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single sampling date and of five closely related tree species at three sampling dates
within one season. We found that there was dramatic variation among species
in the reactivity of thesame amountof purified tannins in the FA assay, even
among related species, and even among sampling dates of the same species. This
variation was associated with differences in the relative amounts of hydrolyzable
and condensed tannins in the tannin mixtures and probably also reflected variation
in a potentially large number of other phenolics.

Our study was a conservative test of the limitations of the FA because it was
designed to minimize structural differences among tannin sources. First, we com-
pared primarily tannins, and not total phenolics, which reduced the potentially
great variation among species in the amounts and structures of simple, nontan-
nin phenolics. For oaks, this approach restricted analyses to less than one third
of the phenolic species likely to be present (Knopps and Jensen, 1980; Appel
and Schultz, unpublished data). Second, we included a comparison of five related
species of oaks, known to have structurally related and less seasonally variable
tannin chemistries than some other tree species [e.g.,Liquidambar(Hatano et al.,
1992; Appel and Schultz, unpublished data)]. As is true for other classes of sec-
ondary metabolites, the more distantly related two plant species are, the greater
the potential difference between them in phenolic composition; Folin-type assays
should be less reliable as these differences grow greater. However, our conserva-
tive estimates indicate that even congeneric comparisons with FA using a single
standard produce errors likely to be biologically significant, and intraspecific com-
parisons through time may require separate standards. This would also be true for
other redox-based assays like the Prussian blue (Price and Butler, 1977), and to a
lesser extent, for more structurally specific assays, such as the butanol HCl proan-
thocyanidin assay for condensed tannins (Hagerman and Butler, 1989) and the
potassium iodate method (Schultz and Baldwin, 1982) for hydrolyzable tannins.

These observations are not new. Over 30 years ago, Swain and Goldstein
(1964) described 10-fold variation in FA estimates of phenolic content among 20
different equimolar samples of purified phenolics. Feeny’s (1968, 1969) widely
cited papers on the tannin chemistry and ecology of English oak indicated clearly
that phenolic composition changes seasonally within a single plant. Caveats about
Folin methods have appeared sporadically since then (Martin and Martin, 1982;
Mole and Waterman, 1987; Wisdom et al., 1987; Hagerman and Butler, 1989;
Waterman and Mole, 1994), but with little evident effect: every ecological paper
we could find in two major journals during 1994–1999 in which phenolics were
“quantified” used Folin methods without appropriate standards. In the same search,
we could not find any phenolic quantification (including condensed tannins, hy-
drolyzable tannins, etc.) in which appropriate standards were used.

The complete phenolic composition of most plants is unknown, and the rela-
tionships among phenolic concentration, phenolic composition, reducing power,
and FA absorbance are unknown and unpredictable for most species. Hence, one
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can say very littlea priori about the likely relationship between composition or
concentration and FA absorbance within or between species. Failing to do so can
lead to serious over- or underestimates of total concentrations or amounts of phe-
nolic fractions, as shown in this study.

Although the relationships between actual purified phenolic concentrations
and FA absorbance for all but three species we examined had slopes between
0.019 and 0.026, these differences are biologically significant. For example, con-
stitutive and induced levels of tannins in oaks differ to a similar degree and are
related to herbivore performance (Schultz and Baldwin, 1982; Rossiter et al., 1988;
Hunter and Schultz, 1993). Levels of tannins in flowering dogwood vary in sim-
ilar magnitudes as a function of microsite and are related to levels of herbivory
(Dudt and Shure, 1994). These biologically significant differences in tannin content
would go undetected if inappropriate standards were used.

The magnitude of seasonal differences estimated—or mistaken—with the FA
are also biologically significant (Schultz et al., 1982; Schultz, 1983) but would go
undetected with inappropriate standards. Temporal differences in FA reactivity of
phenolic extracts from the same species and tissues clearly make the use of a single
standard across the season inappropriate, even though the standard may be from
the same trees at an earlier or later date.

The widespread use of commercial standards only exacerbates the problem.
Our results indicate that the use of commercial standards often fails to yield re-
sults similar to those obtained with self standards comprising phenolics extracted
and purified from the material under study. Using these commercial standards can
over- or underestimate presumed actual concentrations by as much as twofold in the
species examined and may not even retain the rankings among species or between
dates. These deviations from reality presumably arise from structural differences
between the standards and the material actually being assayed in the plant extract,
yielding different impacts on the FA reagent. For example, different plant species
produce condensed tannins containing different mixtures of anthocyanidins and
catechins, hydrolyzable tannins containing different mixtures of gallotannins and
ellagitannins, and hybrid molecules containing gallotannins and flavonoids (gal-
locatechins). As a result, standards containing only a single structure or structural
group (e.g., tannic acid or quebracho) may be irrelevant or misleading.

Commercially available standards with the same name (“tannic acid”) can
produced significantly different results. This is not surprising, given that some are
extracted from plants in different families. We have also found measurable variation
among batches of the same product, as have others (Hagerman and Butler, 1989),
but purification of standards reduces much of this batch-to-batch variation (Appel
and Schultz, unpublished data).

Purifying self standards from the same leaf material to be used in the FA
assay resolves this problem because it provides a standard curve that allows one
to interpret sample absorbances in the same currency in which they exist in the
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leaf. Rather than using a commercial standard that may over- or underestimate the
reducing power of one’s extract, self standards quantify exactly what is present in
the leaf. If one wishes to compare results with previously collected data lacking a
self standard, one can simply generate a second standard curve with the previous
standard.

Purifying self standards is neither complex nor expensive and would greatly
improve the ecological inferences arising from any study of plant phenolics. Ide-
ally, one would develop separate self standards for each sample that might have
a different phenolic composition, e.g., different tissues, tissues of different ages,
plants of different ages, samples from different dates, and possibly from different
treatments if treatments are expected to change composition. This is clearly not
feasible for large numbers of different sources of samples or for limited amounts of
samples. However, one can create standards that are a mixture of sample material,
reflecting the diversity of phenolics present within a population, treatment, etc., to
which individual samples are compared. Valid comparative results can be obtained
using mixtures of tissues from potentially differing sources as long as attention
is given to the proportions of different tissue sources used. Modern microtiter
plate readers and the ability to store standard curves facilitate this approach. The
FA is still in widespread use by ecologists to quantify the relative and absolute
amounts of phenolics produced in response to environmental variables or corre-
lated with biological activity, but failure to use self standards can result in under-
or overestimates of up to twofold, depending on the species compared and the
commercial standard selected (see Figure 3), even for intraspecific comparisons
(see Figure 4). Many influential papers on plant herbivore interactions, as well as
some of our own, have based conclusions, in part, on variation within the range
we find is generated by using inappropriate standards (Coley, 1983; Rossiter et al.,
1988; Denslow et al., 1990; Shure and Wilson, 1993; Dudt and Shure, 1994; Shure
et al., 1998). We find that differences in such studies probably need to exceed
100% to be biologically meaningful and account for error introduced by the use
of inappropropriate standards for the FA reagent.

Biological activity can be estimated reliably by the Folin-type redox assay
when it is known to depend directly or indirectly on phenolic oxidation. This is the
case in many ecological settings (Appel, 1993). In our own studies (e.g., Schultz,
1983; Rossiter et al., 1988; Hunter and Schultz, 1993; Appel and Schultz, 1994)
and some others (e.g., Dearing, 1997), FA values have been consistent correlates
of the biological activity of plant phenolics for this reason.

It is clear that the Folin assays cannot be used to determine absolute amounts of
phenolics to test hypotheses about plant investment in phenolics (e.g., Coley et al.,
1985; Herms and Mattson, 1992; Shure and Wilson, 1993; Dudt and Shure, 1994;
Shure et al., 1998). As we have demonstrated, there is no absolute relationship
between FA values and the amount of phenolics in a plant extract. Interspecific com-
parisons, differences in tissue age or condition, and the use of a single commercial
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standard make estimates of amounts impossible to obtain with this reagent. The
only truly reliable and accurate way to estimate amounts of “total phenolics” or
phenolic classes is to extract, purify, and weigh them, but this is not feasible for
large numbers of small samples. Estimates may be obtained with the FA and self
standards, but their approximation of reality should be determined by extracting
and weighing a subset of samples. Even extensive extraction is unlikely to recover
bound polyphenols and provide a true measure of ‘total phenolic’ mass.

We suggest that Folin reagents can be useful in ecological studies as indi-
cators of redox-based biological activity and as indicators of relative amounts of
phenolics if appropriate standards are used, but never as indicators of absolute
concentration or mass and never for interspecific or temporal comparisons us-
ing a common standard. We recommend that investigators considering the use of
Folin-type assays do the following: (1) Decide whether the goal is to quantify
theamountor activity of phenolics. (2) If measuring amount is the goal, then the
most accurate approach is to purify and weigh total phenolics, although extraction
is unlikely to be complete. Colorimetric assays can be made semiquantitative by
using purified self standards. (3) If measuringactivity is the goal, use purified plant
phenolics for standards and measure the samples’ redox potential with the FA. (4)
Always make separate colorimetric standards for each plant species. (5) Within
species, design standards or standard mixtures to reflect the range of variation
encountered within the desired unit of comparison, i.e., include subsamples of the
sources in appropriate proportions. (6) When reporting results, be specific about
assay limitations.
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