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Abstract—Molecular-level condensed tannin analyses were conducted on a series of maiRiraeplijora

manglg leaves at various stages of decomposition in a tropical estuary. Total molecular tannin yields ranged
from 0.5% ash-free dry weight (AFDW) in the most highly degraded black leaves (6—7 weeks in the water)
up to >7% AFDW in fresh leaves<{1 week in the water). Total tannin exhibits an intermediate lability in
these leaves relative to other measured biochemicals. Leaching is an important mechanism in tannin removal
from leaves as indicated by the 30% loss of measurable tannin during a leaching experiment. Condensed
tannin was>80% procyanidin (PC) with the remainder being prodelphinidin (PD). PD tannin, with its higher
degree of hydroxylation, proved to be more labile than PC tannin. Average chain length of condensed tannin
(degree of polymerization) exhibited an initial increase in response to leaching, but later decreased in the
subsequent shift toward abiotic or microbially mediated chemical reactions. Several trends point toward a
possible condensation reaction in which tannin plays a role in nitrogen immobilization. These include an
apparent inverse correlation between molecular tannin and nitrogen, a positive correlation between molecular
tannin and percent basic amino acidSC-NMR data indicating transformation of tannin as opposed to
remineralization, and®C-NMR data showing loss of condensed tannin B-ring phenolic carbons coupled with
preservation of A-ring phenolic carbon. In addition to condensed tannin, the molecular method used also
yielded several triterpenoids. Triterpenoids accounted for up to 3.5% AFDW of the leaf material and exhibited

a threefold increase between yellow senescent leaves entering the estuary and black leaves. This trend is likely
due to the weakening of protective cuticular membranes during leaf decomposition, which leads to increased
yields in the acidic conditions used for tannin analys&@opyright © 2001 Elsevier Science Ltd

1. INTRODUCTION Whereas lignin predominates in woody tissue, tannin is often

) ) more abundant in leaves and needles. Finally, whereas lignin is
Tannin comprises as much as 20% of leaf (Benner et al., rg|atively refractory, tannin is subject to numerous reactions.
1990a), needle (Hedges and Weliky, 1989), and bark tissueStne |atter point is important: Tannin offers the potential to

(Kelsey and _Harmon, 198_9), all major contribut_ors_to terrig- study organic matter processing in a way unavailable for lignin
enous organic matter cycling. Yet virtually nothing is known . aven structural polysaccharides.
about tannin diagenesis at the molecular level. This is due in  14nnin in vascular plants occurs as two types, condensed and

large part to the analyticgl challenggs in measuring tannin. hydrolyzable (Fig. 1). A third type known as phlorotannin
Although a large body of literature exists for molecular-level (because of the basic building block, phloroglucinol) is found

tannin studies in natural products, there has been little cross-;, brown algae. Hydrolyzable tannin is made up primarily of
over to biogeochemistry and ecology. In this regard, the geo- g jic acid or its derivatives, which are often esterified to
chemistry of tannin is at much the same stage of development ,,uis such as glucose. The building blocks for condensed
as that of its phenolic cousin, lignin, nearly three decades ago. yynnin are three-ring flavanols (note the terminology of ex-
Thg similarities are considerable: Each is phenollg, pqumerlc, tender units and terminal units in Figure 1). At least a dozen
unique to vascular plants, and has been well studied in natural variations of these stereochemically active compounds are
products research. However, the contrasts are also consider-known to occur in condensed tannin. The most common link-
gble: Whereas lignin polym_ers are highly branched in a seem- ages in condensed tannin are-8, whereas 46 linkages lead
ingly random manner, tannin macromolecules are often highly branching (Fig. 1). Condensed tannin with these linkages is
strgcliured to Lhe .pomtf Whﬁ rebyihsomfe h‘i\.'e spzecull(atedlg 8|ng_ often referred to as proanthocyanidin (PA) due to the formation
and-key mechanism for how they function (Zucker, ): of cyanidins or related compounds on acid depolymerization.
Although more rare, condensed tannin can also be found with
i A to A-ring and A to B-ring linkages, which strictly speaking,
:)Aluthor dto) whom correspondence should be addressed (phemes@ oo 1ot proanthocyanidins. More complete reviews of structure
iol.sc.edu). ) : . ; )

tPresent addressBaruch Institute, University of South Carolina, and chemistry of condensed tannin can be found in Hemingway
Columbia, SC 29208, USA. (1988a,b), McGraw (1988), and Laks (1988). The structural
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Extender Unit "ACB":
Epicatechin: R;=OH, Ry=H
Epigallocatechin: R;=R,=OH
Epiafzelechin: R;=R,=H

"DFE":
Catechin: R;=OH, Ry=H
Gallocatechin: R;=R,=OH

Afzelechin: R;=R,=H

Terminal Unit

Ry

Condensed Tannin

Hydrolyzable Tannin

Fig. 1. Structures of typical condensed and hydrolyzable tannins.

contrast between condensed and hydrolyzable tannin has ledwith protein nitrogen during the tanning process. Geochemi-

some to attribute much different functionality of the two poly-
phenols within plants (Zucker, 1983).

Unlike carbohydrates, lipids, amino acids, and pigments,
which are ubiquitous in organic matter and have both marine
and terrestrial sources, tannin (along with lignin and cutin) is
uniquely terrestrial. Thus, tannin has the potential to provide
source information that is complementary to lignin and cutin.
For instance, monocotyledons cannot be distinguished by lig-
nin composition and only weakly by cutin (Goand Hedges,
1990). However, one condensed tannin monoreatgepicat-
echin, is unique to monocotyledons, and propelargonidin-con-

cally, potential nitrogen binding and nitrogen immobilization
by tannin is also of great interest. Nitrogen immobilization (the
incorporation of exogenous nitrogen into organic matter) in
sediments and submerged leaves is a poorly understood pro-
cess, and the study of tannin may shed some light on this key
process.

Finally, tannin offers the potential to reconstruct reaction and
processing history. Tannin shows an intermediate degradability
unlike the other major biochemicals, e.g., 1 to 5 yr in pine litter
samples (Tiarks et al., 1992). As such, tannin may be an
important tracer of intermediate rate processes. The electron

taining polymers are much more common in monocotyledons transfer sensitivity of tannin might record the redox history of
than dicotyledons (Ellis et al., 1983). Conversely, hydrolyzable the organic matter as a whole. For instance, vicinol diols are
tannin is only found in dicotyledons (Okuda et al., 1995). prone to quinone formation in alkaline conditions. As shown in
Tannin-related compounds can also be used to distinguish Figure 1, the B-ring of condensed tannin can be mono-, di-, or
between angiosperms and gymnosperms, as flavones are foundrihydroxylated. Thus, a monohydroxylated B-ring should be
primarily in angiosperms. In addition, condensed tannin dimers more stable toward oxidation than a dihydroxylated, and both
and trimers in angiosperms appear to contain more species-should be more stable than a trihydroxylated B-ring. Ratios of
dependent taxonomic information that may be useful in certain the three ring types should provide redox or other diagenetic
environments where potential sources are more constrainedinformation. Another parameter sensitive to reaction history is
(Haslam, 1989). the degree of polymerization, or the ratio of total condensed
Tannin is the fourth most abundant component of vascular tannin (extender plus terminal units; see Fig. 1) to terminal
plant tissue, following cellulose, hemicellulose, and lignin. units. Smaller polymers and oligomers are more water-soluble
However, as mentioned above, in rapidly cycling leaf and than larger ones, and therefore more subject to leaching. In
needle tissue, tannin content can be as high as 20%. Thus inaddition, studies have shown that larger polymers are more
addition to biomarker potential, tannin greatly contributes to resistant than smaller polymers to microbial degradation

the characteristics of bulk organic matter, including color,
astringency, and reactivity.
Historically, interest in tannin stems from its ability to bind

(Grant, 1976; Field and Lettinga, 1991). Therefore, degree of
polymerization overall should provide an integration of such
processes.
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This study involves early diagenesis of mangrove leai®es ( Molecular-level condensed tannin analyses were done in
mangl§ submerged in a tropical estuary. Mangrove swamps duplicate by acid depolymerization in the presence of excess
represent an important link between terrestrial and marine phloroglucinol to capture the released carbocations. Details can
ecosystems. Senescent mangrove leaf material is an importanbe found in Hernes and Hedges (2000). Briefly50 mg of
source of carbon, nitrogen, and other nutrients for estuarine bulk organic matter was depolymerized in 3 mL acetone:water
food webs (Odum and Heald, 1975). In addition, utilizing (70:30 vol.%) with an acid strength of 1.0 mol/L HCI and
solid-state®*C-NMR and Folin-Denis analysis, Benner et al. ~0.25 mol/L phloroglucinol. Interflavan bonds are protonated
(1990a) showed that much of mangrove leaf carbon is in the and broken, leaving the lower structural unit intact (can be
form of tannin. However, without molecular-level tannin infor-  either a terminal or extender unit) and the upper extender unit
mation, little could be determined about the diagenetic pathway as a carbocation (Fig. 2). The carbocation is then captured by
of tannin. Because of the quantitative importance of tannin but phloroglucinol either alpha or beta to the C-ring at C-4, pro-
lack of sensitivity in the methods used, Benner et al. (1990a) ducing a monomer-phloroglucinol adduct (Fig. 2). A side re-
concluded “Clearly, molecular-level methods for the character- action in this system is the quantitative conversion of PD tannin
ization and quantification of tanrsn . . innonwoody vascular (and to a much lesser extent, PC tannin) to a four-membered
plant tissues need to be developed. Parallel application of suchring via the addition of acetone (Fig. 2) (Hernes and Hedges,
methods to soil and sediment samples may explain, in part, why 2000).

a comparably large fraction of these organic materials remain  Depolymerization was carried out at 30°C for 24 h in culture
uncharacterized.” In large part, this observation became the tubes purged with Ar. All solvents were sparged with Ar. After
impetus for the development of such a molecular-level method 24 h, 10 mL water was added along witi1 50 ug hematoxylin

from existing techniques in the natural products literature as an internal standard. Samples were extracted three times
(Hernes and Hedges, 2000). The application of this new with ~5 mL ethyl acetate. The ethyl acetate was passed
method to the mangrove leaf samples of Benner et al. (1990a) through a sodium sulfate drying column and evaporated under
represents the first study of the geochemistry of tannin at the a stream of nitrogen. The samples were then placed in a

molecular level. vacuum dessicator overnight to remove any residual water or
acid.
2. MATERIAL AND METHODS The following day, samples were redissolved-#200 uL

pyridine and small aliquots derivatized with equal amounts of

All sample collection and workup procedures are described Regisil, i.e., bis(trimethylsilyl)trifluoroacetamidé 1% trim-
in detail by Benner et al. (1990b). Briefly, green and yellow ethylchlorosilane, by heating for 10 min at 60°C. A Shimadzu
mangrove leaves were collected from trees and yellow, orange, AOC-14 autoinjector introduced samples g2) onto an HP
brown, and black mangrove leaves collected from the water and 5890 gas chromatograph equipped with a 0.25 xn30 m
surficial sediment of a tropical estuary in the Bahamas. Col- capillary column coated with DB35ms liquid-phase (J&W Sci-
lected were 50 to 100 leaves in each of eleven color stages toentific) and a flame ionization detector. Splitless injection was
account for tree-to-tree variability in composition. All leaves carried out using a column-loading time of two minutes. The
were oven-dried at temperatures below 60°C and ground up to injection port and detector were maintained at 310°C. Helium
pass through a 40-mesh screen. Benner et al. (1990b) calculatedvas used as the carrier gas. The oven temperature was main-
diagenetic mass loss from the leaves using relative mass pertained at 70°C during column loading, then increased to 200°C
unit leaf surface area. A leaching experiment was conducted at 25°C/min. A second ramp of 4°C/min increased the oven
using the ground yellow leaves from trees in distilled water on temperature to 330°C, which was then maintained for 30 min.
a shaker table for 20 h at 4°C. Both dissolved and particulate Electronic pressure control was also used, with an initial col-
fractions were freeze dried and ground. Elemental, solid-state umn head pressure of 13 psi held for two minutes and then
13C-NMR and Folin-Denis analyses were conducted by Benner increased to 30 psi at 1 psi/min. A typical chromatographic
et al. (1990a). trace is shown in Figure 3.

As indicated in Benner et al. (1990b), lignin phenols were Selected samples were injected onto a gas chromatograph/
analyzed as trimethyl silyl (TMS) derivatives by gas chroma- mass spectrometer (HP 5890 gas chromatograph interfaced to
tography (GC) following CuO oxidation (Hedges and Ertel, an HP 5970 mass selective detector) for peak identification.
1982). Benner et al. (1990b) also reported neutral aldose plus Although standards exist for many monomeric compounds,
cyclitol yields, as determined by acid hydrolysis and also only very recently have phloroglucinol adducts become com-
quantified by GC as TMS derivatives (Cowie and Hedges, mercially available. For this study, catechin adducts were iden-
1984). Cutin acids can be measured simultaneously with lignin tified by the depolymerization of a catechin-catechin dimer
using CuO oxidation (Garand Hedges, 1990), and previously (Leuven Bioproducts) in the presence of phloroglucinol. Re-
unpublished yields quantified from the lignin GC chromato- maining adduct identities are based on mass spectral fragmen-
grams are presented here. Previously unpublished uronic acidtation patterns and elution orders as determined by the catechin
yields were measured by the hydrolysis and GC method of and epicatechin adducts. Triterpenoid identities were deter-
Walters and Hedges (1988). Finally, amino acid compositions mined from commercially available standards as well as a
were measured in acid hydrolyzed samples (70 min at 150°C in library of trimethylsilylized naturally occurring compounds
6 N HCl under N) by HPLC. Chromatography was performed generated by W. Greenaway (University of Oxford, Oxford,
after OPA derivatization using reverse-phasgd€ C,g col- UK).
umns and charge-matched recovery standards as outlined by Quantification was done using the hematoxylin internal stan-
Cowie and Hedges (1992). dard and relative responses to available standards. Where stan-
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Extender Unit "ACB":
R;=0OH,R,=H: Epicatechin (2)
R;=R,=OH: Epigallocatechin (4)
R,;=R,=H: Epiafzelechin

H
Phloroglucinol (PG)

Cyanidin: R;=0H, Ry=H
Delphinidin: R;=R;=0H
Pelargonidin: R;=Ry=H

Terminal Unit "DFE":

R,y=O0H,R,=H: Catechin (3)
R3=R;=OH: Gallocatechin (5)
Ry=R4=H: Afzelechin

Phloroglucinol Adducts:

"=\

R1=CH3 v R2=H ’ R3=CH3 ’ R4=H ’ R5=CH3 ’ A :i o -Amyrin (14)
R1=H ’ R2=CH3 ’ R3=CH3 ’ R4=H ’ R5=CH3 ’ A B —Amyrin (12)
R1=H,R2=CH3,R3=H,R4=CH3,R5=CH3,A 14: Taraxerol (11)
R;=H,R,=CH3,R3=COOH: Oleanolic Acid

HO o
HO o

Gallic Acid

PA/Acetone reaction product

HO

R;=OH,R,=H: Epicatechin (4B >2)PG (8)
R,=OH,R,=H: Epicatechin (40—2)PG (13)
R;=R,=OH: Epigallocatechin (43—2)PG (16)

R;=0H,R,=H: Catechin (4f—2)PG (9)
R;=0OH,Ry=H: Catechin (4a-»2)PG (15)
R;=R,=0OH: Gallocatechin (4a-2)PG (18)

HsC

H C,Hjs CHs

Stigmast-5-en-3f-0l1 (10)

R;=0H,R,=H: Quercetin (6)
R1=R2=OH! Myricetin (7)

Fig. 2. Acid depolymerization of a condensed tannin dimer with and without phloroglucinol. Structures of all compounds
quantified are shown. Numbers in parentheses correspond to elution order as shown in Figure 3.
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Fig. 3. GC trace of yellow mangrove leaves=1Hematoxylin, 2= Epicatechin, 3= Catechin, 4= Epigallocatechin,
5 = Gallocatechin, 6= Quercetin, 7= Myricetin, 8 = Epicatechin(8—2)phloroglucinol, 9= Catechin(8—2)
phloroglucinol, 10= Stigmast-5-en-g-ol, 11 = Taraxerol, 12= B-Amyrin, 13 = Epicatechin(4—2)phloroglucinol, 14=
a-Amyrin, 15 = Catechin(«—2)phloroglucinol, 16= Epigallocatechin(8—2)phloroglucinol, 17= PC/acetone(4-2)
phloroglucinol, 18= Gallocatechin(4—2)phloroglucinol, 19= PC/acetone(#>2)phloroglucinol.

dards were unavailable, the hematoxylin response was used asepresent increases in the “absolute” yields of Compound X, as
a default. The reproducibility of all the major compounds opposed to conservative behavior. An example of such an
was =5 to 10% mean deviation, whereas trace compounds increase was shown by Benner et al. (1990a) for total nitrogen,

were within =10 to 30%. in which nitrogen, after an initial drop in the yellow submerged
leaves, steadily increased in the orange, brown, and black
3. RESULTS AND DISCUSSION leaves to absolute recoveries of 150% (50% more than the
original level). Increasing nitrogen in submerged plant material
3.1. Bulk Decomposition Indices has been documented in several different environments with

| several different types of plant tissue and is commonly referred

In the early diagenesis of leaves, color is often a usefu ) A el : A
to as nitrogen immobilization (Rice and Tenore, 1981; Rice,

marker for the various stages of decomposition. During sample .
collection, Benner et al. (1990b) sorted submerged mangrove 1982 Qualls, 1984; Bowden, 1986; Melillo et al., 1984; Benner
leaves into eleven different groups based on gradations of &t @l 1991). Given the potential relationship between tannin
color, but ultimately opted to combine them into yellow, or- 2nd nitrogen, this becomes an important trend to keep in mind
ange, brown, and black categories. A relationship established WNen intérpreting the tannin molecular data.

between average leaf mass and area indicated 2% mass loss in

yellow submerged leaves as compared to yellow senescent3 2. Tannin Yields and Composition

leaves still attached to trees. Corresponding 6, 27, and 36%

mass losses were determined for orange, brown, and black Four terminal units and four extender units of condensed
leaves, respectively. Benner et al. (1990b) estimated that thesetannin were identified overall in the acid depolymerization
losses corresponded to approximately 1 week submerged inmixture from the mangrove leaf samples analyzed (Table 1).
water for orange leaves, 4 weeks for brown leaves, and 6 to 7 Included in our survey were the six basic leaf categories re-
weeks for black leaves. Relative mass-to-area ratios proved ported by Benner et al. (1990a,b), along with Orange #5, which
useful for normalizing molecular data between color types represents the most degraded of three orange leaf subgroups,
when discussing diagenetic trends. Much of our discussion also and Brown #6, which represents the least degraded of the three
adopts this format in which [Compound X} [Percent mass brown leaf subgroups. The rationale for including the latter two
remaining] (i.e., 100, 98, 94, 73, and 64% for the yellow samples is discussed below. The structural precursors of all
senescent leaves and four leaf colors present in the water) isanalyzed compounds (before trimethylsilyl derivatization) are
normalized to the content of Compound X in yellow senescent shown in Figure 2. Because alpha and beta adducts from the
leaves. In this formulation, percentage yields above 100% extender units are a result of carbocation chemistry and not
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Table 1. Tannin and triterpenol compositions and yields (mytgsue AFDW) from decaying mangrove lea¥es

Condensed tannin

Tannin-
Leaf color Terminal Units Extender Units related Triterpenols
C EC GC EGC C EC GC EGC GA FONaAM BAM TRX STG OLA

Collected from trees

Green 549 203 021 031 35 398 7.96 0.13 0.02 363 024 047 182 0.66 nd

Yellow 6.05 274 022 059 31 360 104 0.21 0.04 6.58 264 358 432 1.28 nd
Collected from water

Yellow 576 351 026 040 36 43.0 116 029 0.21 6.30 221 425 439 133 nd

Orange 6.22 355 0.16 029 4.2 483 9.28 0.37 0.30 6.32 385 560 561 1.99 nd

Orange #5 421 197 005 011 19 383 6.65 0.17 0.14 200 3.10 466 377 132 nd

Brown #6 2.09 0.86 nd nd 14 207 1.18 0.11 0.09 049 365 645 334 139 021

Brown 1.67 1.15 nd nd 1.1 108 0.52 0.13 0.07 0.49 6.06 10.3 6.72 186 0.66

Black 1.09 0.59 nd nd 0.3 331 021 0.00 0.02 nd 6.90 13.7 6.80 273 4.05
Laboratory leached yellow

tree leaves

Leaves 402 182 0417 019 24 369 114 0.13 0.01 285 253 4.04 397 1.08 nd

Leachate 13.01 430 145 143 6.2 526 3.84 0.12 013 1k»01 015 nd nd nd

Mass balance 587 233 043 045 32 4011 982 0.13 0.03 458 201 324 315 086 nd

@ Abbreviations: AFDW= ash-free dry weight, G= (+) catechin, EC= (—

GA = gallic acid, FON= total flavonespAM = a-amyrin, BAM = B-amy
= not detected.

indicative of interflavan stereochemistry (interflavan bonds are
all thought to beransto the hydroxyl group at C-3), alpha and
beta adducts of the same monomer type (i.e., cateckin@)
phloroglucinol and catechin@-2)phloroglucinol) are
summed. Total yields of the condensed tannin ranged from 5.5
mg g * ash-free dry weight (AFDW) in the black leaves to 72.3
mg g * AFDW in the orange leaves. In addition to condensed
tannin, other tannin-related peaks were identified, including
gallic acid, which is potentially derived from hydrolyzable
tannin, and flavones (6 and 7), which are structurally related to
condensed tannin (Fig. 2). Gallic acid was a minor constituent,
ranging from 0.02 to 0.30 mg ¢ AFDW, whereas total
flavones ranged from undetected to 6.58 Mg §FDW.
Compositionally, condensed tannin consisted of predomi-
nantly catechin (3) and epicatechin (2) (often referred to col-
lectively as procyanidin or PC tannin), which are the most
common types of condensed tannin. Catechin and epicatechin
terminal units ranged from 8 to 20% and 3 to 11%, respec-
tively, of the total condensed tannin, whereas catechin and
epicatechin extender units represented 5 to 7% and 61 to 79%.
The remainder of the condensed tannin consisted of gallocat-
echin (5) and epigallocatechin (4). Together, these prodelphini-
din (or PD) tannins ranged from undetectedt®% for (5) and
undetected to 1% for (4) in the terminal units, and 4 to 18% for
(5) and undetected t6<1% for (4) in the extender units.
Generally, tannin compositions remained stable through to the
orange stage (approximately 1 week in the water), before
undergoing noticeable change in the brown and black stages.

3.3. Triterpenols

In addition to tannins, four triterpenols and a sterol were
recovered from the acid depolymerization mixtueeamyrin
(14) andp-amyrin (12) (0.24—6.90 mg ¢t AFDW and 0.47—

) epicatechin, GG= (+) gallocatechin, EGG= (—) epigallocatechin,
rin, TRX = taraxerol, STG= stigmastenol, OLA= oleanolic acid, nd

13.7 mg g* AFDW, respectively), taraxerol (11) (1.82—6.80
mg g * AFDW), oleanolic acid (10) (undetected to 4.05 mg
g ' AFDW), and the sterol stigmast-5-ei8-®| (10) (0.66—
2.73 mg g* AFDW). All compounds were found in higher
concentrations in the brown and black leaves than in the yellow
leaves, indicating preferential preservation or chemical release
from their matrices. Total yields ranged from 3.2 to 34.2 mg
g~ ' AFDW. Our results can be qualitatively compared to the
work of Killops and Frewin (1994). Using GC-MS, these
authors detected taraxerol ageamyrin as the primary triter-
penols inR. mangldeaves, along with stigmast-5-eB-®I and
a-amyrin (tentatively identified as lupeol in their study, but
confirmed with an authentic standardeagmyrin in this study)

in lesser amounts.

The triterpenols and sterol present in these mangrove leaves
are very unreactive and, in fact, show absolute increased re-
coveries relative to yellow senescent leaves. Killops and
Frewin (1994) reported th@-amyrin inR. mangldeaves was
largely confined to the epicuticular wax, whereas taraxerol
appeared to be a cutin component. They further suggest that the
resistance of cuticular membranes to degradation allows such
triterpenols to persist into the sediments where they were able
to detect them. Thus, the absolute increase in triterpenol recov-
eries in this study may be indicative of a weakening cuticular
membrane structure that, while still capable of providing in situ
protection, is more susceptible to the acid conditions in our
tannin analyses. Oleanolic acid, which is only measurable in
the brown and black leaves, could also result from weakening
of cuticular membranes or may, in fact, be produced within the
leaves by oxidation of3-amyrin (see Fig. 2 for structural
relationships.B-amyrin and oleanolic acid differ only in the
functional group R). The latter, however, does not seem likely
given thata-amyrin andB-amyrin yields increase in parallel
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Table 2. Tannin compositional parameters from decaying mangrove feaves

Leaf Color Percent PC:PD tannin Percent @i&2,3trans
X, Ext Term Total Ext Term Total

Collected from trees

Green 7.4 84:16 93:7 86:14 78:22 29:71 71:29

Yellow 6.2 79:21 92:8 81:19 73:27 35:65 67:33
Collected from water

Yellow 6.9 80:20 93:7 82:18 74:26 39:61 69:31

Orange 7.1 84:16 96:4 86:14 78:22 38:62 73:27

Orange #5 8.4 85:15 98:2 87:13 82:18 33:67 76:24

Brown #6 8.9 94:6 100:0 95:5 89:11 29:71 82:18

Brown 54 95:5 100:0 96:4 87:13 41:59 79:21

Black 3.3 94:6 100:0 96:4 88:12 35:65 71:29
Laboratory leached yellow

tree leaves
Leaves 9.2 77:23 94:6 79:21 73:27 32:68 69:31
Leachate 4.1 94:6 86:14 92:8 84:16 28:72 70:30

2 Abbreviations: X, = degree of polymerization, PG procyanidin (catechin and epicatechin), PD prodelphinidin (gallocatechin and
epigallocatechin), 2,8is = epicatechin and epigallocatechin, 2t8ns = catechin and gallocatechin, Ext extender units, Terns terminal units.

(Table 1). If oxidation were an important mechanism, then the ledon leaves analyzed with this technique (Hernes and Hedges,
oxidative counterpart o-amyrin (ursolic acid) would also be ~ 1999).

expected in the brown and black leaves, but it was not detected. Other source indicators include flavones, which are more
In addition, it is not apparent why only one of the methyl common in dicotyledon leaves than gymnosperm needles
groups would be selectively oxidized to a carboxylic group. (Hernes and Hedges, 1999), and the flavone content of the
Stigmast-5-en-8-ol is a common sterol in vascular plant tis- green and senescent yellow mangrove leaves are representative.

sues and shows a weak increasing trend. The triterpenolsx-amyrin, B-amyrin, and taraxerol measured in
these samples appear to be exclusive to angiosperms and rare in
3.4. Source Signature monocotyledons (Gershenzon and Croteau, 1991). Finally, in

comparison to other dicotyledon leaves, the tannin content of
Overall, the green and senescent yellow mangrove IeaVesthese pendant mangrove leaves was the highest of 16 temperate

from trees exhibit a com_position consistent w.ith that expectt_ad and 24 tropical species analyzed by this method (Hernes and
for fresh angiosperm dicotyledon leaves, with a PD tannin Hedges, 1999)

content of < 20% (Table 2), as compared t0 gymnosperm A “yrimary concern when using any compounds as source
neeo_lles Wh'Ch_ typlcally have PD contents50%. The taxo- markers is the effect of diagenesis on the overall source signa-
nomic generalizations presented _here are ba_sed sole!y on e re This study provides an excellent opportunity to look at

analyses of-~120 plant tissues using the identical tannin mo- some of these effects for molecular tannin and triterpenoids. In

lecular method (Hernes and Hedges, 1999). This avoids the ., haring the black submerged leaves to the senescent yellow

pitfalls of comparing tannin data obtained from the widely o565 from trees, several relevant changes in composition are
ranging analytical conditions used in previous taxonomic stud- evident: (1) PD content drops from 8% to undetected in termi-

ies, although in general, the trends obtained with this technique nal units and from 19 to 4% overall, (2) flavones are no longer

compare well with the broader literature (see Hernes and detected in the black leaves, (3) the 2j8content of extender

Hedges, 1999, 2000). . __units decreases from 27 to 12% but only from 33 to 29%
A second commonly measured parameter is the relative oo a1 (4) the calculated degree of polymerization decreases

proportion of 2,3eis forms (epicatechin and epigallocatechin) ¢, 6 5 19 3.3, (5) measured total triterpenoids increase by a

to 2,3.’{ransfor.ms (catechin and gallocatechin) (see Fig. 2). Thg factor of three, and (6) overall tannin content decreases from 59
2,3<is forms in the green and yellow senescent leaves consti- mg g *to 55 mg g* (Tables 1 and 2). Thus, while the

tute 78 and 73%, respectively, of all extender units, butonly 29 ¢, ition of the black leaves is still recognizable as dicot-
and 35% in the terminal units (Table 2). This pattern also is yledon in origin, it would be difficult to attribute that compo-

typical of dicotyledon leaves, as compared to gymnosperm gjinn specifically to mangrove leaves if the source was un-
needles in which 2,8is forms make up< 50% of all extender known

units (Hernes and Hedges, 1999).

A third diagnostic source indicator is the degree of polymer-
ization. This parameter corresponds to the total yield of con-
densed tannin divided by the corresponding yield of terminal
units and gives an indication of the average chain length. Previously, Benner et al. (1990a) established the quantitative
Values for green and senescent yellow leaves were 7.4 and 6.2jmportance of bulk tannin in senescent and decaying mangrove
which are higher by a factor of three than most other dicoty- (R. manglg leaves using®C-NMR and Folin-Denis analyses.

3.5. Comparison of Total Molecular Tannin to Bulk
Estimates
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Although **C-NMR estimates of tannin were relatively con
stant at~20 wt.% during leaf senescence and decomposition,
Folin-Denis estimates were much more variable, ranging from
~14% tannic acid equivalent (TAE) in yellow submerged

—&— Total Molecular Tannin
—— "®C-NMR Tannin

-+ Folin-Denis Tannin (TAE)
—A— Gallic Acid

leaves to< 1% TAE in brown and black submerged leaves. 30 0.05
Because hydrolyzable tannin had been previously thought to be

more soluble in water than condensed tannin (e.g., Zucker, 251 0 L 0.04 0
1983), Benner et al. (1990a) hypothesized that the extractable 2
tannin measured using the Folin-Denis reagent was primarily 32 201 0.03 o
hydrolyzable. They also suggested that the residual tannin (i.e., £ Attached B
the component of bulk tannin as estimated*8@-NMR that is %15 | Y a
unaccounted for by Folin-Denis results) in the leaf complex = 10 . = - 0.02 g
was condensed. Although this may be partly true, it is worth '-g_
noting that on a mass-balance basis, the residual tannin actually 5 - j - 0.01 z
increased by 15 to 25% in the latter stages of decomposition, °
suggesting that at least that much of the residual tannin in these 0 0.00

# 4 <

latter stages may in fact be chemically altered tannin that was :: '; l; éué I: ;':

previously extractable. g S &2 2 3 &
A primary concern when using eithé?C-NMR or Folin- o £ ¢ g m @

Denis to estimate tannin is that both are subject to false posi-

tives. Since both measurements rely on functional groups in- Leaf Color

S_te"’_ld of the_WhO!e_ molgcule,.any non-tannln Compound.WIth Fig. 4. Bulk estimates of tannin utilizing®C-NMR, Folin-Denis

similar functionalities will register as tannin. Such spurious analyses, total molecular tannin, and gallic acid.

contributors include lignin, lignan, and aromatic amino acids in

the case of*C-NMR, and ascorbic acid and peptides in the

case of Folin-Denis. Lignin has been measured in these man-3.6. Quantitative Comparison of Total Molecular Tannin

grove leaves (Benner et al., 1990b)-&2% and thus is a minor to Other Compound Classes

contributor to total phenolics as measured'¢-NMR (con

firmed by dipolar dephasing experiments). Similarly, the con-

tribution of aromatic amino acids has been measured@5% literature with molecular-level analyses of eight different com-

(Cowie, unpubl. data). pound classes (tannin, triterpenoids, lignin, polysaccharides,
Our molecular-level tannin data (Table 1) do not definitively  cycjitols, amino acids, cutin, and uronic acid) in addition to

confirm or refute the hypothesis of Benner et al. (1990a) for soid-state*>C-NMR and several bulk analyses (this study,

selective loss of hydl’0|y2ab|e tannin. On one hand, the total Benner et a|” 1990a’b, Cowie’ unpubll data:"GanubL data;

condensed tannin measured molecularly is somewhat less thamBergamaschi, unpubl. data). In total, 36 to 55% of the leaf

the residual tannin (0.5 to 7.2% AFDW) estimated from the tissue can now be accounted for at the molecular level (Fig. 5).

difference between thé3C-NMR and colorimetric analyses  There are several striking trends in Figure 5, including the

The mangrove leaf samples are among the most comprehen-
sively-characterized organic materials in the biogeochemical

(~8 to ~20%). The solvent system (i.e., 70:30 v/v acetone:
water) used in our depolymerization, however, is identical to
that used by Benner et al. (1990a) for extraction before Folin-

effect of leaf senescence on amino and uronic acids, the pre-
dominance of neutral carbohydrates, and increases in amino
acids and triterpenoids during diagenesis. However, perhaps

Denis analysis. In addition, the pattern we measured along the the most novel is that the quantitative importance of tannin at
color series is similar to the pattern Benner et al. (1990a) the molecular levelis directly demonstrated for the first time. In

determined using Folin-Denis reagent (Fig. 4) with an initial the yellow leaves entering the estuary, measured molecular
increase in the yellow and orange leaves followed by a rapid tannin is second in abundance only to neutral carbohydrates.
drop in the brown and black leaves. Although we detected Hence, tannin alteration is a critical process to consider in the
gallic acid (potentially derived from hydrolyzable tannin) only ~ degradation of these leaves and in attending trends in their bulk
in trace amounts, it too roughly follows the pattern measured chemical properties.

with Folin-Denis reagent (Fig. 4). Determining the chemical

compositions of the lost and residual tannin is not merely a 3.7- Diagenesis Comparisons to Other Compound Classes

geochemical bookkeeping exercise: Hydrolyzable and con-  Tqta] molecular tannin shows quite different lability from
densed tannin are very different from each other both structur- that evident for other measured biochemicals. Total molecular
ally and reactively (Fig. 1) (Hemingway, 1988a,b; McGraw, cyclitols show an immediate and rapid decline between the
1988; Laks, 1988; Okuda et al., 1995; Haslam, 1989). Compo- mangrove leaves on trees and those in the water, eventually
sitional differences among condensed tannins have been showndropping to~1% of the amount found in attached leaves (Fig.
to influence feeding behavior of herbivores (Clausen et al., 6) (Benner et al., 1990b). Molecular lignin, neutral carbohy-
1990) and affect ease of depolymerization (Hemingway and drates, uronic acids, cutin, and leaf mass show a steady, parallel
McGraw, 1983), factors that are relevant to tannin degradation decline to 40 to 60% of the amounts found in attached leaves.
and preservation. In contrast, amino acids and triterpenoids appear to accumulate,
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Mangrove Leaf Compositions
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Fig. 5. Percent of organic matter (i.e., AFDW-based) occurring in mangrove leaves as total triterpenols, lignin, uronic
acids, cyclitols, tannin, cutin, amino acids, and polysaccharides (all measured chromatographically at the molecular level).
Compound types are stacked in the same order as they appear in the legend. Not shown is the chromatographically
uncharacterized fraction of total organic matter remaining at each degradation stage.

with nearly three times the amount present in black than in 3.8. Leaching

senescent yellow leaves. With its initial increase in yellow and

orange leaves in the water and rapid drop off in the brown and  In mangrove swamps, leaching has been shown to be an
black leaves, molecular tannin straddles all other biochemical important process in the initial stages of leaf degradation (Ben-
trends. Geochemically, tannin appears to be unique relative to ner et al., 1988). The Benner et al. (1990b) leaching experiment
the other biomarkers in its intermediate lability, and therefore resulted in 21% overall mass loss from yellow senescent leaves
may be particularly valuable in determining early diagenetic after 20 h. Mass balance for total molecular tannin indicates
mechanisms. nearly complete recovery of the senescent leaf tannin between
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Fig. 6. Percent of initial measured masses of triterpenols, lignin, ] o o o
uronic acids, cyclitols, tannin, cutin, amino acids, and polysaccharides ~ Fig. 7. Percent of initial procyanidin (PC) and prodelphinidin (PD)
present in yellow senescent leaves along the degradation sequence. tannin masses for both terminal and extender units, along with flavones.

the leachate and leached leaf fractions (Table 1). Overall, betvyeen the orange and brown ""?"“es (Table 1; F!g..7). Once
again, however, the results are split, as the PC tannin in leached

tannin loss from the leached leaf material wa80%, with leaves aligns with the Orange #5 samples, whereas PD tannin
higher losses among the PC extender units and lower losses. 9 9 pies,

among the PD extender units. Just the opposite leaching patternIS more similar to the composite orange sample. One interpre-

. . . . tation of this pairing would be that PC tannin loss is entirely
was observed for terminal tannin units. Coupled with the lower . . .
L . accounted for by leaching, while additional processes are nec-
degree of polymerization in the leachate (4.1 vs. 9.2 in the

residue; see Table 2), this trend indicates that the smaller essary to explain PD tannin loss. This result is not surprising,

. . . since PD tannin (due to its three vicinol hydroxyl groups)
oligomers are made up of a higher proportion of PC extender should be more reactive diagenetically than PC tannin. Because
units and a higher proportion of PD terminal units than the u 9 Y ) Y

larger oligomers. The significance of this observation is that PD the orange and brown composite samplt_as include a compqnent
. A - . - . of Orange #5 and Brown #6, respectively, a mathematical
tannin, with its three vicinol triols on the B-ring, is more

. . . . _correction to Figure 7 would increase all the orange leaf values
reactive than PC tannin. Thus, in the absence of any protective

. - S . and decrease the brown leaf values.
matrices, the tannin remaining in the leached leaves is poten-— _. . L
. . . . . . Finally, we can evaluate tannin leaching in the context of
tially more diagenetically labile than the leached tannin. Gallic other compound classes. Notably, every molecular total (with
acid showed> 70% loss, which may indicate that the hydro- p ' & y

lyzable tannin in these leaves is more soluble than condensedthe e_xceptlon of the triterpenols) indicates mass loss from
S . L . leaching that falls between those of submerged orange and
tannin, if indeed gallic acid is representative of hydrolyzable

tannins. The flavones also exhibited higher lossed006), brown leaves (Fig. 6). The amino acid measurements are per-

. - . i . haps the most surprising. They point to increases in protein in
which suggest weak associations with the original plant matrix. . : :
. . . the early stages of diagenesis that are not necessarily due to
The triterpenols were not appreciably leached, yet did not

exhibit a commensurate increase in the leached leaves as woulqﬁﬁ%gt:ﬁtm(%rgg;fet:ﬁ: ?)I?)Tarscie(i)r: thmaett?s,bgllrltee;é burte;g:tpilr{
be expected for this conservative behavior. 9 'g)orp P
. . S the leaves. Although it is clear from the tannin data that
On the diagenetic scale (as indicated by leaf color), the . . . .
. individual compounds do not all follow the same leaching/
overall mass loss in the leached leaves (21%) places them . . L
diagenetic pattern, the molecular totals make a convincing
between the orange (6%) and brown leaf (27%) stages, al- : . . :
: . . argument for leaching as the dominant factor in the first 1 to 2
though more closely aligned with the latter. Molecular tannin

yields from the leached leaves also fall between the orange andWeeks of diagenesis.

brown leaf stages (Table 1; Fig. 7), although more closely 3.9. Chemical Alteration and Diagenetic Parameters
aligned with the former. Thus, leaching is likely not the only ) )
process involved in tannin loss from submerged mangrove While leaching clearly accounts for early losses through the

leaves. Because this transition from orange to brown leaves is 0range leaf stage, chemical alteration and degradation become
such an important stage in tannin diagenesis, Benner et al. Prominent in the brown and black stages. A number of predic-
(1990b) original Orange #5 and Brown #6 leaf samples (re- tions can be made about relative reactivities of molecular
ferred to above) were analyzed to provide greater coverage andtannin based on structure, including polymer length, polymer
shed additional light on the alteration processes involved. In Makeup, and hydroxylation patterns.

terms of mass loss, mass-to-area ratios of the Orange #5 and o
Brown #6 samples indicate an 18% mass loss, which is com- 3.9.1. Degree of polymerization

parable to the 21% loss in the leaching experiment. As would  The first of these parameters is the average length of the
be expected, tannin measurements from these two samples falltannin oligomers (or polymers) present in the sample, which is
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Fig. 8. Degree of polymerization in mangrove leaves along the Fig. 9. Ratio of PD to PC in extender and terminal units of tannin in
degradation sequence. Included for reference are values for leachedmangrove leaves along the degradation sequence.
leaves and the leachate from laboratory experiment.

indicated by the degree of polymerization as defined above. prown and black leaves could result from an acidic microen-
Typically a higher degree of polymerization should correspond vironment characteristic of decaying organic matter (Sagemann
to lower solubility and greater resistance to degradation. The gt al., 1999). However, as will be shown below, the overall

former is certainly borne out by results from the leaching gegradation pattern of tannin is more consistent with an alka-
experiment in which the degree of polymerization in the |ine environment.

leachate was only 4.1, whereas in the leached leaves itwas 9.2 A second factor in the observed pattern is the relationship
(Table 2). In fact, in the early stages of diagenesis, when petyeen degree of polymerization and composition. The leach-
leaching _predommates, the degree of polyme_rlzatlon increasesjng experiment indicated enrichment in PD tannin and an
from 6.2 in the senescent yellow leaves to 8.8 in the submergedncrease in degree of polymerization in the leaf residue relative
Brown #6 I(_eaves_ (Fig. 8). o . to the whole leaf, thus suggesting that larger polymers in the
The relationship of degree of polymerization to degradation, anqrove leaves are enriched in PD tannin. Since PD tannin
however, is less straightforward. Microbial degradation studies ¢, 14 be more reactive than PC tannin. the larger PD-enriched
on condensed tannin generally shpw the predicted.trend, i'e'*polymers may also be more reactive, which could explain why
that larger polymers are more resistant to degradation (Grant, the degree of polymerization subsequently decreases. However,

1976; Field and Lettinga, 1.991)' However, as degradation hydroxylation cannot be the primary factor involved, as the
progresses and the more labile components are removed, even-

L ; Brown #6 sample has a PC:PD ratio almost identical to the
tually the larger polymers remaining will also be degraded, and b d black leaves. but a dedaree of polvmerization of 8.9
this may be a factor in the decrease in degree of polymerization rown an . 9 poly '
. . . vs. 5.4 and 3.3 (Table 2).
in the brown and black stages of mangrove leaf diagenesis. One
point to keep in mind is that phenolic carbon (as detected by
13C-NMR) remains quantitatively constant, an indication that
while tannin is clearly reacting, it is not being completely
remineralized by microbial utilization. Thus, although micro-
bial degradation likely plays some role in tannin conversion in ~ Tannin reactivity stems from the number of hydroxyl groups
these mangrove leaves, it may not be the direct role indicated Present. In the case of the B-ring, more vicinol hydroxyl groups
in the studies of Grant (1976) and Field and Lettinga (1991). lead to greater potential for quinone formation. Therefore, one
An abiotic explanation might also be plausible. A decrease in B-ring hydroxyl group, as in propelargonidin (PP) tannin,
degree of polymerization suggests that terminal units are more should be less reactive than two vicinol hydroxyl groups, as in
degradation-resistant than extender units. This is certainly true PC tannin, and both should be less reactive than trihydroxylated
abiotically under acidic conditions, as depolymerization will B-rings, as in PD tannin. However, only two of the three types
leave the terminal unit intact while forming carbocations from are represented in this data set: PC and PD. After an initial
extender units that can then undergo any number of reactionsincrease between green and senescent yellow leaves, PD:PC
(including capture by a nucleophile). Under basic conditions in ratios for both terminal and extender units decrease through the
the presence of oxygen, both the extender unit and terminal unit brown and black stages (Fig. 9). This consistent trend supports
are subject to degradation and rearrangement (e.g., Ferreira ethe notion that more extensively hydroxlated tannins are more
al., 1992). Thus, although marine waters are generally alkaline, susceptible to oxidative alteration, even though normalization
the decrease in degree of polymerization measured in theto a PP “control” is not possible.

3.9.2. Degree of hydroxylation
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3.9.3. 2,3eis.2,3-transratios
—&— Total Molecular Tannin

—{— Total Nitrogen

It is not clear from theory or the literature whether the

110
stereochemistry at C-2 and C-3 would be expected to have any ¢ 9 120 ~ Submerged =2
impact on reactivity of tannin monomers. However, in tannin £2 101 o g3
oligomers (and polymers), it has been shown that the depoly- § 9§ - 100 iz.
merization cleavage rate of 2¢3s forms of extender units is ;;E, 80 ~ % :5"
nearly a factor of two greater than the cleavage rate ofr2J3s £ § 60 4 § =
forms (Hemingway and McGraw, 1983). This contrast could %5 § r% 32

. . . . - _|Attached =
lead to a diagenetic decreasedis:trans ratios. On the other 3 40 o3
hand, PD extender units measured in this study are enriched in § % 20 4 80 5 E
2,34ransmonomers, whereas PC extender units are enriched in & > 5
2,3<cis monomers; therefore, it might be expected that as PD Y T T A T
tannin decreases, tlees:transratio would increase. From Table ¢_§ 3 o § é
2, it is clear that theisitransratio of extender units increases, E E g g o
which suggests in this case that hydroxylation extent is a more o

Leaf Color

important factor than stereochemistry. Terminal units in gen-
eral are much more variable in PC and PD tannin content, and  Fig. 10. Percent of initial tannin and total nitrogen in yellow senes-
as such, exhibit no clear diagenetic trend. cent mangrove leaves and submerged counterparts.

3.10. Potential Role of Tannin in Nitrogen Immobilization nitrogen (Benner et al., 1991). However, molecular evidence
has been difficult to obtain because methods to look at the

When vascular plant material decomposes in agueous envi-immediate precursors to these condensation reactions have
ronments, researchers have consistently noted an initial leach-been unavailable. On the microbial side, nitrogenous materials
ing phase in which nitrogen content decreases, as Benner et althat are condensed likely include basic amino acids, but the
(1990a) observed in this sample set. However, as exhibited by source in general is uncharacterized, and therefore it is un-
this sample set, leaching is typically followed by an absolute known to what extent amino acids might be involved. On the
increase in the nitrogen content of the degrading material (often vascular plant side, quinones derived from phenols are believed
termed nitrogen immobilization) beyond what is possible with to be predominant precursors for condensation reactions. How-
conservative behavior (e.g., Rice, 1982; Melillo et al., 1984). ever, the most commonly measured phenol, lignin, must be
Neither the exogenous sources of this nitrogen nor the pro- converted into quinones through microbial means. Any inter-
cesses by which it becomes refractory are known. The dilemma mediates in this conversion are likely to be reactive and thus
surrounding its exogenous source has been delineated clearly inundetectable by the cupric oxide oxidation method typically
a number of investigations of plant tissue decomposition in used for measuring molecular lignin. On the other hand, con-
different environments, including coastal salt marshes (White densed tannin may be the ideal substrate for studying humifi-
and Howes, 1994; Benner et al., 1991; Rice, 1982; Rice and cation, due to the susceptibility of the monomers to abiotic
Tenore 1981; Rice and Hanson, 1984), coastal mangrovesquinone formation, as well as the reactivity differences related
(Rice, 1982; Rice and Tenore 1981; Rice and Hanson, 1984; to hydroxylation pattern. As shown in the previous study of
Zieman et al., 1984; Benner et al., 1990a), streams (Qualls, Benner et al. (1991) for lignin and nitrogen$parting there is
1984), and rivers (Melillo et al., 1984; Bowden, 1986). an inverse correlation between tannin and the increase in ni-
Whereas most investigators advocate a microbial source for thetrogen in mangrove leaves, which may be indicative of humi-
immobilized nitrogen, direct molecular or isotopic evidence for fication reactions (Fig. 10).
this origin has not been presented. All indications are that If condensation reactions are occurring in these mangrove
microbial biomass can account directly for only a few percent leaves, several trends should be evidéfC-NMR shows
of the nitrogen that accumulates on decaying tissues (Lee et al.,constant phenolic concentrations in the leaf samples 20
1980). wt.%, while total molecular tannin decreases from =td %

The second component of the nitrogen immobilization di- between the orange and brown/black stages (Fig. 4). This trend
lemma is the mechanism of preservation. Again, most investi- suggests that tannin is being transformed and not remineralized,
gators suspect that humification reactions are involved due to which would be consistent with quinone formation in the
the fact that humic substances are enriched in nitrogen relative slightly alkaline, oxygenated estuarine waters. As indicated
to vascular plant tissues. The best evidence for this model is the earlier in the molecular data, trihydroxylated PD tannin was
positive correlation linking an increase in humic substances to more reactive than dihydroxylated PC tannin in the mangrove
an increase in nitrogen content during immobilization (Rice, leaves, again, consistent with quinone formation. The overall
1982). The general model proposed for humification involves reactivity of the B-ring hydroxyl groups is evident in the
the breakdown and oxidation of phenolic and carbohydrate **C-NMR traces from Benner et al. (1990a), as the peak attrib
materials from the plant source material, which then condensesuted to B-ring phenolic carbons largely disappears in the brown
with nitrogenous materials of microbial origin such as exoen- and black stages, while the A-ring peak is still evident. Finally,
zymes. Direct evidence for such nitrogen immobilization has in laboratory experiments it has been shown that basic amino
previously been limited to a study &partina alterniflorain acids have a much higher reactivity than neutral and acidic
which lignin was inversely correlated with the increase in amino acids in condensation reactions with quinones (Hedges,
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P —— to other sys_tems in whic_h vascul_ar plant tissues are in-

—— Total Basic Amino Acids \éplved, ta_mnln may be uniquely suited as a tracer of early

iagenesis.

5. Nitrogen immobilization in leaf material entering aquatic
environments is a commonly observed but poorly under-
stood phenomenon. The molecular tannin and amino acid
data, along with**C-NMR data, provide the first molecular
level evidence for humification during nitrogen immobili-
zation.

6. The ability to calculate the degree of polymerization for
tannin based on molecular analysis makes it unique among
commonly measured biochemicals. In this study, degree of
polymerization highlights the early leaching process in-
volved in diagenesis and the subsequent shift toward abiotic
or microbially mediated chemical reactions.

. The degree of hydroxylation (i.e., PD:PC ratios) shows
potential as a diagenetic indicator. Reactivity related to
hydroxylation patterns may provide clues as to abiotic vs.

Leaf Color microbial processes.

There are many areas of tannin diagenesis that merit further

research in mangrove leaves and in general. PD tannin (three

B-ring hydroxyl groups) was shown to be more labile in the

mangrove leaves than PC tannin (two B-ring hydroxyl groups).

. The question remains as to whether this trend also extends to

1978), and thus one would expect to see a correlation betweenPP tannin (one B-ring hydroxyl group), which was found to be

tannin degradation and basic amino acid compositions. Again, abundant in several gymnosperm barks and angiosperm green

the evidence ber?\rs this_ out, as basic a_lmino acids (as a percentigsves (Hernes and Hedges, 1999). Tannin-nitrogen interac-
age of total amlno acids) decrease |n_ the_brown and black tions (in particular, interactions with basic amino acids) remain
stages a_long with total molecular_ tar_mln ('_:'g' l_l)' AIFernate a critical area to study in terms of early tannin diagenesis and

explanations for the relative depletion in basic amino acids may nitrogen immobilization. If quinone formation from tannin is a

exist. However, in marine systems the typical pattern observed necessary step toward tannin-nitrogen reactions, then the de-

is enrichment in basic amino acids with increasing degradation gree of hydroxylation and oxidative history become important

(e.g., Keil etal., 2000). Although these trends are not definitive ¢ .o i nitrogen uptake. Finally, the 30% loss term due to

eviden_ce for covalent bonding betw_een tannin and nitrogen, the leaching indicates that the dissolved phase is important for

potential is c_IearIy shown for tannln_ meas_u_rements to brea_lk tannin degradation. Further studies are warranted to investigate
new ground in research on nitrogen immobilization and humi- ne yarious sinks for tannin (including phototransformations)
fication. within the dissolved phase and to evaluate the importance of

tannin as a component of dissolved organic matter pools in
rivers, lakes, and possibly the ocean.
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