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Abstract It is widely believed that insect herbivory is less
intense at higher latitudes, due to winter mortality which
would tend to keep insect herbivores from reaching
density-limitation of their populations. One prediction
of this theory is that plants should tend to be better
defended at lower latitudes. Here we investigated lati-
tudinal trends in herbivory and tannins, in four species
of common North American trees. Our comparisons
spanned 15° of latitude in Acer rubrum, Fagus grandi-
folia, and Quercus alba, and 10° latitude in Liquidambar
styraciflua. Sun leaves on forest edges were sampled,
at phenologically equivalent times of year. Analysis
revealed significant differences between populations,
including those at similar latitudes, but no significant
latitudinal trend in herbivory, condensed and hydro-
lyzable tannins, or total phenolics measured as Folin—
Denis reactives in any of the four species. Our findings
contradict the theory that low latitude plants are better
defended, in that lower latitude populations of the four
tree species showed no greater amounts of phenolics.
The possible implications for community ecology are
discussed.
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Introduction

Biogeographical theory predicts increased herbivory
(i.e., greater loss of leaf area to herbivores) in the tropics
versus the temperate zone, and in warmer versus colder
parts of the temperate zone (MacArthur 1972; Vermeij
1978; Jablonski 1993). It is suggested that greater pop-
ulation densities of herbivorous insects and, therefore,
more herbivory occur because in tropical climates dor-
mant season death (i.e., winter dieback) of herbivores is
absent or greatly reduced and/or plant productivity is
generally greater than at higher latitudes (Dobzhansky
1950; Coley and Aide 1991; Coley and Barone 1996).
With frequent declines in populations, the links in the
web of interactions between species are said to be weaker
at higher latitudes (Dobzansky 1950; MacArthur 1969).
Due to greater herbivory, plants are thought to be more
highly defended or otherwise less palatable at low lati-
tudes as a result of natural selection (e.g., MacArthur
1972; Hay and Fenical 1988; Coley and Aide 1991;
Bolser and Hay 1996; Coley and Barone 1996). Also,
plant anti-herbivore defenses at low latitudes could be
better developed because plants there have had more
generations to evolve such defenses, compared to plants
at high latitudes where glaciations frequently greatly
reduced species diversity (Fischer 1960). This view now
seems so widely held that it is taken as self evident rather
than frequently referred to, although it has appeared at
the core of work on latitudinal herbivory gradients
(Lowman 1984; Coley and Barone 1996; Siska et al.
2002; Andrew and Hughes 2005).

Another prediction of the theory—which we investi-
gate here—is that plants should be better defended in
climates that do not have as strong a winter cold season
or a dry season. This prediction is difficult to test on an
interspecific level because plant defenses differ so widely
between species. Coley and Barone (1996) have suggested
that tannin concentrations are greater in tropical tree
leaves than in temperate tree leaves, presumably making
tropical leaves better defended against herbivores.
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Because of the huge interspecific variability in the
quantity and efficacy of plant defenses, possibly a more
promising approach is to compare populations of the
same species from different latitudes, since natural
selection should lead to greater investment in defenses in
environments where herbivory is more severe.

This latter prediction has already been tested in a
small number of studies. Work on three species of
saltmarsh plants, comparing populations in the south-
eastern and north-eastern USA across about 10° of
latitude, found that leaves collected from the wild in the
south-eastern USA were tougher and lower in nitrogen,
and generally less palatable to generalist caterpillars
(Siska et al. 2002). A common garden study confirmed
that these differences had a genetic basis (Salgado and
Pennings 2005). However, a study of an Australian
shrub across 15° of latitude found no evidence of any
trend in either herbivory or leaf toughness (Andrew
and Hughes 2005). Furthermore, in some species of
birch (Betula) and aspen (Populus), twigs from more
northern latitudes are less palatable to their major
browser, snowshoe hares, than those from southern
latitudes (Swihart et al. 1994). This is the inverse of
what would be expected from theory. Thus intraspecific
tests of the latitudinal defense hypothesis show no
consistent trend.

We chose to test the predictions of the latitudinal
herbivory theory in several species of North American
trees, sampled at several points along the latitudinal
temperature gradient in the eastern United States
(Fig. 1). In eastern North America, forest is the dom-
inant ecosystem, and most plant biomass is in the form
of trees. Although plant defenses vary widely, most
tree foliage contains varying amounts of tannins and
other phenolics. These compounds have well estab-
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Fig. 1 Mean annual temperature through the eastern USA

lished effects on herbivores and associations with her-
bivory and herbivore communities (e.g., Feeny 1970;
Schultz and Baldwin 1982; Rossiter et al. 1988; Shure
and Wilson 1993; Dudt and Shure 1994; Lill and
Marquis 2001; Abrahamson et al. 2003; Forkner et al.
2004) although other functions have also been pro-
posed (Zucker 1982; Ayres et al. 1997; Close and
Mcarthur 2002). While phenolic defenses, especially
hydrolyzable and condensed tannins, are not the only
chemical defenses of the tree species used in this study,
they are well studied, and present in great quantities,
often >10% of leaf dry weight. Tannins likely reduce
herbivory and herbivore fitness by a variety of mech-
anisms (Zucker 1982; Deveau and Schultz 1992;
Barbehenn et al. 2003), although tannin interactions
with pathogens and insecticides can increase herbivore
survival (Hunter and Schultz 1993; Appel and Schultz
1994). Because trees are long lived, they would seem
more likely to adapt to long-term average levels of
insect attack spanning centuries, rather than herba-
ceous plants which may respond more to local and
short-term variations in herbivory. Thus trees seem
more likely to show adaptation to truly broad scale
patterns in community selective forces. In this study,
we assessed herbivory and measured foliar tannin
concentrations of four North American trees along a
latitudinal transect.

Methods
Sampling times
Timing of sampling during the growing season

Sampling at about the same time in all localities (north
and south) would not only be logistically difficult but
would also not take into account the major differences in
phenology from north to south. Such phenological dif-
ferences could account for any differences in phenolic
content, because foliar phenolic concentrations often
change as leaves age (Hunter and Lechowicz 1992;
Rehill et al. 2006). The growing season in Florida begins
months earlier than in northern New England, and any
tree (e.g., Fagus grandifolia, Acer rubrum, Quercus alba)
harvested in northern New England will have had less
time for the leaves to mature, and have been exposed to
several weeks less potential herbivory than one in
Florida. Thus sampling took place in early summer
(about 12 weeks after the mean bud break time as
averaged across a range of deciduous species; Borchert
et al. 2005) at phenologically analogous stages at
different latitudes. Equivalent sampling times were
estimated using two methods:

Method 1 Growing degree days (GDD) are calculated
using the formula: {(Tax T Tmin)/2} — B = Growing
Degree Days (GDD) where B represents a base tem-
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Table 1 Starting from a “‘standard” date of 10th July in New Jersey at 41°N, the following sampling times are estimated to be equivalent
in terms of biological activity and leaf development, using two different methods

Latitudinal band Latitude Date from growing Date from Borchert
degree days (GDD) et al. (2005) formula

Northern Florida, Southern Georgia 30-32°N 25th May 28th May

Northern Georgia, South Carolina 33-35°N 10th June 15th June

New Jersey—Southern New York State-Southern 40-42°N 10th July 10th July

New England

Northern Vermont, Northern NY 43—45°N 28th July 25th July

perature value of 10°C. For the base 10/30 method, the
following adjustments are made:

1 temperatures below 10°C are set at 10°C; and
2 temperatures above 30°C are set at 30°C.

The reasons for these ““cut-offs”” in GDD calculations
are that very little growth and biological activity take
place below 10°C, whereas above 30°C there is no evi-
dent benefit to plant growth and other biological activ-
ity. However, these cutoff limits do vary among GDD
indices. Climate station data were obtained from:
http://www.engr.udayton.edu/weather/

Method 2 Phenological delay is calculated using the
predictive formula of Borchert et al. (2005) which has a
predictive R? value of 0.97 for bud break time through
North America and montane Mexico (Week of bud
break = 10.3 x (0.77 X mean temperature of coldest
month). This empirical formula was based on observa-
tions all the way from montane eastern Mexico to
Canada. While the formula characterizes bud break, we
use the relationship between seasonal delay and tem-
perature (using climate data from http://www.engr.
udayton.edu/weather/) to determine equivalent delay in
early summer sampling times 12 weeks after bud break,
working northward from Florida (Table 1).

Averaging the two sources of phenological estimation
the dates for collecting were:

1. Northern Florida, southernmost Georgia. 24th-26th
May.

2. Northern Georgia-South Carolina. 10th—12th June.

3. New Jersey-southern New York State. 9th—13th July.

4. Northern Vermont and New York State. 20th July—
25th July.

Phenolic analyses

The four species studied here were sampled from within
four latitudinal bands in the eastern USA—northern
Florida and southern Georgia (30-31°N), northern
Georgia and South Carolina (33-34°N), New Jersey and
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Fig. 2 Sampling sites of red maple (Acer rubrum), beech (Fagus
grandifolia), sweetgum (Liquidambar styraciflua), and white oak
(Quercus alba) in the eastern USA

southern New York (40-42°N), and northern New York
and Vermont (43-45°N) (Fig. 2). At least two popula-
tions of each species were sampled within each band.
Within each latitudinal band, state parks and forest
areas known to contain populations of one or more of
the species were selected on a semi random basis across a
wide spatial scatter, based on their proximity within
30 km of main interstate routes allowing ease of access.
Within each park, a random quadrat was selected for
sampling. Populations of any or all of the four selected
species found within this quadrat were sampled. If a
particular species could not be sampled we moved to
other quadrats until all of the park had been covered.
In sampling along latitudinal gradients, more
important than the detailed position of the samples
within the tree is that the sampling is carried out con-
sistently. If all other factors apart from latitude are held
constant, it is reasonable to suppose that any latitudinal
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trend will show itself. In this study we chose to sample
only sun leaves overhanging forest edges, because these
are easily accessible and the sampling environment is
also more readily standardized.

Sampling was carried out only along the edges of
small roads or tracks 5-15 m in width, forested along
both sides of the road as part of a contiguous area of at
least 10 ha of forest on either side of the road. Along this
forest edge we sampled up to ten small branches of about
30 leaves consisting only of “sun leaves”, observed to be
in direct sunlight on the forest edge during the middle
part of the day (10 am.—4.30 p.m.). We randomly
selected one such branch per tree at around 4-5 m height.
At this height, damage level cannot easily be seen from
the ground, ensuring that branches were not chosen by
the amount of damage. The branch was removed using a
pole pruner, and placed in a plastic bag. Within a
quadrat we sampled the first individual encountered if in
an accessible location for sampling. The next tree of the
same species at least 10 m away was then sampled, and
so-on along the forest edge at least every 10 m, until up
to ten trees in all had been sampled. All samples (one
branch per tree) were placed together in a large plastic
bag, labeled by site, and taken for separate sampling by
branch for leaf disks and phenolics.

Six leaves per branch, chosen arbitrarily within the
branch, were sampled for phenolics within 24 h of being
harvested. Two small disks of leaf material, on either
side of the midrib, were taken using an office hole
puncher. One disk of each pair was placed into a 2.0 mL
microcentrifuge tube containing 70% acetone with
1 mM ascorbate, for subsequent phenolic analysis, while
the other was placed dry in a 2.0-mL microcentrifuge
tube. This procedure was repeated with all six selected
leaves so that eventually six punched disks were present
in the acetone solution, and six in the dry tube. The
samples were kept under dry ice until they could be
stored at —80°C, up to the time of analysis. To estimate
the dry weight of the disks used for phenolic analysis,
the disks in the dry tube were heated in an oven at 70°C
until constant mass. This permitted estimation of phe-
nolic concentrations per dry weight. Since leaf disks
were of the same area, leaf disk mass was also used as a
surrogate for leaf specific mass (mass per unit area), as a
potential surrogate for leaf toughness.

Thirty remaining leaves from each species at each site
were placed in a labeled paper bag, dipped in liquid N
for flash freezing, and transferred immediately to a
—80°C freezer. These leaves would later be used to
prepare the standards for tannin analyses.

The sampling and extraction procedures were based
on those discussed in Abrahamson et al. 2003.

Before extraction, leaf disks were cut with dissecting
scissors then homogenized for 30 s using a Tissue
Master 125 homogenizer (Omni International, Marietta,
Georgia, USA). Samples were extracted exhaustively by
sonication for 30 min, centrifugation at 3,600g RCF and
4°C for 10 min, decanting the supernatant to a separate
microcentrifuge tube, and addition of 0.5 mL of 70%

acetone with 1 mM ascorbate for a total of four cycles.
After extraction, the acetone was removed by rotary
evaporation and samples were made up to a constant
volume of 0.5 mL.

Samples were analyzed for condensed tannins with
the acid-butanol technique (Rossiter et al. 1988; Rehill
et al. 2006), for hydrolyzable tannins using the potas-
sium iodate technique (Bate-Smith 1977; Schultz and
Baldwin 1982) and for total phenolics with the Folin—
Denis technique (Folin and Denis 1915; Waterman and
Mole 1994); all modified for leaf discs as discussed in
(Abrahamson et al. 2003). The Folin—Denis assay mea-
sures the total concentration of phenolic hydroxyl
groups, and, therefore, includes both condensed and
hydrolyzable tannins and smaller non-tannin phenolics.
For each tree species, a standard was prepared using
equal amounts of lyophilized, ground leaf powder from
all collection sites, except those located in Florida, by a
modification of the method of Hagerman and Butler
1980 as discussed in (Rehill et al. 2006). Since all four
tree species contain both hydrolyzable and condensed
tannins, and this purification method does not separate
the two classes of compound, the results of assays are
quantified as percentage tannin equivalents, indicating
reactivity relative to the purified standard.

Herbivory assessment

Two hypotheses that are relevant to latitudinal variation
in tannin levels were tested by assessing average her-
bivory at each site:

1 herbivory should be greater at lower latitude sites; and
2 variation in tannin levels might be related to (con-
trolled by or responsible for) variation in herbivory.

We assumed that only insects, not mammals, were the
cause of the observed leaf area loss for two major rea-
sons. First, the only arboreal folivorous mammal in
eastern North America, the porcupine (Erethizon dors-
atum), typically only climbs and consumes trees away
from the forest edge, where we sampled, and occurs only
in ca. 1/3 of the sites in our study. Second and most
importantly, the leaf samples were taken 4-5 m from the
ground, far above the height that deer or other ground-
dwelling herbivores in eastern North America can reach.

Seventy-five leaves from amongst the branches gath-
ered at each site were picked randomly, and scanned on
a flatbed scanner. Percentage area loss in each of four
herbivory damage categories was assessed using Sigma-
scan.

The categories were as follows:

1. Chewing. Areas missing from the leaf whether at the
edge or as a hole in the interior of the leaf.

2. Skeletonizing. Network of veins remaining with the
intervening tissue eaten out.



3. Leaf mining. Papery area, often as a curving line,
where the leaf tissue has been eaten out leaving the
epidermes intact.

4. Galls. Lumps of many different forms, resulting from
insects or mites laying eggs which resulted in the leaf
tissue growing to envelop the herbivore.

These categories were checked against the illustra-
tions given in Cranshaw (2004), an authoritative source
on insect damage types.

It is possible that some leaves were completely eaten
by insect herbivores while still on the trees, and thus may
have gone unnoticed in the sampling here. Visual
inspection of harvested branches indicated that no leaves
were completely eaten down to the petiole, suggesting
that complete consumption is relatively uncommon. The
pattern of leaf damage in samples taken in a related
study on freshly fallen autumn leaves suggests that there
is a lognormal distribution of damage—with high per-
centage area loss being rare (Fig. 3: Zhang and Adams,
unpublished data). It is reasonable to expect that given
that most leaves are only lightly damaged, an increase in
overall damage levels would result in an increase in more
heavily damaged leaves and a shift in the lognormal
distribution, and thus a higher average herbivory, even if
completely eaten leaves go uncounted. Thus we should
expect that “unseen” complete consumption of leaves
can be detected by proxy, though an overall increase in
average herbivory on incompletely consumed leaves.

Statistical analyses

All statistical analyses were performed with SPSS 12.0
for Windows (SPSS, Chicago, IL, USA). Sample sites
were considered the experimental unit, thus for com-
parisons of chemistry measures versus latitude, the mean
for each site is used. On all graphs of chemistry mea-

70 1
60 1
50

40 1

30 A1

Herbivory (%)

20 4

10 1

0

1 31 61 91 121 151 181 211 241 271 301 331 361
Leaf sequence number

Fig. 3 Rank order of leaf damage per leaf (% area lost, with most
heavily damaged leaves placed first) in leaves in temperate sample
of leaf litter. This curve represents the combined samples of 75
leaves from freshly fallen leaf litter from five randomly selected
temperate North American sites. (Adams and Zhang, unpublished
data)
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sures, the mean + one standard error of the mean is
given for each site.

Results
Phenolics

Levels of hydrolysable tannins, Folin—Denis reactives,
and condensed tannins varied widely (see Figs. 4-6) and
differed significantly among sites for all four tree spe-
cies except for Folin—Denis reactives for beech,
which showed only a marginally significant difference
(Table 2). Despite the clear differences in phenolics
among sites, no strong latitudinal trends emerged
for condensed tannins, hydrolyzable tannins, or total
phenolics.

Herbivory

No significant latitudinal trend was observed in leaf area
loss due to herbivory versus latitude (Fig. 7). Phenolic
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Table 2 Summary of general linear model analysis of hydrolyzable
tannin, total phenolics, and condensed tannin concentrations
among sites

Phenolic metabolite Tree species

Red maple Sweetgum White oak Beech

Hydrolyzable tannins

df 28, 79 11, 44 19, 60 16, 60
F 1.99 4.89 4.41 11.3
P 0.009 <0.001 <0.001 <0.001
Total phenolics
df 28, 79 11, 44 18, 61 16, 61
F 2.68 2.21 2.93 1.72
P <0.001 0.031 <0.001 0.068
Condensed tannins
df 28, 79 11, 44 19, 60 16, 61
F 3.38 5.24 3.41 2.63
P <0.001 <0.001 <0.001 0.003
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Fig. 7 Total herbivory (measured as percentage of leaf area lost to
herbivory) versus latitude for: a Acer rubrum, b Fagus grandifolia,
¢ Liquidambar styraciflua, and d Quercus alba

concentrations in the leaves were not associated with
total herbivory for all four tree species (data not shown).
However, several minor trends appeared for several
types of herbivory. For red maple, leaf skeletonizing was

negatively associated with total phenolics (r = —0.58,
P = 0.010) and galling was positively related to con-
densed tannin concentration (r = 0.71, P = 0.001).
Also, galling was negatively associated with latitude in
beech (r = —0.62, P = 0.054).

Discussion and conclusions
Phenolics

The results for all four tree species showed only a few
latitudinal trends in hydrolyzable tannins, condensed
tannins, or total phenolics. For red maple, both total
phenolics and condensed tannins increased with latitude;
for all other species and measures, no trends emerged.
We hasten to add that few latitudinal trends emerged
despite the significant differences in mean phenolic
concentrations among sites detected in this study
(Table 2), indicating that our methods were sensitive
enough to detect differences among sites, and therefore
also to detect any trends. These observations are at odds
with the predictions of the hypothesis (so widely held,
perhaps, as to be termed a “‘theory”) that insect attack
on plants is heavier towards the lower Ilatitudes,
requiring more investment in defenses.

While these phenolic compounds may instead serve as
a sunscreen against ultraviolet light (Close and Mcar-
thur 2002; Sullivan 2005), this theory would also predict
an increase in mean concentrations in sun leaves towards
lower latitudes. UV light flux increases by approximately
1-2% per 1° latitude towards the Equator (Close and
Mcarthur 2002), so there should be an 15-30% differ-
ence in UV flux between 30 and 45°N, over which three
of the species were sampled, and 10-20% increase over
10° in the case of sweetgum. However, none of the
compounds differ over this latitudinal range in the way
predicted by the UV protectant hypothesis.

Herbivory

This study also found no indications of any widespread
latitudinal trends in herbivory—Ieaf chewing, skeleton-
izing, mining, and galling showed only a few minor
trends, which is also at odds with the predictions of the
theory that biotic control is greater at low latitudes.
Phenolics and total herbivory levels were also not sig-
nificantly associated, suggesting that phenolic concen-
trations at the sites do not greatly affect herbivory, nor
does herbivory detectably affect phenolic concentra-
tions.

Foliar phenolics may affect insects by a number of
mechanisms including oxidative damage (Johnson 2005;
Barbehenn et al. 2006); alteration of immunocompe-
tence (Haviola et al. 2007), and recruitment of natural
enemies (Muller et al. 2006). Although some recent
studies have demonstrated significant relationships be-
tween foliar phenolics and various herbivore communi-



ties (e.g., leaf chewers in Quercus alba and Quercus
velutina, Forkner et al. 2004, leaf miners in hybrid oaks,
Yarnes et al. 2008), we detected only a few, minor
associations between phenolics and feeding guilds, such
as the positive correlation between galling and con-
densed tannins in red maple, similar to trends seen in red
oaks by Abrahamson et al. (2003). The lack of a rela-
tionship between phenolics and herbivory is consistent
with other studies (e.g., Ayres et al. 1997) which have
also demonstrated no broad spectrum anti-herbivore
effects of foliar phenolics such as condensed tannins.

How do these results fit within the context of other
work? Latitudinal trends in plant defenses have been
found in several species of saltmarsh plants in eastern
North America, sampled over around 10° latitude (Siska
et al. 2002; Salgado and Pennings 2005). Leaves of wide-
ranging species from ‘‘southerly” localities in coastal
Georgia were compared with leaves on the coasts of
New England. The southerly leaves were tougher, lower
in N and less palatable to caterpillars than the northerly
ones. These differences carried over into common gar-
den experiments where the different populations were
grown side by side. The results of this study, on forest
trees in the same geographical region, suggest that such
trends in plant defenses may not be typical of other
ecosystem types. Furthermore, among geographical re-
gions and ecosystem types, latitudinal trends in herbiv-
ory and plant defense do not always emerge from either
field or common garden studies (see “‘Introduction’).
This calls into question just how widespread these lati-
tudinal trends really are—despite the pervasive percep-
tion that they are ubiquitous.

Further studies are necessary to determine whether
the lack of a trend found in these four tree species is
generally true of forest trees. It would be interesting to
compare temperate and tropical trees for tannin con-
tent across taxonomic boundaries, but the difficulties of
standardization between species are formidable, in
terms of both quantification and biological effect. As an
extension of this study it would be instructive to mea-
sure tannin concentrations in more southerly popula-
tions of the same species. Liquidambar and Fagus have
populations in the cloud forests of south-eastern
Mexico, essentially an environment without frost. Acer
rubrum also extends to southern Florida, a subtropical
climate. Comparing populations of these three species
over a greater latitudinal range would provide a
stronger test of the theory of latitudinal differences in
plant defense.

We also only sampled at one time during the early
part of the growing season at each locality. Although it
is generally agreed that herbivory is concentrated into
the earliest weeks of a leaf’s lifetime (Coley and Barone
1996), it is possible that differences in herbivory or plant
defenses show up later in the season. Forests and parts
of forest canopies could potentially be sampled in a
myriad of ways: our method was chosen since it per-
mitted sampling in a standardized way in a multitude of
locations. Significantly, the present work represents one
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example of closely standardized, consistent study. Ide-
ally, follow up studies to this work should focus on
measuring tannins and herbivory at other stages in the
season and positions within the forest canopy. Other
work could broaden the focus to study secondary com-
pounds besides tannins (e.g., terpenoids) which are
thought to play a role in the defenses of these and other
tree species.

Despite the uncertainties, if any latitudinal trends in
total herbivory and phenolics exist in these tree species,
and we did not detect them due to sample sizes or
details of sampling strategy, these latitudinal trends
contribute small amounts of the variation in leaf area
loss and defenses among sites relative to other sources.
This is instructive since it demonstrates that any
selective forces for greater plant defenses at lower lat-
itudes are fairly weak. The other sources of variation in
herbivory and plant defenses likely include local cycles
in the populations of multiple herbivore species, based
on biotic and abiotic factors such as natural enemy
population cycles and the weather (respectively), and
differences in the mean level of plant defenses among
sites, both within and among regions. The interaction
of these two major sources of variation over evolu-
tionary time may have produced idiosyncratic, species-
specific patterns of plant defense and total herbivory.
Also, variation in factors based on local environment
(e.g., soils, weather, and population cycles of herbi-
vores) may make field studies of latitudinal trends rel-
atively insensitive, requiring prohibitively large sample
sizes to detect any trends.

Plant defenses are typically under strong genetic
control, including chemical defenses (see Hamilton et al.
2001 and references therein). If consistently greater
herbivory over evolutionary time has selected for greater
plant defenses for populations at lower latitudes, we
would expect to detect differences among populations
found along a broad latitudinal transect if environ-
mentally based variation were minimized. Therefore, a
common garden approach may be required to detect any
genetically based variation in plant defenses due to lat-
itudinal trends.

References

Abrahamson WG, Hunter MD, Melika G, Price PW (2003)
Cynipid gall-wasp communities correlate with oak chemistry.
J Chem Ecol 29:208-223. do0i:10.1023/A:1021993017237

Andrew NR, Hughes L (2005) Herbivore damage along a latitu-
dinal gradient: relative impacts of different feeding guilds.
Oikos 108:176-182. doi:10.1111/j.0030-1299.2005.13457.x

Appel H, Schultz JC (1994) Oak tannins reduce effectiveness of
Thuricide (Bacillus thuringiensis) in the gypsy moth (Lepidop-
tera: Lymatriidae). J Econ Entomol 87:1736-1742

Ayres MP, Clausen TP, Maclean SF, Redman AM, Reichardt PB
(1997) Diversity of structure and antiherbivore activity in
condensed tannins. Ecology 78:1696-1712

Barbehenn RV, Walker AC, Uddin F (2003) Antioxidants in the
midgut fluids of a tannin-tolerant and a tannin-sensitive cater-
pillar: effects of seasonal changes in tree leaves. J Chem Ecol
29:1099-1116. doi:10.1023/A:1023873321494


http://dx.doi.org/10.1023/A:1021993017237
http://dx.doi.org/10.1111/j.0030-1299.2005.13457.x
http://dx.doi.org/10.1023/A:1023873321494

704

Barbehenn RV, Jones CP, Hagerman AE, Karonen M, Salminen
JP (2006) Ellagitannins have greater oxidative activities than
condensed tannins and galloyl glucoses at high pH: potential
impact on caterpillars. J Chem Ecol 32:2253-2267. doi:
10.1007/s10886-006-9143-7

Bate-Smith EC (1977) Astringent tannins of Acer species. Phyto-
chemistry 16:1421-1426. doi:10.1016/S0031-9422(00)88795-6

Bolser RC, Hay ME (1996) Are tropical plants better defended?
Palatability and defenses of temperate vs. tropical seaweeds.
Ecology 77:2269-2286. doi:10.2307/2265730

Borchert R, Robertson K, Schwartz MD, Williams-Linera G
(2005) Phenology of temperate trees in tropical climates. Int
J Biometeorol 50:57-65

Close DC, Mcarthur C (2002) Rethinking the role of many plant
phenolics: protection from photodamage not herbivores. Oikos
99:166-172. doi:10.1034/j.1600-0706.2002.990117.x

Coley PD, Aide TM (1991) Comparison of plant defenses in tem-
perate and tropical broad-leaved forests. In: Price PW, Lewin-
sohn TM, Fernandes GW, Benson WW (eds) Plant-animal
interactions: evolutionary ecology in tropical and temperate
regions. John Wiley & Sons, Inc, New York, pp 25-49

Coley PD, Barone JA (1996) Herbivory and plant defenses in
tropical forests. Annu Rev Ecol Syst 27:305-335. doi:10.1146/
annurev.ecolsys.27.1.305

Cranshaw W (2004) Garden insects of North America. Princeton
University Press, Princeton, New Jersey, U.S.A

Deveau EJI, Schultz JC (1992) Reassessment of interaction be-
tween gut detergents and tannins in Lepidoptera and signifi-
cance for gypsy moth larvae. J Chem Ecol 18:143

Dobzhansky T (1950) Evolution in the tropics. Am Sci 38:209-221

Dudt JF, Shure DJ (1994) The influence of light and nutrients on
foliar phenolics and insect herbivory. Ecology 75:86-98. doi:
10.2307/1939385

Feeny PP (1970) Seasonal changes in oak leaf tannins and nutrients
as a cause of spring feeding by winter moth caterpillars. Ecol-
ogy 51:565-581. doi:10.2307/1934037

Fischer AG (1960) Latitudinal variations in organic diversity.
Evolution 14:64-81

Folin O, Denis W (1915) A colorimetric method for the determi-
nation of phenols (and phenol derivatives) in urine. J Biol Chem
22:305

Forkner RE, Marquis RJ, Lill JT (2004) Feeny revisited: con-
densed tannins as anti-herbivore defences in leaf-chewing her-
bivore communities of Quercus. Ecol Entomol 29:174-187. doi:
10.1111/5.1365-2311.2004.0590.x

Hagerman AE, Butler LG (1980) Condensed tannin purification
and characterization of tannin-associated proteins. J Agric
Food Chem 28:947-952. doi:10.1021/jf60231a011

Hamilton JG, Zangerl AR, Delucia EH, Berenbaum MR (2001)
The carbon-nutrient balance hypothesis: its rise and fall. Ecol
Lett 4:86-95. doi:10.1046/j.1461-0248.2001.00192.x

Haviola S, Kapari L, Ossipov V, Rantala MJ, Ruuhola T,
Haukioja E (2007) Foliar phenolics are differently associated
with Epirrita autumnata growth and immunocompetence.
J Chem Ecol 33:1013-1023. doi:10.1007/s10886-007-9271-8

Hay ME, Fenical W (1988) Marine plant-herbivore interactions:
the ecology of chemical defense. Annu Rev Ecol Syst 19:111—
145. doi:10.1146/annurev.es.19.110188.000551

Hunter AF, Lechowicz MJ (1992) Foliage quality changes during
canopy development of some northern hardwood trees. Oeco-
logia 89:316-323

Hunter MD, Schultz JC (1993) Induced plant defenses breached:
phytochemical induction protects an herbivore from disease.
Oecologia 94:195-203. doi:10.1007/BF00341317

Jablonski D (1993) The tropics as a source of evolutionary novelty
through geological time. Nature 364:142-144. doi:10.1038/
364142a0

Johnson KS (2005) Plant phenolics behave as radical scavengers in
the context of insect (Manduca sexta) hemolymph and mid-
gut fluid. J Agric Food Chem 53:10120-10126. doi:10.1021/
jf051942w

Lill JT, Marquis RJ (2001) The effects of leaf quality on herbivore
performance and attack from natural enemies. Oecologia
126:418-428. doi:10.1007/s004420000557

Lowman MD (1984) An assessment of techniques for measuring
herbivory: is rainforest defoliation more intense than we
thought. Biotropica 16:264-268. doi:10.2307/2387934

MacArthur RH (1969) Patterns of communities in the tropics. Biol
J Linn Soc 1:19-30. doi:10.1111/j.1095-8312.1969.tb01809.x

MacArthur RH (1972) Geographical ecology: patterns in the
distribution of species. Harper and Row, New York, NY

Muller MS, Mcwilliams SR, Podlesak D, Donaldson JR, Bothwell
HM, Lindroth RL (2006) Tri-trophic effects of plant defenses:
chickadees consume caterpillars based on host leaf chemistry.
Oikos 114:507-517. doi:10.1111/j.2006.0030-1299.14668.x

Rehill BJ, Whitham TG, Martinsen GD, Schweitzer JA, Bailey JK,
Lindroth RL (2006) Developmental trajectories in cottonwood
phytochemistry. J Chem Ecol 32:2269-2285. doi:10.1007/
s10886-006-9141-9

Rossiter M, Schultz JC, Baldwin IT (1988) Relationships among
defoliation, red oak phenolics, and gypsy moth growth and
reproduction. Ecology 69:267-277. doi:10.2307/1943182

Salgado CS, Pennings SC (2005) Latitudinal variation in palat-
ability of salt-marsh plants: are differences constitutive. Ecology
86:1571-1579. doi:10.1890/04-1257

Schultz JC, Baldwin IT (1982) Oak leaf quality declines in response
to defoliation by gypsy moth larvae. Science 217:199-201. doi:
10.1126/science.217.4555.149

Shure DJ, Wilson LA (1993) Patch-size effects on plant phenolics in
successional openings of the Southern Appalachians. Ecology
74:55-67. doi:10.2307/1939501

Siska EL, Pennings SC, Buck TL, Hanisak MD (2002) Latitudinal
variation in palatability of salt-marsh plants: which traits are
responsible. Ecology 83:3369-3381

Sullivan JH (2005) Possible impacts of changes in uv-b radiation on
North American trees and forests. Environ Pollut 137:380-389.
doi:10.1016/j.envpol.2005.01.029

Swihart RK, Bryant JP, Newton L (1994) Latitudinal patterns in
consumption of woody plants by snowshoe hares in the eastern
United-States. Oikos 70:427-434. doi:10.2307/3545782

Vermeij GJ (1978) Biogeography and adaptation. Harvard Uni-
versity Press, Cambridge, Massachusetts, USA

Waterman PG, Mole S (1994) Analysis of phenolic plant metabo-
lites. Blackwell Scientific, Boston

Yarnes CT, Boecklen WJ, Salminen JP (2008) No simple sum:
seasonal variation in tannin phenotypes and leaf-miners in
hybrid oaks. Chemoecology 18:39-51. doi:10.1007/s00049-
007-0391-y

Zucker WV (1982) How aphids choose leaves: the roles of pheno-
lics in host selection by a galling aphid. Ecology 63:972-981.
doi:10.2307/1937237


http://dx.doi.org/10.1007/s10886-006-9143-7
http://dx.doi.org/10.1016/S0031-9422(00)88795-6
http://dx.doi.org/10.2307/2265730
http://dx.doi.org/10.1034/j.1600-0706.2002.990117.x
http://dx.doi.org/10.1146/annurev.ecolsys.27.1.305
http://dx.doi.org/10.1146/annurev.ecolsys.27.1.305
http://dx.doi.org/10.2307/1939385
http://dx.doi.org/10.2307/1934037
http://dx.doi.org/10.1111/j.1365-2311.2004.0590.x
http://dx.doi.org/10.1021/jf60231a011
http://dx.doi.org/10.1046/j.1461-0248.2001.00192.x
http://dx.doi.org/10.1007/s10886-007-9271-8
http://dx.doi.org/10.1146/annurev.es.19.110188.000551
http://dx.doi.org/10.1007/BF00341317
http://dx.doi.org/10.1038/364142a0
http://dx.doi.org/10.1038/364142a0
http://dx.doi.org/10.1021/jf051942w
http://dx.doi.org/10.1021/jf051942w
http://dx.doi.org/10.1007/s004420000557
http://dx.doi.org/10.2307/2387934
http://dx.doi.org/10.1111/j.1095-8312.1969.tb01809.x
http://dx.doi.org/10.1111/j.2006.0030-1299.14668.x
http://dx.doi.org/10.1007/s10886-006-9141-9
http://dx.doi.org/10.1007/s10886-006-9141-9
http://dx.doi.org/10.2307/1943182
http://dx.doi.org/10.1890/04-1257
http://dx.doi.org/10.1126/science.217.4555.149
http://dx.doi.org/10.2307/1939501
http://dx.doi.org/10.1016/j.envpol.2005.01.029
http://dx.doi.org/10.2307/3545782
http://dx.doi.org/10.1007/s00049-007-0391-y
http://dx.doi.org/10.1007/s00049-007-0391-y
http://dx.doi.org/10.2307/1937237

	A test of the latitudinal defense hypothesis: herbivory, tannins �and total phenolics in four North American tree species
	Abstract
	Introduction
	Methods
	Sampling times
	Timing of sampling during the growing season
	Method 1
	Fig1
	Method 2
	Phenolic analyses
	Tab1
	Fig2
	Herbivory assessment
	Statistical analyses
	Results
	Phenolics
	Herbivory
	Fig3
	Fig4
	Fig5
	Discussion and conclusions
	Phenolics
	Herbivory
	Fig6
	Tab2
	Fig7
	References
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR47
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR46
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR30
	CR31
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


