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ABSTRACT

Annual developmental events in biological systems are dependent, in part, on environmental conditions and can be
valuable bio-indicators of environmental change. Many studies have been done on the effects of temperature and pho-
toperiod on phenophases, but fewer have explored the consequences of nutrient availability in terrestrial ecosystems on
forest phenology. Here we examined phenological phenomena at a long-term experimental forested watershed subjected
to decadal-scale ecosystem acidification and nitrogen (N) enrichment. Phenophases of Acer rubrum, Acer saccharum,
and Picea rubens in both watersheds were observed throughout the 2010 growing season and included bud burst,
flowering (A. rubrum), leaf or needle emergence and unfolding, leaf senescence (Acer spp.), and leaf fall (Acer spp).
Clear species-specific phenological patterns were observed, but no treatment effects were evident. Chemical phenology
of canopy tree foliage was also examined on a monthly basis from May through October 2010. Nitrogen was the only
element that was significantly higher in the WB watershed for all species, although not all months showed significant
differences. Other treatment differences in elemental composition of foliage are discussed. Foliar N and P concentra-
tions decreased in all species throughout the growing season, while foliar Ca, K, and Al concentrations increased or
were constant. This study found clear species-specific patterns of morphological and chemical phenology with time, but
did not show evidence for visible alterations in seasonal development as a result of ecosystem acidification and N en-
richment. Treatment effects on chemical phenology, as applied here, showed some responses and warrant further con-
sideration for application to coupled chemical-biological indicators of a changing chemical and physical climate.
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1. Introduction to Phenology bio-indicators of shifting climate [11,12].
Historical phenological data are rare, but those that

Phenology is the study of ing biological events and . . o . L
CHOI0EY 15 The Stlidy Of TSCUILIS b1010g1ca. evertts an exist can provide valuable insights on drivers of biologi-

their relationships with the environment. Phenological
development stages in plants have been defined as mor-
phological events concerning a certain part of a plant
during annual growth [1]. Specific phenological devel-
opment stages can be defined for each species. A pheno-
phase occurs when a phenological development stage
reaches a predefined quota (e.g. “one or more breaking
leaf buds are visible on the plant”) [1,2]. The timing of
phenophases is under the influence of environmental
factors such as temperature [3,4], light [5-8], soil, and

water supply [9,10], as well as biotic factors and genetics.

The science of phenology is an essential component of
climate change research because phenophases can be key
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cal change. Long-term records such as those of Japanese
cherry blossoming [13], the Marsham family of Norwich,
Norfolk, UK [14], Henry David Thoreau [15], and Aldo
Leopold [16,17] have been intermittently continued by
various observers and still inform studies today. These
records allow researchers to look beyond the “invisible
present” [18] and see that phenology has not been con-
stant; species’ phenologies change with climate [15,16].
Global average temperature rose 0.35°C from the
1910s to the 1940s [19]. An increasing rate of warming
has taken place over the last 25 years, and from 1970 to
the present, global average temperature has risen 0.55°C.
The average temperature in the northeastern United Sta-
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tes has increased by 0.25°C each decade since 1970 [20].
This is important because in regions where the chilling
requirements of species are marginally met, climatic war-
ming could increase temperatures so that chilling re-
quirements are no longer met or rest break may be de-
layed, leading to a shortened growing period. Where
chilling requirements are still readily exceeded despite
global warming trends, dormancy break could still occur
at the same time, and thermal time requirements would
remain unchanged. Budburst could occur earlier, how-
ever, due to warmer spring temperatures resulting in a
faster accumulation of degree days [7,21]. Thirty years of
phenological data from the International Phenological
Gardens (IPG), a network of gardens planted with iden-
tical clone plants located across northern Europe, dem-
onstrated that, on average, spring events, such as leaf
unfolding, have advanced by 6 days and fall events have
retreated 4.8 days [11]. The authors concluded that this
was probably due to a rise in daily temperature.

Chemical Phenology

The concept of “chemical phenology” has not been used
in the broader traditional field of phenology, but can be
used as a parallel concept to describe temporal patterns
of change in plant tissue composition. Chemical phenol-
ogy can be considered as the study of patterns of chemi-
cal change in biota focusing on how these patterns are
influenced by biological, biogeochemical, and physical
processes (e.g., weather and climate).

The amounts of essential nutrients in plants can vary
depending on species, age, and/or site [22,23]. Within
individual plants, concentrations differ among organs and
tissues. Foliage generally has the highest percentage of
minerals as plant dry weight [23,24]. Nutrient limitations
may be best expressed in foliar concentrations compared
to other plant tissues since photosynthetic and respiratory
machinery are located in the foliage. Overall foliar nu-
trient concentrations can be sensitive to changes in nu-
trient deposition, reactivity, or availability in the envi-
ronment, something we can call the chemical climate.
Several studies have shown, for example, that N deposi-
tion can result in increased N uptake by trees while re-
ducing plant uptake of cations such as Ca** and some-
times Mg”" in plant tissues [22,25-28].

Foliar nutrient and other chemical concentrations often
reveal clear temporal trends across the growing season
[29-31]. Many foliar nutrients have unique patterns of
change over growing seasons that are specific to plant
species and elements. The common temporal trend for
foliar N concentrations in trees shows that foliar N con-
centrations tend to be highest during early stages of sea-
sonal growth and decline with tissue maturation [29-32].
This is because photosynthetic machinery accounts for
over half of foliar N, and much of the remainder is indi-
rectly related to photosynthetic function [33]. As leaves
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mature, they develop more structural apparatus that is
based on compounds lacking N, and the N concentration
of the foliar tissue declines.

Fernandez et al. (1990) [29] and Tew (1970) [31]
found that as the growing season progressed, foliar P and
foliar K concentrations also decreased. Both P and K
may decrease throughout the growing season due to dilu-
tion as foliar biomass expands [34]. Foliar Ca, a key ele-
ment in the construction of primary cell walls and cell
membranes [32], has been found to increase in concen-
tration throughout the growing season [31,34]. Tew
(1970) [31] found that foliar Mg concentrations of Popu-
lus tremuloides also increased as the season progressed.

How these patterns of foliar nutrient and chemical
concentrations respond to short- and long-term changes
in the chemical and physical environment is not well un-
derstood. Since plant nutrient levels are tightly connected
to seasonal growth and development, however, it could
be expected that changes in element availability would
influence morphological and chemical plant phenology.
Sigurdsson (2001) [35] found that three years of in-
creased N availability did not influence Populus tricho-
carpa budburst or shoot extension phenology. Elevated N
availability did, however, delay leaf senescence and fall
bud set. The timing of growth cessation was linearly re-
lated to foliar N concentration. Larigauderie and Kum-
merow (1991) [9] found that increased availability of N,
P, and K modified vegetative budburst dates of evergreen
shrubs, but had no significant effect on flowering inten-
sity or duration. Additional N did not alter the timing of
bud break when foliar N concentrations were high com-
pared to optimal concentrations for P. abies [36], but did
hasten budburst compared in P. abies when foliar N con-
centrations were below optimal [37].

The objectives of this research were to provide an ini-
tial assessment of potential changes in phenology in re-
sponse to decadal-scale, whole-watershed N-enrichment
and acidification at the Bear Brook Watershed in Maine.
Our approach was to utilize traditional phenological de-
velopment stages, and to explore the use of chemical
phenology, in evaluating potential changes in tree func-
tion.

2. Methods
2.1. Study Site

The Bear Brook Watershed in Maine (BBWM) is a long-
term paired-watershed study site located on the southeast
slope of Lead Mountain, Maine, USA (44°52' N, 68°06'
W). Two contiguous watersheds, West Bear (WB) (10.2
ha) and East Bear (EB) (11.0 ha) make up the study’s
paired catchment design. A three year calibration period
established that the two watersheds were hydrogeochem-
cially similar prior to the onset of whole-watershed che-
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mical manipulations of WB [38]. Beginning in 1989, the
WB watershed has been experimentally manipulated
through bimonthly aerial applications of granular ammo-
nium sulfate [(NH,),SO,4] at 25.2 kg:N-ha ' yr ' and 28.8
kg-S-ha'-yr'. The EB watershed serves as a reference.

There are three cover types in both watersheds of the
BBWM: softwood, hardwood, and mixed wood [39]. The
current vegetation is the result of natural regeneration
following timber harvesting. No harvesting has occurred
in over 60 years [40]. The dominant tree species at BB-
WM are Acer pensylvanicum L., A. rubrum L., A. sac-
charum Marsh., Betula alleghaniensis Britton, and Fagus
grandifolia Ehrh., which dominate the hardwood and
mixed wood forests of the lower watershed elevations.
Picea rubens Sarg. dominate the softwood stands at the
upper elevations. These four species accounted for 99%
of the living trees on both watersheds [41].

2.2. Morphological Phenology

In the first component of this study, phenological devel-
opment stages were followed throughout the 2010 grow-
ing season. The study involved sixty co-dominant trees:
ten red maple (Acer rubrum), ten sugar maple (Acer
saccharum), and ten red spruce (Picea rubens) per wa-
tershed as a subset of 100 established tree plots distrib-
uted equally across WB and EB watersheds [42]. These
species are 3 of the 5 most dominant species at BBWM.
American beech (Fagus grandifolia), the most dominant
hardwood tree species, was not included due to extensive
Nectria infection [41]. For each tree species, five trees
were sampled, one per plot, in each of four compartments
defined as EB hardwoods, EB softwoods, WB hard-
woods, and WB softwoods. Mixed wood stands were not
included in the study design for practical reasons. DBH
data from the Elvir et al. (2010) [43] study were used to
select the largest trees within given plots by species.
Only one tree per species was studied per plot. Trees
with extensive physical damage were disqualified and the
next largest tree was chosen in those instances.

Observation of morphological development began in
the last week of March 2010 and continued through Oc-
tober 2010. The frequency of observation was deter-
mined by the rate of change in phenology taking place in
the field and practical limitations for access to the remote
field site. Phenological development phases included bud
burst, flowering (A. rubrum), leaf or needle emergence
and unfolding (all species), leaf senescence (A. rubrum
and A. saccharum), and leaf fall (A. rubrum and A. sac-
charum). These phenophases were defined based on the
observation protocol recommended by the National Phe-
nology Network in 2010 [2].

Observations were consistently made from the south-
ern aspect at ground level using 10 x 42 powered binocu-
lars. If the view was completely blocked by understory
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foliage, observations were made from the most southern
point possible and the exception was noted. Photos of the
crown were taken with a 10 mega-pixel point and shoot
camera for archiving and to assist in interpretation.

2.3. Chemical Phenology

Chemical phenology was examined for 30 co-dominant
trees, five of each species in each compartment. Foliar
samples were collected on a monthly basis. Acer sac-
charum and A. rubrum leaves were collected five times
between May and October 2010. Red spruce needles
were collected five times between June and November
2010. Foliage was clipped from the mid-crown on the
southern aspect of the crown using a pole pruner. This
minimized potential differences in physiology between
sun and shade leaves. Leaves with apparent insect or
disease damage were not included.

All foliar samples were returned to the laboratory im-
mediately upon sampling and gently rinsed by submer-
sion in a deionized water bath. Rinsing was done in order
to eliminate potential seasonal differences in dry atmos-
pheric deposition contributions to foliar chemical analy-
ses, recognizing potential tradeoffs to foliar leaching. To
minimize this concern, the water bath dip was brief (e.g.,
< 1 minute). Red and sugar maple samples included peti-
oles. The P. rubens foliage was separated from the bran-
chlet into three age classes: 2010 (current year) foliage,
2009 foliage, and 2008 and older foliage. Bud scale scars
and changes in needle length and color along individual
shoots were used to identify annual growth increments
and needle age [44]. Samples were stored in paper bags
and placed in a drying room set at 60°C for at least two
weeks to dry. Needles were separated from twigs after
drying. Dried foliage was ground in a Wiley mill through
a 40 mesh screen. The Wiley mill was cleaned thor-
oughly between samples using a brush and vacuum to
avoid cross-contamination.

Chemical analyses of all foliar samples were carried
out by the Analytical Laboratory of the Maine Agricultural
and Forest Experiment Station at the University of Maine.
Tissues were dry-ashed at 550°C in a muffle furnace and
taken up in 50% HCI on a hotplate. Elemental analysis
was conducted by inductively coupled plasma emission
spectroscopy, with the exception of N. Nitrogen was
measured by combustion on a LECO CN-2000 analyzer.

2.4. Temperature and Precipitation

Monthly temperature and precipitation data for 2010 and
1971-2000 were taken for the Bangor, Maine station
from the Northeast Regional Climate Center NOW Data-
NOAA Online Weather Data [45].

2.5. Statistical Analyses

Statistical analyses were conducted using R [46]. Foliar
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element concentrations from both treatments were evalu-
ated using one-way analysis of variance (ANOVA).
ANOVA assumptions were tested using visual assess-
ment of linear models as well as the Shapiro-Wilk tests
for normality of variance. When differences between
treatments, among months, or treatment by month from
analyses of variance were significant, means separations
between treatments or among months were performed
using “TukeyHSD”. A probability of 0.05 was used to
confer significance.

3. Results
3.1. Morphological Phenology

Based on visual observations of tree crown morphologi-
cal characteristics, the progression of phenological de-
velopment stages in the 2010 growing season revealed
notable differences among species. Acer saccharum and
A. rubrum both began vegetative budburst and leaf out in
early May. Acer rubrum reached full foliar expansion
earlier than A. saccharum. Picea rubens did not begin
budburst and needle expansion until the last week in May
and first week of June. Needle expansion in P. rubens
continued through early July. Acer rubrum flowering
began the third week of April and lasted until the end of
the month. Flowering was not observed in A. saccharum.

Leaf color change was first observed in the first week
of September in A. saccharum, and in the second week of
September in A. rubrum. All leaves of both species had
changed color by the last week of October. Leaf fall be-
gan in the last week of September and continued through
the last week of October. There were no differences in
the morphological phenology observed for A. saccharum,
A. rubrum, or P. rubens between EB and WB watersheds
(Figure 1). Figures 1 and 2 show the temporal develop-
ment of leaf color change and leaf fall phenophases, re-
spectively, in Acer spp.

3.2. Chemical Phenology

Foliar Element Differences between Treatments
Monthly measurements of foliar element concentrations
were compared by species and watershed in order to
assess overall treatment effects on foliar chemistry
(Table 1). Foliar N concentrations of the three species in
the WB (treated) watershed were significantly greater
than tree foliage N concentrations in the EB watershed.
There were no significant differences in foliar P concen-
trations of A. saccharum or current year P. rubens be-
tween treatments, but foliar P concentrations of A.
rubrum and one year old (i.e. 2009) P. rubens in the WB
watershed were significantly higher than in the EB
watershed.

There were no significant differences between WB and
EB foliar Ca or Mg concentrations of A. saccharum or P.
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Figure 1. The development of the leaf color change pheno-
phase in (a) A. saccharum, and (b) A. rubrum, at the Bear
Brook Watershed in Maine in 2010 (n = 10).

rubens. In contrast, WB A. rubrum did have lower foliar
Ca and Mg concentration compared to reference A.
rubrum. Foliar K, Al, and B concentrations did not differ
between treatments for any species. Foliar Cu concen-
trations in A. saccharum in the WB watershed were sig-
nificantly lower than in the EB watershed, but A. rubrum
and P. rubens foliage greater than one year old did not
significantly differ between treatments.

Foliar Fe concentrations in A. saccharum and A.
rubrum were significantly higher in the WB watershed
than the EB watershed. Picea rubens foliar Fe concen-
trations did not differ between treatments for any age
class. There were no significant differences between
foliar Mn concentrations of A. saccharum or P. rubens
between watersheds. Acer rubrum foliage of the WB
watershed had significantly lower foliar Mn concen-
trations than in the EB watershed. Foliar Zn concentra-
tions were significantly higher in A. saccharum in the
WB watershed, but there were no treatment differences
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Table 1. Overall seasonal averages (n = 5) of foliar element concentrations for A. saccharum, A. rubrum, and P. rubens in 2010

at the Bear Brook Watershed in Maine.

A. saccharum A. rubrum P. rubens
EB WB EB WB EB 2008 WB2008 EB2009 WB2009 EB2010 WB2010
N % 2.0 2.3 2.1 2.3 0.95 1.2° 0.99 L1 1.2 1.3
P % 0.13 0.13 0.14 0.19" 0.05 0.06" 0.07 0.07" 0.12 0.12
Ca% 0.42 0.45 0.51 0.38" 0.28 0.32 0.22 0.27 0.11 0.12
Mg % 0.09 0.09 0.13 0.11" 0.05 0.04 0.07 0.06 0.08 0.07
K % 0.94 0.88 0.86 0.82 0.37 0.36 0.53 0.50 0.84 0.80
Al mg/kg 20.7 25.8 14.6 16.1 48.1 47.5 51.3 50.4 45.8 44.4
Cu mg/kg 7.3 6.0" 5.7 5.2 2.1 2.5 2.8 2.8 4.6 4.1
Fe mg/kg 425 51.1° 342 412" 25.3 259 24.9 26.0 20.9 21.0
Mn mg/kg 748 1098 437 927" 584 726 703 766 418 388
B mg/kg 35.4 33.8 26.7 26.1 17.5 18.5 19.2 22.1 16.3 16.8
Zn mg/kg 26.6 23.0" 252 26.3 17.3 17.7 16.3 16.4 20.4 19.1
100 { (a) @ West Bear v V) in A. rubrum or P. rubens.
Y EastBear g
3.3. Seasonal Trends
80 -
Seasonal trends in foliar chemistry represent the changes
2 in composition due to physiological as well as environ-
= 601 mental factors. These patterns of change, where they
© . . . . .
e exist, can offer insight on drivers of change in the en-
S 40 v vironment and could provide a useful chemical analog to
the insights gained from morphological phenology. In-
® creasing foliar element concentration trends indicate
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o throughout the growing season or that it becomes in-
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100 1 (b) V. v trend could indicate that an element is taken up at rela-
& tively high levels at the beginning of the growing season
80 1 for use in physiological processes, but its concentration is
then diluted due to biomass (i.€., carbon) accumulation
= without a concomitant increased nutrient uptake. It is
S 60 also possible that, as the growing season progresses,
8 \VA some elements become less available for uptake due to
§ 401 competitive uptake with other biota and reduced che-
mical availability in the environment. The absence of a
seasonal trend implies that foliar element uptake is pro-
20 A portional to growth.
At BBWM, there was an opportunity to examine che-
olo z o mical phenology in the experimentally manipulated WB
o Q‘ Q‘ o o o o watershed subjected to decadal-scale acidification and N
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SN N S T S rence EB watershed. A significant interaction between

Figure 2. The development of the leaf fall phenophase in (a)
A. saccharum, and (b) A. rubrum, at the Bear Brook
Watershed in Maine in 2010 (n = 10).
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treatment and time indicates that the difference between
treatments changes during the growing season and re-
presents a treatment effect on chemical phenology. The
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lack of a significant interaction indicates that the tem-
poral trends of both WB and EB foliar chemistry were
relatively parallel, even if they are quantitatively diffe-
rent. For example, foliar N concentration of the WB A.
rubrum was only significantly higher than EB in May
(Figure 3), though A. rubrum in both watersheds dis-
played decreasing foliar N concentrations throughout the
growing season. Foliar N concentrations also decreased
in A. saccharum and current year P. rubens foliage for
both treatments throughout the growing season, but there
were no significant interactions between treatment and
time in these tree species. Nitrogen concentration de-
clined rapidly in the early part of the growing season and
then leveled off coincident with full leaf development in
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Figure 3. Mean (n = 5) foliar N concentrations throughout
the growing season in (a) Acer saccharum, (b) Acer rubrum,

and (c) Picea rubens at the Bear Brook Watershed in Maine.

Asterisks signify significant difference between treatments.
Standard error bars are shown.
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all species. A minor exception to that generalization is a
slight numerical increase in P. rubens foliar N concen-
tration at the end of the growing season, although the
increases were not significant. There were no increasing
or decreasing trends in foliar N concentration in older
age class P. rubens needles (i.e., 2009 and 2008+) across
the growing season, and therefore these time series plots
are not shown.

Foliar P concentrations for A. rubrum also displayed a
significant interaction between treatment and seasonal
trend. Foliar P concentrations of the WB A. rubrum were
only significantly higher than EB in May (Figure 4).
Foliar P concentrations significantly decreased in Acer
spp. and current year P. rubens foliage of both treatments
throughout the growing season, with a slight numerical
upturn in concentrations of P in P. rubens as seen with
foliar N concentrations, although this increase was also
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Figure 4. Mean (n = 5) foliar P concentrations throughout
the growing season in (a) Acer saccharum, (b) Acer rubrum,
and (c) Picea rubens at the Bear Brook Watershed in Maine.
Asterisks signify significant difference between treatments.
Standard error bars are shown.
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not significant. Phosphorus concentration of one year old
P. rubens (i.e. 2009) needles of both treatments signify-
cantly increased throughout the growing season from
0.064% =+ 0.004% to 0.081% =+ 0.005% in EB and
0.068% + 0.003% to 0.082% + 0.002% in WB (not
shown). Phosphorus concentration of greater than two
year old P. rubens (i.e. 2008+) needles of both treatments
significantly increased throughout the growing season
from 0.051% + 0.002% to 0.066% + 0.002% in EB and
0.061% + 0.005% to 0.066% + 0.005% in WB (not
shown).

No other foliar element concentrations displayed sig-
nificant interactions between treatment and seasonal
trend. Foliar Ca concentrations increased significantly
across the growing season in A. rubrum and current year
P. rubens foliage (Figure 5), but there were no signifi-
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Figure 5. Mean foliar Ca and Mg concentrations through-
out the growing season (a) Acer saccharum, (b) Acer ru-
brum, and (c) Picea rubens at the Bear Brook Watershed in
Maine. Asterisks signify significant difference between treat-
ments. Standard error bars are shown.
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cant trends over time in foliar Ca concentrations for A.
Saccharum or greater than one year old P. rubens foliage.
Foliar Mg concentrations significantly decreased in A.
saccharum and current year P. rubens foliage throughout
the growing season (Figure 5). Acer rubrum foliar Mg
concentrations in May were significantly higher than in
June, July, or August, but did not significantly differ
from September. Older needles than current year P.
rubens showed no temporal trends for foliar Mg concen-
trations.

Table 2 shows a summary of seasonal trends based on
results of the ANOVA and Tukey’s HSD test on monthly
mean foliar element concentrations. These results sum-
marize the data discussed above for N, P, Ca, and Mg, as
well as providing insight on foliar concentrations of ele-
ments K, Al, Fe, Mn, B, Zn, and Cu. Foliar K concentra-
tions significantly decreased throughout the growing
season for Acer spp. and current year P. rubens foliage,
but were constant in P. rubens foliage age classes greater
than one year old (i.e. 2009 and 2008+). Foliar Al sig-
nificantly increased throughout the growing season in all
species. Foliar Fe concentrations also significantly in-
creased in P. rubens foliage two years or older, however,
they did not follow an increasing or decreasing trend in
Acer spp. Or P. rubens foliage less than two years old
(i.e., 2009 and 2010). Foliar Mn and B concentrations
significantly increased across the growing season in A.
saccharum, but did not follow a clear increasing or de-
creasing trend in A. rubrum or P. rubens foliage. Foliar
Zn concentrations significantly decreased throughout the
growing season in Acer spp. and 2010 P. rubens foliage.
Foliar Cu concentrations did not follow a clear trend in A.
saccharum or P. rubens foliage greater than two years
old (i.e. 1998), but did decrease throughout the growing
season in A. rubrum. Foliar Cu concentrations for one
year old P. rubens foliage (i.e. 2009) in October were
significantly higher than in July, but there were no other
significant differences among months. Foliar Cu concen-
trations were significantly higher in June than in July or
August, but did not significantly differ from September
or October.

3.4. Temperature and Precipitation

Average monthly temperatures in Bangor, Maine were
higher in 2010 in all months compared to average month-
ly temperatures from 1971-2000 (Figure 6). The overall
mean temperature for 2010 was 8.9°C compared to 6.8°C
from 1971-2000.

Average monthly precipitation leading up to and
during the 2010 growing season was not consistently
higher or lower than monthly averages from 1971-2000.
The overall precipitation for 2010 was 113.1 cm com-
pared to 101.3 cm from 1971-2000. If only January
through September is taken into account, the total pre-
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Table 2. Seasonal trends in foliar element concentrations of A. saccharum, A. rubrum, and P. rubens at Bear Brook Water-

shed in Maine.

P. rubens
Seasonal trend A. saccharum A. rubrum
2008 2009 2010
Increasing AlLB Ca, AL B P, Al P Ca, Al
Decreasing N, P, Mg, K, Mn N, P, K, Cu, Zn Fe, Cu, N, P, Mg, K, Zn

No clear trend Ca, Fe, Zn, Cu Mg, Mn, Fe N, Ca, Mg, K, Mn, B, Zn N, Ca, Fe, Mg, K, Al, Mn, B, Zn, Cu Fe, Mn, B
25 Dates of bud break and full leaf elongation in A. sac-
= 2010 charum at BBWM were within a few Julian calendar
201 == 19712000 days of A. saccharum budburst at Trelease Woods, Illi-
15 | nois, USA reported by Augspurger and Bartlett (2003)
[49]. Autumn color change for A. saccharum at BBWM
10 began over two weeks earlier than at Trelease Woods
%) [49], and complete leaf fall occurred approximately one
57 week earlier at BBWM than in Trelease Woods. These
o locations differ by 4° latitude which results in a negligi-
ble difference in daily photoperiod, therefore there must
5 be a different environmental factor influencing senes-
cence. One possibility is weather. There was a thunder-
-10 ———— storm and heavy rains on October 15, 2010 at BBWM.
§ 3 &8 B § 5 3 §’ g 8 & & After this storm, only 5% of leaves remained on A.

Figure 6. Average monthly temperatures for Bangor, Maine
in 1971-2000 and 2010 [45]. Bars represent 1 standard de-
viation.

cipitation for 2010 was 72.3 cm compared to 74.7 from
1971-2000.

4. Discussion
4.1. Morphological Phenology

Observations of morphological phenology did not show
evidence of alterations in seasonal development as a
result of ecosystem acidification and N enrichment. It is
possible that, if such alterations are occurring, the current
experimental design was unable to distinguish these dif-
ferences. The lack of distinguishable treatment effect
supports the viewpoint that spring and fall phenology of
temperate trees are strongly dependent upon temperature
[3,4,7,11,21,47] and photoperiod [5,8,48], thereby rende-
ring biogeochemical alterations of secondary importance.
Clear species-specific patterns of morphological pheno-
logy were observed among A. saccharum, A. rubrum,
and P. rubens trees at BBWM. The data presented here
are valuable in establishing observations of these phe-
nophases for the BBWM site, and contribute to the larger
initiative through the USA National Phenology Net-
work’s Nature’s Notebook database [2]. Timing of phe-
nophases for A. saccharum at BBWM were typical for
this tree species across much of its native range [49-52].
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saccharum trees, and this 5% took over a week to drop. It
is possible that leaves that may have stayed on trees
several more days in calm weather were mechanically
separated by the force of the rain and wind, highlighting
the importance of meteorological events in characterizing
phenology and the value of long-term records of pheno-
logical behavior. Acer rubrum phenology at BBWM was
also consistent with reported observations in the litera-
ture for this species, with flowering occurring before
vegetative bud break [53], and reaching full crown in the
last week of May [52]. The fact that A. rubrum leaves
reached their full size earlier than A. saccharum may
simply be because A. saccharum leaves are often larger
than A. rubrum and, therefore, take longer to expand to
full size. Leaf fall in A. rubrum experienced the same
storm as A. saccharum foliage, which likely accelerated
the process of leaf fall. Picea rubens is one of the last
trees in its range in the Northeast to begin seasonal
growth [54], usually beginning in the first week of June
as was recorded at BBWM. This phenological trait can
have profound implications for the interaction among
forest species, as well as broader ecosystem dynamics.
For example, P. rubens is believed to be made less
susceptible to attack by spruce budworm (Choristoneura
fumiferana), which prefers young foliage, by flushing
after A. balsamea [55].

4.2. Chemical Phenology

Typical phenological studies of northern temperate trees
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focus on development events occurring in the spring or
fall [5,8,11,49]. Morphological changes occurring in the
middle of the growing season are minimal and occur gra-
dually, making traditional observational data collection
problematic. Approaching phenology throughout a grow-
ing season by also examining temporal patterns of tissue
chemical composition offers a more comprehensive
understanding of seasonal changes in tree form and
function. The majority of foliar elements in this study
displayed discernable temporal trends, which paralleled
seasonal morphological development. The study of che-
mical phenology can also identify changes in tree pheno-
logy that are occurring on physiological levels that are
not visible in a changing morphology. For example, this
study found no differences in visible morphological phe-
nophases within species between treatments at BBWM,
but did identify significant interactions between treat-
ment and temporal trends of foliar chemistry. Findings of
greater foliar N concentrations for all species in the WB
watershed are consistent with the N saturation hypothesis,
which predicts that as N availability increases in forests,
foliar N concentrations for trees will increase [56]. Seve-
ral previous studies have also confirmed that chronic N
additions result in increased foliar N concentrations in
forest species [22,28,30,57,58]. Over half of foliar N
concentration is accounted for by the tree’s photosyn-
thetic machinery, and much of the remainder is indirectly
related to photosynthetic functions [33]. Photosynthetic
machinery is created largely at the beginning of the
growing season in new deciduous leaves, and repaired in
the beginning of the growing season in perennial conifer
needles [59]. The high demand for N in the construction
of photosynthetic machinery which is a priority early in
the life of a leaf explains why foliar N concentrations
were highest during the earliest sampling periods of the
growing season. Foliar N concentrations for Acer spp.
declined rapidly after the May sampling and leveled off
by mid-June, in accordance with complete leaf expansion.
This same trend was observed one month later in current
year P. rubens foliage, also coinciding with the comple-
tion of needle growth. Declining foliar N concentration
trends for Acer spp. and current year P. rubens reflect leaf
maturation and the increased leaf and needle mass attri-
butable to structural compounds lacking N as they ma-
ture. Several other studies on tree species have also
found decreasing trends in foliar N concentrations
throughout the growing season [29-31]. Fernandez et al.
(1990) [29] attributed this trend to dilution as a result of
expanding foliar biomass as well. This is supported by a
significant increase in foliar C to N (C:N) ratios for Acer
spp. and current year P. rubens. Picea rubens foliage
greater than one year old (i.e. 2009 and 2008+) did not
show foliar N concentration decreases, or increases in
foliar C:N ratios, as this foliage was not involved with
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significant biomass accumulation. It is likely that even
higher foliar N concentrations for Acer spp. and current
year P. rubens were evident in the first two weeks of
May and first week of June, respectively, prior to our
first sampling in this study, when leaves were less than
25% expanded.

Findings of greater foliar P concentrations in the WB
watershed are likely a result of altered soil P dynamics
due to long-term acidification [60]. Foliar P is present in
phospholipids, nucleic acids, enzymes, and proteins as
well as being an essential component of energy storage
and the transfer molecules adenosine diphosphate (ADP)
and adenosine triphosphate (ATP) and phosphorolated
sugars produced by the photosynthetic carbon reduction
(PCR) cycle [61]. It follows that foliar P concentrations
decreased throughout the growing season in Acer spp.
and current year P. rubens in the same fashion as N.
Foliar P concentrations were highest at the beginning of
the growing season when leaves were small, and new
cells and cellular machinery were being constructed.
Foliar P concentrations decreased as leaves developed
more cell wall material. This decreasing trend has also
been reported in other studies of tree foliar chemistry
[29-31]. Significantly increasing foliar P concentrations
for P. rubens foliage greater than one year old (i.e. 2009
and 2008+) showed that foliar P in older foliage was not
diluted by addition of biomass throughout the growing
season and may indicate increasing inorganic P concen-
trations resulting from lower rates of photosynthesis in
older needles.

Foliar N and P concentrations for A. rubrum were the
only elements and species to show significant interac-
tions between treatment and time, indicating that the
effect of whole watershed manipulation on these foliar
nutrient concentrations and the response to treatment
changed over time within the growing season. West Bear
A. rubrum was able to take advantage of increased N and
P availability in the WB watershed by taking up 33%
more N and 66% more P than trees in the EB in the
month of May. By mid-June, however, foliar N and P
concentrations were essentially equal in WB and EB.
This trend suggests that A. rubrum at BBWM is limited
by N and P and is, therefore, able to utilize the increased
N and P available in WB in metabolic processes as well
as in enhanced biomass accumulation. Acer saccharum
foliar N and P concentrations were significantly greater
in WB than in EB throughout the entire growing season.
This response could reflect rates of N and P uptake that
exceeded rates of biomass accumulation, resulting in
higher foliar concentrations for A. saccharum. Acer sac-
charum foliar Ca and Mg concentrations in both water-
sheds were in concentration ranges associated with tree
decline [62,63], which raises the possibility that A. sac-
charum at BBWM were more limited by Ca and Mg
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availability than N or P availability. It is likely that an
interaction between treatment effect and temporal trend
was not evident in P. rubens because sampling did not
begin until mid-June after peak foliar concentrations in
juvenile tissue would have occurred in May. Fernandez
et al. (1990) [29] found that foliar N concentrations for P.
rubens were approximately 75% greater at the end of
May than at the end of June, and foliar P concentrations
were almost 100% greater at the end of May than at the
end of June.

The fact that foliar Ca or Mg concentrations were
significantly lower for A. rubrum in the WB compared to
the EB watershed could be due to lower soil Ca and Mg
availability in the WB compared to EB soils [34,64].
Root morphology differs between Acer rubrum, which
has relatively shallow roots, and A.saccharum, which
tend to have deeper root systems with a tap root [51,53].
These differences in root morphology could allow tap
roots of A. saccharum trees to access available Ca and
Mg pools in deeper soil horizons that were not available
to A. rubrum. Acer saccharum is more sensitive to soil
acidity and base cation amendments than A. rubrum [65].
Therefore, it is possible that the acidity of soils in both
watersheds at BBWM was high enough for reactive Al
concentrations to interfere with Ca uptake in A. sac-
charum [66], but did not affect A. rubrum to the same
degree. This difference between species may be due to
tree species-specific physiology or mycorrhizal coloniza-
tion [65]. Acer saccharum is the only species at BBWM
that is colonized by endomycorrhizal fungi instead of
ectomycorrhizal fungi [67,68]. St. Clair and Lynch (1995)
[65] found no relationship between percent colonization
by endomycorrhizal fungi in fine roots of A. saccharum
and tree health status, however, root colonization rate
was correlated to foliar N, P, Ca, and Mn concentrations.
Comparisons of soil chemistry assessments at BBWM
showed that available Ca and Mg did not significantly
differ between treatments within softwood forest types in
2006 [64], which could explain why there were no signi-
ficant differences in foliar Ca or Mg concentrations for
P. rubens. Foliar Ca, a key element in the construction
of primary cell walls and cell membranes [32], has
been found to increase in concentration throughout the
growing season in A. balsamea [29], P. rubens [29,69],
Populus spp. [33], and A. saccharum [70]. DeHayes et al.
(1997) [69] suggested that the increase of foliar Ca con-
centration is due, in part, to its lack of mobility in the
phloem. Foliar Ca concentrations increased in A. rubrum
and current year P. rubens foliage due to cell wall de
velopment in addition to a lack of resorption before leaf
fall. It is somewhat surprising and without explanation
that this study found that this increasing trend was not
seen for A. saccharum. Magnesium is a component of the
chlorophyll molecule, as well as an essential component
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of cytoplasmic enzymes involved in protein synthesis,
cell replication, and respiration [32]. The decreasing
trends found in foliar Mg concentration for A. saccha-
rum could be due to dilution as a result of expanding
foliage, or a decline in environmental availability. The
consistent trends seen for A. rubrum and P. rubens, how-
ever, suggest that uptake of Mg could stay constant or
even increase due to its participation in many phy-
siological processes that continue throughout the grow-
ing season. In contrast, Tew (1970) [31] and St. Clair et
al. (2005) [70] found that foliar Mg concentrations in-
creased or were constant as the growing season pro-
gressed. Changing conditions of nutrient availability and
biological competition for resources with other roots and
the microbial community can also result in the treatment
response patterns observed.

Foliar K concentrations did not differ by treatment
among any species, possibly due to the plant’s ability to
transport K among storage organs and foliage. Addi-
tionally, K can be absorbed at all locations of the root
surface, compared to Ca whose uptake is restricted to the
apical region [61]. This allows trees a greater opportunity
to take up available K from soil and utilize it among
plant tissues, compared to less available, labile nutrients
like Ca. Potassium ions have several physiological roles
within plant cells [61]. They activate dozens of enzymes,
are essential for reaching optimum pH levels within
cytoplasm, and are used in the regulation of osmotic
potential in plant cells. Foliar K concentrations probably
decreased throughout the growing season in current year
foliage for all tree species due to dilution as foliar bio-
mass expanded, as seen in N and P [33]. Picea rubens
foliage greater than one year old (i.e. 2009 and 2008+)
did not show foliar K decreases over time, reflecting a
lack of significant growth in these tissues.

Aluminum is not considered an essential nutrient
within plants but is important to consider since Al can
reduce uptake of Ca through competition for binding
sites in the cortical apoplast of fine roots [66]. There
were no significant differences in exchangeable Al be-
tween WB and EB watershed soils [60], therefore it is
not surprising that foliar Al concentrations did not signi-
ficantly differ between the watersheds. Aluminum can
accumulate within plant tissue throughout the growing
season [61] as was seen for all species at BBWM. A
range of micronutrients were included in tissue analyses
for this study given the paucity of intra-annual trend data
in tree foliage for many of these elements. Increasing and
decreasing trends could reflect dilution due to increased
foliar biomass, changing biogeochemical availability in
the environment, changing physiological uptake and
retention in foliar biomass, or contributions from surface
contamination due to atmospheric deposition not fully
removed in sample preparation. Foliar Mn is considered
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a particularly important nutrient associated with decline
of Acer saccharum across its native range [62,63]. In-
teractions with organic C in soil O horizons can com-
plicate our understanding of Mn availability; however, it
is possible that foliar Mn concentrations were signi-
ficantly higher for A. rubrum in the WB watershed due to
increased availability of Mn with experimental acidifi-
cation. It is unclear why A. saccharum does not follow
the same pattern as A. rubrum, but it is possible that it is
equally stressed in both WB and EB. Foliar Mn con-
centrations for A. saccharum of both WB and EB were
below foliar Mn concentrations associated with tree
decline [62,63]. Manganese may not have shown similar
trends in softwoods because these trees are rooted in
more shallow soils with higher organic matter content
allowing organic matter complexation of Mn to limit its
bioavailability to P. rubens in both WB and EB.

4.3. Temperature and Precipitation

Temperatures during winter chilling and spring flushing
periods, as well as throughout the growing period, can
affect timing of bud burst, leaf elongation, and autumn
senescence in trees [7,8,47,71,72]. It is important to note
that monthly temperatures for 2010 were consistently

higher than average monthly temperatures for 1971-2000.

Therefore, the morphological phenology data for 2010
could have been influenced by these warmer tempe-
ratures such as lengthening the time for trees to reach full
chilling requirements, shortening the time to reach tem-
perature sums required for budburst, or delaying autumn
leaf senescence. Monthly precipitation in 2010 was not
notably different from the 1971-2000 period, making this
factor unremarkable for 2010.

5. Conclusion

The phenology of ecological systems has become an in-
creasingly critical area of study for scientists attempting
to understand the rate and consequences of environ-
mental change on both the local and global scales. This
research examined the consequences of decadal-scale
whole-ecosystem experimental acidification and N enri-
chment on temporal patterns of tree development and
foliar chemistry. We found no evidence that biogeoche-
mical changes in the ecosystem due to experimental
manipulation have shifted the timing or altered the length
of the growing season for A. rubrum, A. saccharum, or P.
rubens. It is possible that, if phenological alterations are
occurring, the spatial and temporal scale of the ex-
perimental design used in this initial investigation was
unable to detect these changes. We also explored the
temporal patterns of foliar chemistry in trees, referred to
here as chemical phenology, as a potential additional
component to studying forest phenology. Our findings

Open Access

suggest that A. saccharum, A. rubrum, and P. rubens
showed clear temporal patterns of foliar chemistry
throughout the growing season, but there was limited
evidence that treatments had altered the patterns between
watersheds even when absolute concentrations were
significantly different. The one exception was for N. We
conclude that assessment of temporal trends in foliar
chemistry, particularly for the nutrient elements N and P,
can reveal effects of ecosystem change that might not be
evident using more traditional approaches of a single
sample collected late in the growing season. Further
consideration of coupled morphological and chemical
approaches to phenological assessments is warranted.
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