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Canopy nutrition, leaf chlorophyll concentrat;on and leaf CQ, asstmliat

capacuy (Amx) were exammed in

sugar maple (Acer saccharum Marsh.) trees exhibiting symptoms of crow' dieback in four stands on acid soils

(pH = 4.0) in northern Vermont. Leaf CO; assimilation capacity was measure

_'f_ohagc from detached and rehy-

drated branches harvested from the upper portion of the canopy, Leaf calcium (Ca)_and magnesium (Mg) concentrations

. were among the lowest reported for sugar maple in its natural range. Toral ley
leaves were lowest on the sites exhibiting the Jowest leaf nitrogen (N)°
correlated with chlorophyll concentration among canopy leaves from all s

nit' leaf mass and leaf N.(r

ed ';trong corrc]auon belw

between leaf CO, assimilation capacity
. among {he four sites. On'the basis of th \
lack.of.clear enhancement-of-leafl. COy-assimilation:eap

appears that leaf CO, assimilation capacity and leaf Ca may not nccessan!y'
low leaf COQ, assimilation capacity and pho syntheuc N-use efficiency
low Ca (Ca < 0:6%), CO, assimilation processes in, sugar map]e on acid soi

interactions. The stmngly acidic nature. of the

foliaire et de Ca foliaire ela!eﬁt les plus faibles: La cap;

- de chlorophylle dans les feuilles du couvert dans tous lessites. De fortes correiauo 5]
la capacité d' assimilation de. CO, par unité de masse foliaire et N (= - 0.60) et Ca
. §ites. E!am donng la forte corrélation entre Ca et N dans 1es fevilles (7% = 0 64 el i’

lorophyll concenlrmmm of capopy

nd CO, assimilation capac:ly was

g linear relationships were obsewed_ :
60). as; well as Iedf Ca(F*=05D" .
Ca and. Ieaf N (r?= 0. .64) and the

rations totales -
s_d azote (N)_.'.:

d: ass:mtlauon de

aires ont 61é observées entre
0,51) foliaire dans les quatre
nee d’une nette augmentation

de Ia capacité d'assimilation de. CO, dans les feuilles des arbres fertilisés avec des ations basiques (K. Ca et Mg),

-.il.semble.que.la.capacité.d: assimilation de.CO, dans-les feuilles et-le- Ca- folia

‘ment reliés. Cependant, étant donné que a capacité’ d‘ass:mtlauon de CO, dans les: feu:iles et 1'efficacité d’utilisation
“de I'azote dans la photosynthese étaient faibles chez les’ arbres non fertilisés et avec une faible concentration de Ca
(Ca < 0,6%), N et les interactions Ca X Mg pourra:ent emmvcr les processus d ass;mil uon du CO1 chez 'érable

& sucre sur des sols acides. La nature trés acide des sols dans ces peuplements et P'impo

e des dépéts acides dans

- cette région pourraient sur cerlains sites prédisposer les érables 2 sucre & des mveaux'dc carcnce en cations qui
pourraient &tre associés A une assimilation réduite du CO, dang le couvert.

Introduction -

The importance of adequate mineral nutrition to normal
physiological and growih processes in forest trees is well

known; however, increasing recognition of the possibility -

of nutriticnal imbalances in trees as a result of anthropogenic

alterations in atmospheric chemistry (Richier et al. 1992) !

and subsequent effects on forest soil chemistry {Driscol)
. et al.
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1985; Ulrich and Mdtz,ner 1986) has raised comun:-j'-

: ‘i'I‘r.f;duit par a Rédaction]

over the continued heajth and }ong term productivity of
forests in industrialized regions (Pitelka and Raynal 1989
Barnard et al. 1990). Recent work has implicated nutrient
deficiencies and imbalances in preconditioning trees to foliar

chlorosis, progressive shoof. dieback, and overall stand -
decline in forests on acid soils in central Europe (Zotu and

Hiitl 1986; Oren and Schalze :1989), high-elevation ecosys-

tems in eastern North America (McLaugh]m and Kohut,
©1992), and more. reccnily in‘other: forests in eastern North .

i o
"1 Author to whom all mrrcspendcnce should be addruscd : America {Bermcr et al, 193) Rayna] et al,

1992). Docu-

- mentation of the relationships beiween nutritional defi-
~ ciencies and leaf carbon balance in coniferous forest species -
exhibiting’ decllnc ‘sympioms. (?:mmcrmdnn et al, 1988
1991) has led to the' dew,]opmcm of mcchv_ :
: dmbll(} hypotheses' to cxplam physxol%acal ILSpDn‘;Ls m E

McLaughlin et

rrélée avee la concentration

seraient pas-fonctionnelles
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‘dieback and stand decline (Schulze 1989; McLaughlin and
Kohut 1992); however, there is little of this information
currently available for mature deciduous forest trees grow-
ing on acid soils (pH £ 4.0).
A progressive dieback of the crown of sugar maple (Acer
saccharwm Marsh.) trees in localized areas within the species
range has recently been observed by a number of investi-
gators (Bernder and Brazeau 1988; Gagnon et al, 1990; Allen
‘et al. 19924). Despite numerous hypotheses to explain this
dicback phenomenon (Bernjer et al. 1989; Allen et al. 1992b;
Raynal et al. 1992), a comprehensive understanding of the
< role of nutrient deficiencies in the metabolism and overall
; carbon balance of sugar maple is lacking, Inadequate nitro-
~gen (Mader and Thompson 1969), phosphorus (Paré and
v Bernier 1989), potassium and magnesium (Bernier and
© Brazeau 1988; Bernjer et al. 1989; Oimet and Fortin 1992),
~and calcium (Mader and Thompson 1969; Wilmot et al.
1995) levels have been associated with the sugar maple
“¢crown dieback phenomenon, although the physiological

asis of the putative nutritional dysfunction (cf. Oren and

chulze 1989) and the potultial impacts on tree ‘¢arbon bal-

' fice have Targely remained Uninvesupated. Cuttent Heory — approxitia

oncerning plant resource limitations suggests that plant
esponses to nutrient deficiencies and (or) imbalances may
¢ important in mediating physmlogmd} responses to other
nvironmental stresses (Bloom' et al.:1985; Chapin:1991).
euce it has been hypothesazad th

rée crown and hence dcpien

ydldt(t% It remains unclear whether a lcductlon in leaf car-

on balance related to site nutuent stress is mvolved or
hether reductions in whole-tree carbon balance are mstc’ad
1rect}y related to stress-induced alterauon of carbon bal-
nce and subsequent reductions in Ieaf area, which ‘may fux-
her decrease the whole-plant assimilation rate. '

The objectives of the present stidy were o chai‘éét’éri'z"é""'

eaf-level photosynthetic carbon assimilation p'ltterns in

ugar maple trees currently showmg dieback symptoms

yumong different sites and examine inter-relationships between
leaf net photosynthesis, leaf chlorophyll, and canopy nutri-
ion in sugar maple trees on acid soils in northern Vermont.
hotosynthetic measurements were designed to reflect over-
‘all physiclogical capacity of foliage for CO, fixation in
“trees currently showing dieback symptoms. Chlorophyll was
- examined because of the reports of foliar chlorosis associated
"~ with dieback and growth declines (Bernier and Brazeau
5 1988; Lange et al. 1987). Nutrient manipulations were
- achieved by use of a fertilizer mixture of K, Ca, and Mg
designed to experimentally expand the potential range of
“cation nutrition observed in sugar maple trees on acid soils
in northern Vermont.

Materials and methods

Snm’y sites

Faur sugar maple forests located within 100 km of one another
“in northwestern and posth central Vermont were selected for this
Ustudy (Table 1), Two study sites cach were Jocated on the west

s0il mfel tiiny may pre-_ :

~ dead frees, while the’ tourth_stand (MORR) was unman

219

and east sides of the Green Mountain cordillera, The regional
climate is cool, moist, and submontane-continental with warm
summers and cool. winters. Aw:ragc annual precipitation at the
Proctor Maple Research Center in Uaderhill Center, Vermont
(Table 1), a site in the Green Mounfain foothills, is 1120 mm
{1982-1992 data; NADP 1993) with appromndteiy 40% of annual

“precipitation falling as snow. Average precipitation pH at the

Proctor Ma;)le Research Center is 4.35, and average annual NO,~
and SO deposition is 15.9 and 23.1 kg-ha™ ! respcctwely for
1982-1992 (NADP 1993}, All study sites were located on glacial
till or glaciolacustrine substrates derived from schists and gneisses
of Cambrian origin, which tend to weather (o base-cation-poor,
acid soils (pH,,.. of upper 5 cm of soil ranges from 3.9 to 4.3,
Table 1). Sites were located on well-developed soils in the
Haplorthed great group {(Humo-Ferric or Ferro-Humic Podzols,
Canada Soil Survey Committee 1978). Cation exchangc capac-
ity of the soils ranged from 18 to 26 cmol kg™t (T. Wilmot,
unpui}hshed data}. A description of the nutrieat content of these
s0ils is presemed c!sewhcre (lemot et al. 1995},

A portion of the sugar maple stand on each site (approxi-
mately. 0.5 ha) exhibiting apparent symptoms of crown dieback
was selected for study.: Avemge crown dieback of 20-25 rep-
resentative overstory frees in the’ study ‘plot in ‘each stand exceeded

crown area) in:1990-1991 (Wilmot et’al.i1995; T. Wilmot,
unpublished data); “Fhe incidence of dieback was not directly
attributable to primary pathogens, as there was no evidence of

. pathogens or apparent trunk defects on the dominant overstory

trees sampled (T: Wilmot and D. Ellsworth, unpublmhed data).

: Stands wele uncvcn-jaged and composed ld_rggly of ‘sugar maple .
o 1 :

wuh L

arbushes, ‘which mcluded the owasmnai remoiral of stdndmg

story trees showi 1
more than 5% of. the P . L
surveys, were selected for the measurementb Aithoug 1.subjec—
tive, dieback estimates were ‘made to ensure that trees showing
similar dieback symploms and of sumIar overall apparenl con-
dition, were used in this study. -

Three of the stands (PMRC, JOHN and FLET) were fertil-
ized with base cations (K, Ca, and Mg) in the spring before leaf

“emergence for 2 years during 19901992 In-each of the fertils

ized stands, a 0.35-ha plot located within 100-300 m of the
confrol trees was manually fertilized with the base-cation mixiure
to investigate the possibie physiological effect of increasing
base-cation availability, to sugar maple trees growing on ac1d
soils (pH = 4. 0) Commercially avaulablc ‘agricultural ferdliz-
ers were applied in the form of K,50,, ) CaCO0;, and Ca, MG(LOQ1
at a rate equwalcm to 107 kg-ha™ 'K, 53 kg-ha™! Ca, and
11 kg-ha™! Mg.

Sample collection

During the latter part of the growing season when foliage was
i'ul]y expanded, branches were collected from the forest canopy
using a shotgun and steel shot for eaf photosynthesis measure-
ments and analyses of foliar nutrient content. Branches were
obtained from the periphery of the upper third of the crown of
dominant or codominant mature sugar maple trees in each plot.
Foliage from these locations corresponded to leaves that would
be sunlit on sunny days and are expected 1o contribute the major-
ity of daily ¢anopy carbon assimilation (Ellsworlh and: Reich
1993). In the ficld, branch sections 0.7-1.5 m'in Jength and typ-
ically 1-1.5 cm in diameter at the base were collected, and the dis-
tal end was immediately placed in a wide bucket of tap water.
Branches were rehydrated by cutting the stem underwater, after
which a fresh razor blade or clean knife was used 10 carefully

Melyt Vi basedorvistalestmutesof-the-projested s

aged at ' J _'
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Tapre 1. Description of the four sugar maple forest sites in northern Vermont

Elevation :
Site Location (m) Soif type Soil pH
Underhili Center 44°31'N 410 Marlow coarse 4.1
(PMRC) 72°51'W loam
Johnson 44°41'N 400 Lyman-Tunbridge 39
(JOHMN) T2°42'W joam
Fletcher 44°472'N 220 Stowe fine sandy 43
(FLET) 72°55"W ioam
Morrisville 44°32'N 240 Salmon coarse 3.9
{MORR) 72°34'W silty loam

NoTe: Siles are referred o in the text ;u:cording to the abbreviations fisted under the site column, Soil
type was determined from a detailed analysis of soil pits dog at each sile (T.R. Wilmol, uppublished data), Soil
pH e, was measured in the laboratory using an anal)hcal pH electrode {Beckman Instruments, Fullerton,
Calif.} on five homegenized, replicate sumples of the upper 5 om of sonl (0 + A horlzom) collccled from

as water, poten mls were always greater than "~1 5 MPa The

* ‘measurements reported here’ were made on fully- pranded ieaveq

collected. between:late.

each site.
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Fig. 1. Representative time course of leaf net photosynthe-
sis (A, /mass) and stomatal conductance of a rehydrated sugar
maple leaf upon continuous illumination by an artificial light
source. The arrow in the upper left corner (at time = 0) indi-

. . - w2 =1 .

cales a stepwise increase in PFD from 90 umol-m ™' (in shade)
to 800 ymot-m™*s™" upon illumination. Chamber air tempera-
ture ranged from 27.4 to 28.3°C during the measurements, YPD
in the leaf chamber was maintained at 1.7 Pa-kPa™*, and ambi-
ent CO, concentration of incoming air was 300-315 pmoi-moi™!
during the course of the measurements. The broken axis at time =
30 min indicates a period when the leaf remained iluminated
in the chamber with a constant airflow, but measarements were
not recorded. Measurements were made at PMRC (elevation
410 m).

shave the cut end of the branch. Branches were transferred 10
clean water while keeping the cut end underwater and stored in
the shade until photosynthesis measurements could be made.
Leafl water potential measurements indicated no evidence of
waler stress for any of the measurement trees prior 1o rehydration,

: of thc, grow'ng chson (Lea et al. 1979). .

PrOjEctor Fimp (EXT Ushlo, 1nc., Tokyo, Jip

There was-no evidence, oi the onset of leaf senescence in any
of the experimental trees at the. time measurements were madc
and foliar nufrients remain relatively stable duxmc this penod

were em]uded when' phoiosymhcuc iumtano were' hke]y to
occur as a result ‘of partaal]y closed and (or) unr ponswe stomaia.

All measurements were made in the field under. moderate ‘ambi-
ent air temperatures (air temperature always. beiwun 20°C and

0°C) and at ambient CO, concentrations CO, = 322 £ 11 pmol-
mol”! {mean = SD) for i = 47 ieaves) A 50 W metal halogen
powered by a Cdl' h
baltery provided S'sturatmg photon flux densities (PFD; 2800 pmol-
m 2570, Leaf to air vapor pressure difference (VPD) was always
<1.8 Pa-kPa™! during measurements to reduce the possibility of
VPD-induced stomatal closure. Air temperature, PFD, and:VPD
conditions were within the range considered t6 be optimal for
photosynthesis in sugar maple (Ellsworth and Reich 1993;
D. Ellsworth, unpublished data). Instantaneous measurements
of net photosynthetic CO, assimilation and stomatal conduc-
tance (g,) were monitored for 20-60 min from the initial time of
illumination, until feaf A reached a stable maximum (Fig. 1).
Leaves not exhibiting () a stomatal opening response to ligh
as indicated by a lack of noticeable increase in g, upon illumi-
nation or (/) a stable photosynthetic rate for at least 5 min were
eliminated from the analysis. In some cases, branches were
stored in a humid container o\*ermg,hl recut in fresh tap walter,
and remeasured. On these occasions, photosyntheug raics were
similar to those measured on the previous day, .

Two 1o five leaves were measured on branches colleucd fwm
each of four o $ix control {(unfertilized) wees at each study site.
A similar number of leaves were measured from a limited sct
of fertilized trees on three sites, Usually at least two Jeaves from
each tree satisified the constrainis of the. samphn&, pm!om! for
amalysis of A, . Leaves for which A, was achicved were ¢ol-
lected after measurements were taken, and leaf area was dt.tcl;

‘mined on fresh leaves or leaf silhouettes fo the ncascsi 0 Iem”
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© TABLE
concentration (mg-g dry mass”
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l.eaf net photosynthesis (A, umol-m”%s7%), total ¢hlorophyll
'y and leaf nutrient concentrations (% dry mass)
of canopy leaves from unfertilized sugar maple trees on four sites in
northern Vermont

2121

Total
Site Aua.  chiorophyll N |3 K Ca Mg
PMRC 4.57ab 11.3b 1.67ab 0.11¢ 0.75a 0.44b (.06a
(0.63) (1.0) 0.08) ©.o0n  (0.04 (0.04) (0.01)
JOHN 7.54a 15.94a 2.02a 0.1%¢ 0.59qh  0.68a 0.10a
(0.87) {0.5) {0.06) (0.05)  (0.03) (0.05) 0.02)
FLET 6.13ab 15.3a 1.75ab  0.18¢  0.74a 0.58qab  0.09%a
(0.85) (1.2) (0.13) (0.02)  {0.06) {0.05) - (0.02)
MORR  3.62b 6.3¢ 1.55b 0.21a  0.48b 0.51ab  0.13a
09N (0.8) 0.18) (0.04)  (0.06) (0.06) {0.02)

by a different letler,

with an optical scanning device (CI1D Model 201 Area Meter,
Moscow, Idaho). : R
To determine whether photosynthetic rates of leaves from
etached-and-rehydrated: shes.were.representative of in situ
teaf photosynthetic capacity, instantancous meassurements of net
photosynthetic CO, assimilation were taken for sugar maple
leaves in the field from intact branches in a clearing and at the
top of the forest canopy {at 16.5 m height, accessed via a tower)
at the Proctor Maple Research Center, using the protocol described
above. Subsequent measurements of A, made on the same
leaves after branch detachment and rehydration indicated. that
A, was always within % of the rate measured on_intact,
branches (data not show ' LT
Photosynthetic résponses.to CO, ir
(¢, umol-mol ") were measured in the field fo extend interpre-
tations to ihe physiological mechanisay of photosynthesis. After
leaf A had reached a stable maximum (light saturation; Fig. 1),
CO, supply to the leaf was varied by ferouting a portion of the
airstream entering the leaf chamber:thro gh a CO,-absorbing

column and using a ball inflated by breath to supply elevated
CO, to the system, Although the system was not maintained at
‘jsothermal conditions, leaf and chamber air temperatures varied
by less than 1.5°C throughout a measurement cycle. Other envi-
ronmental conditions during the measursgments were the same
as specified above for A, &l ambient CO,. The IRGA was cal-
ibratect-against-at least-two. primary
Gases, Plumsteadville, Pa.) before and after conducting the
*experiments. Calculations of ¢; were made according to the equa-
tions in von Caemmerér and Farquhar (1981) with corrections
for the diluting effect of water vapor in air. All A, ~c, response
curves were conducted at PMRC (elevation 410 m) and are not
compensated for pressure. A rectangular hyperbola model
described in Gunderson et al. (1993) was fitted to the data for
A, and ¢ using nonlinear least squares modelling techniques
(SAS Institute Inc. 1990).

Leaf chemical analyses

Chlorophyll analysis was performed on leaf disks taken from
leaves adjacent o those used for photosynthesis measurements,
Chlorophyll was extracted using dimethyl sulfoxide as the solvent,
and sbsorbance was measured on a specirophotometer {Spectronic
Model 1001, Miiton-Roy, Rochester, N.Y.) at 648 and 663 nm.
Chlorophyll content (chlorophyll a and b) was calculated using
solution-specific absorption coefficients in Barnes et al. {1992).
In some cases, chlorophyli samples were stored frozen at 4°C
for 1--5 days prior to analysis, but chiorophyll may remain stable
for up to 1 week when frozen in dimethyl sulfoxide (Barnes et al.
1992: D. Elisworth, unpublished data). .

Total leal nitrogen (N} was measured 0B individual leaves for
which A, had been nieasured. Leaves were oven-dried, ground

CO, in the intercellular spaces

o Uzel) damage or mite infestations

CO, standards (Scott Specialty

“dures and regres:

NOTE: 1 = 4 trees, except al PMRC, where n = 6. Data are means witl standard errors in parentheses.
Witliin 2 column, means that are sigaificantly different (P < 0.05, Tukey's studentized range test) arc followed

and homogenized, and: analyzed using the Dumas, combustion
method (AOAC 1990) on a CHN analyzer (Elemental Analyzer,
Leeman Labs, Lowell, Mass.) at the University of. Vermont Pl
and Soil Analysis Laboratory. A pooled sample of adjacent leave
mﬁﬁm:alnﬁzwﬁmﬁeﬁimheﬁm%ﬁﬁ “ofVermontmmsmmm:
Plant and Soi} Analysis Laboratory for determina 2

macronutrient and frace metal content using inducti

vely coupled
plasma-emission spectrometry (Plasma Emission Spectrometer,
Leeman Labs, Lowell, M ). Le Cins b oious mor
phological evidence of pea thrips: (Taeniothrips inconsequen
' (Houston et al. 1990) were . .
itted for leaf nutrient analyse
onal Bure: (
eaf samples:indica

U

tions for N, P, and K.
concentrations at all time
~ Data were analyze

and 1egressio] 1q
‘The main effects of the m el

using site’ X treatiment as the error

tistically 'co_m"pa'réd‘usiiagj_flhkéY‘sﬁ_:‘siudﬁén_t_i_ib‘cl_:_'fajn‘g_ test when S
main effects were significant.at the appropriate level (P 0.05).
Data were transformed when necessary. o, satisfy s atistical assump-

tions, and residual plots were examined for all regressions (o
confirm that error variances wese stable (Sokal and Rohlf:1981).

Leaf A,,, was generally achieved within 30 min of illu-
mination for foliage on detached and rehydrated branches
(Fig. 1). A, varied considerably among sites (CV.= 31.5%;
Table 2) and also among trees within a site (CV =33.5%).

A OF control trees was significantly higher (P < 0.05) at
JOHN than at MORR, as was leaf N concentration and leaf
chlorophyll concentration (Table 2). Leaf Ca concentration
was significantly higher (P < 0.05) at JOHN than at PMRC,
and leaf K was lowest at MORR (Table 2). Sugar maple
foliar Ca was low (Jess than =0.50%) at both PMRC and
MORR (Table 2), and foliar Al was <50 pgvg‘1 at all sites
(data not shown). Field notes indicated that leaf-tip and
marginal necroses were occasionally observed for foliage
collected from both PMRC and MORR sites but not from
JOHN and FLET. Leaves also appeared chlorotic on some:
trees at PMRC and MORR, and leaf chlorophyll concen-
trations were lowest at these sites (P < 0.05; Table 2).. :
Photosynthesis and leaf nutrients — =+ - SR
Although leaf mass per unit area was high for all foliage
sampled (76.0 gm ™%, range 6297 g-m”%); as would be



unit area and 1o permit comparisons between A, and leaf

mineral. nutnem_concentlatxons Transformauom of leaf
mineral nutrient data from a mass 'to area basis tend to
increase the. vanablhty as a result of offsettmg variation: m".
leaf. mass’ per ‘unit area’ and ‘mass-based leaf nutrient con--. |
centrations (Field and Mooney 1986; Reich et al:’ 19944y,
and leaf

There was no s;gmﬁcant correlanon between A
mas$ per.unit’ area (P > 0.05; hence, data not shown). "
Among canopy leaves from all four sites, Ao Jmass was
strongly related to leaf N. concéﬁtranon (P.<.0.0001,
r* = 0.60; Fig. 2). This relauonshlp was also significant or
margmally s;gmf:cant for data among trees at PMRC and
MORR (P < 0.003, r~.= 0.74 for PMRC data; and P < 0.084,
= 0.68 for MORR data) but not at JOHN or FLET. There
was also a significant, although weaker, relation between

...area-based A, . and.leaf N among all.-four s:ies (Agie =

MEX

—~1.05 + 4.73[leaf N, in g N-m™], P = 0.004, r* = 0.31).
Light harvesting is intrinsically an area-based phenomenon,
but for the purpose of examination of trends in leaf chioro-
phyll with respect to nutrient concentrations among the dif-
ferent sites, total leaf chlorophyll {chlorophyll @ + b) was
expressed on a leaf dry mass basis (mg-g~!), Among all
four sites, leaf 4,,,,/mass was sxgmﬁcam]y correlated with
mass-based leaf chlorophyll (P = 0.0065, r? = 0.54; Fig. 3A).
The corresponding area-based refanonshxp (chf ch]01 ophyll
in g-m™? versus leaf N per unit area in g N-m™%) was also
mgmﬁc(mt but somewhat weaker (P = 0.028, r* = 0.40;
hence, data not shown). Mass-based leaf chlorophyll con-
centration was bagmfxcamly correlated with leaf N concen-
tration (P = (.0041, r* = 0.58; Fig. 3B) but not w;th any
other leaf mac:onutncm

Among the three sites. that were fertilized with base cations,
teaf Ca was apparently greater for fertilized than for unfer-
tilized trees at the FLET site only (leaf Ca > 1.0%: outlier
points in Fig. 4). There were no other obvious differences in
leal” macronutrients between fertilized and unfertilized trees
within or among any of the sites. Fertilization effects on
A, Were examined. with correlation analyses using indi-
vidual tree nutrient data because (i) the overall ANOVA on
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Fig. 2. Relationship between leaf net photosynthesis (4,,,/ R N
mass) and leaf N concentration for canopy leaves of sugar maple 20 e
from four sites in northern Vermont. The relauonshlp shown is —~
Ansy/mass = —88.7 + 91.9(1eaf N) (P < 00001, = 0.60, n = 25), B
. :

Py —
expected for “sun” foliage near the top of sugar maple forest =y ' :
canopies (Ellsworth and Reich 1993), A max W2S expressed \_E, e : :
per unit leaf dry mass (A,,,/mass) in order o examine intrin- j 10k L
sic variation in A, unrelated to variation in leaf mass per = L ;

maxfm"'_ls

mass- and area-based Am (unbalanced de31gn) were not sig-
mﬁcant (area based Apans Koz 2.31,df =17, MSE'= 2,96,
P = 0.0967 Anm/mass F.-i'.=_-2 69, df = 17, MSE = 682.9,
P = 0.063), (ii) plot and site effects cannot ‘be separated in
the experimental design, (i7i)’ ]pre:treatmemjAmx data were
ot avatiable and (iv) Ioglstw considerations limited the
number of irees that could be sampled on any. sne—plot com-
bination (n = 2—-4 trees sampled for each of the three sites).

Correlation analyses of A, . /mass among trees on all four
sites with leaf mineral nutrient concentrations other than N
were conducted in order to examine the possible importance
of Jeaf nutrients with respect to leaf carbon assimilation capac-
ity. For unfertilized trees among the four study sxtc‘; A

"'1'3

“mass was significantly correlated (P < 0,0001; r* = 0.51)

with leaf Ca concentration (Fig.' 4A). This’ reldtmnshlp was
also s:gmﬁcam (P, 001} for the pooled-"data set using
both fertilized and unfertilized trees among Sites. However
the within-site relation between’ Am"xlmas_' , ‘ 5i;
nificant for PMRC" data’ only (P <0.018, 7% .
addition of leaf N concentration to the nvode] unproved ro

0:62 (P.< 0. 0001) and 0.66 (P<0, 0001) for the unfertil-

- ized trees alone and for the. mmbmed data sets; respectively.

For unfertilized trees there was a tendency, (17 of 19 leaves
mwsured) for A, .. /mass to be-low (<80 nmol- g0 571y ar
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LEAF CALCIUM (%)

. Fig. 4. (A) Correlation between leaf net photosynthesis
(A, /mass) and lcaf Ca concentration for canopy leaves of sugar
maple on four sites. Data for unfertitized trees from each site
. arc indicated by a different filled symbol (see Fig. 2). Open cir-
" cles indicate data for fertilized trees pooled for the three sites
where this treatment was applied. The relationship is significant
using data for unfertilized trees (P < 0.0001, r* = 0.51) and
using data for fertilized and unferilized trees on all sites combined
(P = 0.001, r¥ = 0.23). () Correlation between leaf Ca and leaf
N concentration for canopy leaves of sugar maple. Symbols are
as in Fig. 4A. The relationship is significant using data for unfer-
tilized trees only (P < 0.0001, r¥ = 0.64). (C) Scatterplot of
instantancous photosynthetic pitrogen-use efficiency (PNUE) as
a function of leaf Ca concentration, Symbols are as in Fig, 4A.
“The correlation is significant using data for unfertilized trees
(P = 0.0036, r¥ = 0.32) and for unfertilized and fertilized trees
pooled (P = 0.0008, r’ = 0.28). - '
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| A‘%@ 0 . respectively). Curves represent a rectangu ¢ hyperbol function
. fitted to the data, Initial s - Vsig own in:Table
' x S 3, Data have notb
0.0. e
LEAF NITROGEN (%) " .
1 | // /! i 14‘1112'1)&/ : n
—~ ' o s . tilized: trees alo
M o
!‘? 100 o o in (
z o8 ¥ o gnificant 05; data niot shown). Among leaf
o o = O macronutrients, Ca concentration wa; ‘strongly correlated
s o 8 Py & o with leaf N. concentration when unfertilized trees were ana-
g 50 " Oa - lyzed alone (P.< 0.0001, 72 =.0.64), but there was 1o sig-
' nificant relationship between these: variables {for the pooled
el © data sets (Fig: 4B} There-was also a’significant relationship
“ A between leaf Ca con ‘entration .and leaf Mg concentration
= o , L for unfertilized trees (P = 0.0014; r2= 0.38) and for the
0.0 0.5 | 6 < 14 unfertilized and fertilized trees combined (P =0.0001, r~ =

0.35; data not shown). Examination of instantancous.leaf
photosynthetic nutrient-use efficiency (PNUE), expressed
as the ratio of 4, /leaf N concentration, can be used to cal-
culate A, on a Jeaf N basis and indicate whether the cor-
relation between A, /mass and leaf Ca concentration arises
as a result of the correlation between leaf Ca'and N in
Fig. 4B. PNUE was correlated with leaf N concentration,
as expected (P = 0.0009, #* = 0.27; data not shown); how-
ever, there was also a significant correlation between PNUE
and leaf Ca concentration for unfertilized trees (P = 0.0036,
2 = 0.32) as well as for the pooled data sets (fertilized and
unfertilized trees; P = 0.0008, r._-z; =0.28; Fig. 4C). -

For. the purpose of determining whether the low.leaf Ca
concentrations (Ca < 0.50%) observed in this study in sugar
maple were related to possible. biochemical dysfunction of
photosynthetic processes, Curves of A, as a function of
leaf intercellular CO, concentration (c¢;) were examined
(Fig. 5). Representative curves of Ay, for leaves of
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Tasee 3. Characteristics of the A,,~c; curves shown in Fig. 5

Site Slope Temp. Predicted A,,,, Leal N/arca
and leal  (molm~2s 1) (°Cy (umol-m~%s7) (g N-(m? Jeaf)™ !
JOHN 0.051 28.2-28.5 9.82 1.67
PMRC1 0.044 23.8-24.9 7.96 1.38
FLET 0.026 21.5-22.5 5.41 £.14
PMRC2 6.022 27.9-284 3.63 1.08

NoTE: Dala are organized in ducendmg order by slope. Slopes were delermined by Tinear regressions of A,
on ¢ at ¢; = 20-400 pmel-moi ™. The range in air iemperatures for which cach curve was messured is indicated
.ﬂonu with the predicied A, at the “operational” ¢; (Farquhar and Sharkey 1982) using the nonlinear regres-
sion models, The operational ¢, was determined as the average ¢, Tor all measurements of A, at ambient

CO, {n = 38).

contrasting N and Ca status were chosen from among 10
such curves that were developed using canopy leaves from
the study sites (D. Ellsworth, unpublished data). For leaves
in Fig. 5 of similar leaf N status (high N = 1.9%, JOHN
and PMRCI; low N == | 7%, FLET and PMRC2), low Ca
Teaves (arb:trani)' defined as leaf Ca < 0.40%) did not show

Mg concentration was highest (Table 2). Leaf X was com-
parable to concentrations reporied in Oimet and Fortin (1992)
for unfer txhzed sugar maple stands in. Quebec..

Crown position effects could have accounted, in part, for

low Ca and Mg, concentrations in sugar maple foliage in

this s,tucly compared with others; some investigators (Mader .

noticeable redactions I e Inital s1ope of the A€ CUTVe
relative to leaves with higher Ca {Ca = 0.60% for bo[h JOHN
and FLET). The initial slopes of the A, ¢; curves in Fig. 5§
(slope from ¢; = 20 to 400 pmol-mol ™) ran%d from 0.022 to

0.051, and the ranks of the slopes (JOHN > PMRC1 > "

FLET > PMRC2) corresponded to the ranhs of the ‘area-
baaed measure oI ieaf N (Table 3)

Dlscussmn :

Leaf Ca concentrations in the canopy at PMRC and MORR_IV
(Table 2) are among the lowest values reported. for sugar_.. i

maple. According to other studies of mature. euga :
leaf Ca concentrations generally exceed 0.60% in’ ‘oth
of northeastern North America (Chandler 1939 Le

1979; Bernier and Brazeau 1988; Oimet and Fortin’ 1992 -

but see Kolb and McCormick 1993). In a bioassay ‘of seedlmgs
grown in sand culture with a complete nutrient solution except
Ca®*, Erdmann et al. (1979) observed visual deficiency
symptoms such as leaf chilorosis and leaf-tip and mdrgmal

necroses at leaf Ca concentrations of 0.86%, higher than in -

the present study for mature sugar map!e Similar foliar
symptonis were occasionally observed in the field for matire
canopy trees with evidence of past dieback at PMRC and
MORR, where total leaf chlorophyll concentrations were
also low (Table 2), although nutrient deficiency cannot be
ascribed as the only likely cause of such visual symptoms,
Some visual symptoms such as chlorotic mottfing and mar-
ginal necrosis are nonspecific and may also indicate feeding
damag,e by pear thrips (Houston et al, 1990), yet the incidence
of damage by pear thrips was locally low in the year of this
study (H.B. Teillon and S.H. Wilmot. Vermont Department
of Forests and Parks, unpublished data).

Leaf Mg concentrations among the study sites were also
low (£0.10% for all sites except MORR; Tuble 2) relative to
values reported for sugar maple forests exhibiting dieback in
Quebee (Mg concentrations generally »0.12%; Bérnier and
Brazeau 1988; Kolb and McCormick 1993). Althou&h leaf
Mg concentrations may be associated with the concentra-
tion of green pigments in leaves because of plant Mg require-
ments for synthesizing chlorophylls (Lange et al. 1987; Oren
et al. 1993), there was no correlation between leaf Mg and
leaf chlorophyll concentration:in this study. In fact; Jeaf
chlorophyll concentration was lowest at MORR, ‘where leaf

and Thompson 1969; Bernier and Brazeau 1988; Otmet and
Fortin ' 1992)-have samp]ed more shaded foliage near the
midcrown, where there is a tendency for somewhat higher but
also Iess Vdnable Iedf nutrient coucentmt;ons {han in upper

ciosely related 10 Jeaf: N concenuauon in thxs study {Fi 1g _I3B)

_“The corielation beiween A,n o and leaf chlorophyll concen-
_ iration for leaves grown in h:gh hght posmons near the top
“of the canopy (Fig. 3A)"; ‘may not arise based on strictly

functional considerations because of the strong correlatmn

_'betwcen leaf chlorophyll and leaf N~ concentration, and
_bccause the light-harvesting and energy-transducing com-
'pouents of the photosynthetic apparatus are frequcntiy not

limiting CO, fixation under sunny conditions {Evans 1989).

If taken as an index of leaf chlorosis, however, a correla--
tion between A, and leaf-chlorophyll concentration may
indicate a possible relationship between the overall degree
of foliar chlorosis and reduced net photosynthesis for upper

canopy leaves.

Photosynthesis and leaf nutrients

For many species, there are strong linear relationships
between A, and leaf N that are associated with the limi-
tations of soil N availability in terrestrial communities and
with the central role of N-based compounds in regulating
leaf CO, fixation capacity (Field and Mooney 1986; Evans
1989) The form. of the Am;—N reldtmnshlp may vary depend-
ing on whothcr variation in leaf N arises as a result of () soil
nutrient avaxlab:hty, (i1) variation in the microenvironment
(Hlswmth and Reich 1993), or (iff) an endogenous control
such:as Ieaf aging (Reich et al, 1991; 994(:) For sugar
maple, Ellsworth and Reich (1993) observed strong A, ~N
relationships using the area-based expressions (Aax and
leaf N per unit area) for feaves among microsites of
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-ontrasting light availability, whereas there were no mass-
ased A, ~N relationships. Strong arca-based A, ~N rela-
xonehsp‘; appear to be most common when leaf N per unit
wea varies more than leaf N concentration. This occurs as a
-esult of variation in leaf mass per unit area, which has
reen observed among leaves arrayed along a forest canopy
ight gradient (Ell‘;wonh and Reich 1993). In contrast,
{nax/mass was most closely related to leaf N concentration
. the present study (Fig. 2), as was also found by Reich
t al. (1991), Since variation in leaf microenvironment and
1ging were minimized by collecting foliage near the upper
sortien of the crown and sampl:u; fully expanded non-
senescent Jeaves, leaf N most lxheiy varied among trees and
sites as a result of differences in nutrient availability within
nd among siles and {or) because of tree to tree variation
n nutrient supply capacity to foliage in the upper crown.
HtinOh the area-based A, ~N relationship was weak
® = 0.31, data not shown), the lower slope for this rela-
1011sh1p compaxed with previously published values {see

Reich et al. 1991; Ellsworth and Reich 1993) may indicate .
sueGetimitation=ofphotosynthesis: bykothe%numenis{ﬂmch".""'""'

ind Schoettle 1988; Reich et al. 1994q).

The observed correlation between A, /mass and leaf Ca
soncentration (Fig. 4A) may indicate that Ca limitations or
nteractions with other mineral elements are also i 11111)0: tant
n controlling leaf-level carbon balance in sugar maple trees

. Hutchinso

leaf Ca’is largely driven by differences in Ca among sites
(Table 2, Fig. 4) and may also be related to differences in
fine-root function among stands and to the associated capac-
ity for water and nutrient uptake (see Adams and Hutchinson
1992). Moreover, the relationship between A, /mass and
leaf N was stronger (r* = 0.60, Fig. 2) than the correlation
between A, /mass and leaf Ca (r~ = 0.51 for unfertilized
trees only, Fig. 4A) and was only improved slightly (1o
r? = 0.62) by the inclusion of Ca in the regression model.
Examination of A-c¢; curves (Fig. 5) supports this interpre-
tation, since the-initial slopes of the curves is proportional
10 leaf carboxylation capacity (Farquhar and Sharkey 1982),
The initial slopes corresponded closely to Teaf N status
{Table 3), but these data do not demonstrate a clear inter-
action of reduced Ca at moderate (leaf N = 1.9%) or low N
(leaf N = 1.7%). '

Interactions between N and Ca nutrition may affect A, in
canopy ledves, since there was a tendulcy for h1gher
A /mass i femlued trees (Fig. 4A) and lower PNUE at low
Ca (Ca<0. 5%, Fig. 4C)! Other investigators (cf. Re;ch and

in PNUE 'fo interactions between N nutrition and other min-
eral elc,mentq It is possible that base-cation fcxi;hmuon
may.enhance. fine-root growth and function (Adams and
992), wiuch could Lesuit in mcwased N supply

n these sites. Although reports of limitations to leaf photo- L mes op}

ynthes:s by mineral nutrients other thdn N are not com- . ;
non {Reich and Schoettle 1988), ‘there is evxdence thdt low p
eaf Ca, low leaf Mg, or high foliar Al:Ca | may be whted to"i'_ :

lecreased leaf carbon balance in coniferous trees growing on-
wtrient-poor soils or soils altered by pollutant deposition” 1

Langc et al. 1987; Zimmerman et al. 1988; McLaugh!

it'al. 19915 Reich et al. 1994b).” Although Ca may not play. .
t direct role in leaf photosynthetic carbon fixation, low -

oliar Ca (0.3-0.4% Ca) was associated with e]evatud leaf
espiration and reduced leaf carbon balance in red spruce
Picea rubens Sarg.) saplings on acid soils in the southern
\ppalachians (McLaughlm et al. 1991; McLaughlin and
{ohut }1992). Low A, /mass in sugar maple was common at

zaf Ca < 0.5~0.6% among the four stands on acid soils in-

‘ermont (Fig. 4A). Cytosolic Ca’” is important in main-
aining cell integrity and membrane stability (Kirkby and
Yilbeam 1984), and reduced Ca may be associated with
eductions in the leaf carbon balance or photosynthetic effi-
iency through perturbations of membrane-related processes
Marschner 1986; McLaughlin and Kohut 1992),

Previous interpretations of the functional significance of
Lmc-TIutrient relationships have been p1cdlcated on the basis
f the prominent role of an element in key functional bio-
hemical constituents associated with photosynthetic processes
Reich and Schoctle 1988; Evans 1989). Since these rela-
onships are only correlative, caution must be taken in their
terpretation (Field and Mooney 1986). On the basis of the
trong arguments made previously in favor of the generality
FA, N relationships among species (Field and Mooney
986) as well as for sugar mdpk alone (Reich et al. 1991,
Hsworth and Reich 1993, and the strong correlation between
af Noand Ca among trees sampled in this study (Fig. 4B),
cannot be concluded that the correlation between A u/mas»
nd leaf Ca observed for sugar’ maple in this study (Fig, 4A)
+ necessarily aitributable 1o a direct functional relationship
clween these parameters, Co-variation in A, /mass- and

Federer et al, 1989; Le;chty et al. 1993), in the dbsence of
b!ocreochemacal and root physiology data it remains unclear
whethcr low foliar Ca and Mg in sugar maple on these sites
resulted from low soil avallabllity of these cations, from
the mhlbmon of base- cat:on uptake in acid soils, or from

losses of Ca®* and Mg?* ions from upper soil horizons as a
result of acid deposx_llon {Raynal et al. 1992). Regardless
of the proXi__mai cause of the adverse nutritional status of
sugar maple on these sites, this study represents one of the
first efforts to address canopy physiological responses to
nutrition that may be associated with dieback in mature
sugar maple trees in northern Vermont, Low leaf Ca (<0.60%)
and Mg (<0.10%) were observed in stands exhibiting dieback
in this region, and Jow leaf chlorophyll concentrations may
also be common in these cases. While N has a primary role
in CO, assimilation processes (Evans 1989}, there is also
limited evidence of Ca-related disturbances 1o jeaf carbon
balance in sugar maple (Figs. 4A and 4C), suggesting pos-
sible co-limitation of photosynthetic processes by N and Ca
or interactions between Ca and other mineral nutrients such
as Mg. Because sugar maple trees exhibiting marginat nutri-
tional status ‘appear to show lower A, (Table 2), further
reductions in net photosynthesis beyond site preconditioning
such as may occur as a result of defoliation and damage by
pear thrips (Ellsworth et al. 1994), drought, or other envi-
ronmental stresses could potentially reduce the tree carbon
economy, cnough 1o trigger crown dieback. Despite recent
improvéments in sugar maple crown condition in Vermont

setoette: *1988*Re1ch eralﬂ*)()zm yhaveatribited reducthions
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(Teillon and Wilimot 1993) and in other parts of northeastern
North America (Allen et al. 19924), it is also likely that
recovery will be retarded on strongly acidic and low-nutrient
sites where maple canopy carbon balance may be reduced by
N limitations and N and Ca X Mg interactions.
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