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.d ABSTRACT.--One current projection for the
longterm effects of acid deposltion Is a decrease
in tree growth caused by progressive decreases In
soil pH, and availability of N and P. To evaluate
this, we have measured tree growth, and rates and
pathways of N and P cycling In four hardwood

cu. forest stands along a gradient of soll fertility
on the unglaciated Allegheny Plateau of Ohio.
Along this gradient, mean soll pH varies from 3.7
to 5.2 while extractable phosphate and nitrate
vary six- and three-fold respectively. Basal
area, follar mass and lltterfallmass were similar

among sites, while follar and lltterfall nutrient
concentratlons Increased with Increasing
fertlllty. Nutrient mlnerallzatlon and mass loss
rates from lltter correlated strongly with
nitrogen and phosphorus content in litter while
leaching of cations and P from the canopy by
throughfall Increased with Increasing site
fertilltyo Tree growth rates of four canopy tree
specles were slmilar among sites. Measures of
nutrient use efficiency (resorption prior to
Iltterfall, and growth efficlencles), generally
increased wlth decreasing soil fertility.
Therefore, as fertility decreased, N and P cycling
rates decreased and efflclency of N and P use
Increased, at least over the pH/fertility ranges
in these sltes. Since growth rates did not vary
greatly amongsltes In these four species, these
data suggest that compensation strategies exist by
whlch the effects of acid deposltlon on soll
fertility can be mediated, at least to some
threshold extent.

INTRODUCTION and (4) problems associated wlth longterm,
Iongltudlnal ecosystem research. It Is generally

Experimental analysis of the Iongterm effects agreed, however, that one major iongterm effect of
of acid precipitation on forest ecosystems Is acld deposltlon will be a decrease in soil
exceedingly difficult for a variety of reasons nutrlent availability, Induced by Increased
including (1) the buffering of acids by canopy leachlng of cations, decreased surface soil pH,
exchange, forest floor or soll Interactions, (2) and decreased rates of litter mlnerallzatlon and
compensatory mechanisms wlthtn the ecosystem, (3) nitrification (Aber et al. 1982).
problems of scale Involved in whole analyzlng
forest ecosystems, especlally In complex terraln, While a variety of studies have Investigated

the effect of fertilization (Miller et al. 1976)
or acldiflcatlon (Tvelte 1980, Abrahamsen et al.
1980) on tree growth and nutrient turnover in

1A paper presented at the Fifth Central conifer plantations, few parallel data exist for
Hardwood Forest Conference held at natural declduous forest stands. In this paper I

Urbana-Champalgn, illinois on April 15-16, 1985. descrlbe studles of four deciduous forest stands
In a watershed In southeastern Ohio, which are

2Department of Botany and Graduate Program In similar In history, basal area, soil texture, and
Environmental Biology, Ohio State University, parent material, but which differ strongly in soil
Columbus, Ohlo 43210. nutrient avallablllty. It Is hoped that by
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understanding how and why nutrient turnover and Riemenschnelder 1964) and are all fine sandy
tree growth differ among these four stands, some loams, except those of the ridge-top which have
Insight Into longterm acid deposition effects may slightly more silt and less very fine sand; all
be gained. Specifically, this paper will discuss have <10% clay content (Riemenschnelder 1964).
(I) cycling of nitrogen and phosphorus vla
lltterfall/decay and throughfall pathways, (2) The three soil series mapped In these sites
responses of forest stands in terms of nutrient use (Flnney et al. 1962, Riemenschneider 1964)
efficiency, and (3) growth and nutrient use commonly Intergrade on the slopes of these steep
dynamics of selected major tree species, watersheds and are often mapped as a unit (Petro

et al. 1967). Differences In horizon depth and
development among these soils are related to slope

STUDY AREA position, aspect, vegetation (Flnney et al. 1962;
Petro et al. 1967), and litter redistribution

Neotoma Valley is a 1.2 km. long, 73 ha, patterns (Orndorff and Lang 1981, Boerner 1984a).
V-shaped watershed on the unglaciated Allegheny

Plateau 8f southern Ohio, USA (Lat. 39° 35' N, Differences in soll chemistry among sltes were
Long. 82 33' W). The climate of Neotoma Is determined from twelve A-horizon (0-20 cm) samples
temperate, cool, continental wlth annual per site taken in May and August 1983. Soll
temperature maxima between 33 and 39 C, temperature samples were extracted with 2N KCI (for nitrogen
minima between -20 and -29 C and annual forms) and NH_OAC (for cations and phosphate).
precipitation of 100-105 cm (Wolfe et al. 1949). Cation concentrations were determined by atomic
Parts of the valley were lumbered during the 1800's absorption (Likens and Bormann 1970) while
with the last select cutting occurring between colorlmetrlc methods were used for N and P
1900-1910 (Koch 1964). The four study sites are analyses (phosphate:stannous chloride method,
located in areas uncut slnce the mld-late 1800's. ammlonlum:phenate method, nitrate:ultraviolet

method; A.P.H.A. 1976). Base saturation and
Study sites have been estabilshed In the four cation exchange capacity were determined at the

major forest types found In the valley: Chestnut Ohio Agricultural Research and Development Center,
oak forest on the ridge-top, mixed oak forest on Wooster, Ohio.
the southwest-faclng slope, mixed mesophytlc forest
on the lower, northeast-faclng slope, and Soil chemistry varied considerably more than
transitional, red maple-tullp-chestnut oak forest texture. A-horizon pH, base saturation, and
on the mid-upper, northeast-faclng slope (Table I). extractable levels of major nutrients all

Increased In the order: chestnut oak < mlxed oak

With the exception of the narrow floodplain in < mixed mesophytlc < transitional, including a
the valley bottom, which Is covered by lacustrine threefold range in extractable nitrate and slxfold
deposits, the soils of the valley are all derived ranges In phosphate and calcium availability
from the coarse graIned, Misslssipplan-age (Table 3). Thus while texture and exchange
sandstones and conglomerates which underlay the capacity were similar among the study sites, pH,
valley. The soils of the four study sites were all base saturation and nutrient availability all
formed from the native bedrock (Wolfe et al. 1949, varied strongly and in a consistent pattern.

.......

TABLE I --Species composltlon of four forest study sites in Neotoma Valley, Ohio. Importance
percentages (IP) are the mean of relative denslty and relative basal area in six 10 X 10 m plots per site.
Only species with IP greater than 10 In at least one study site are Indicated; 47 tree species occur In
the valley. Nomenclature follows Braun (1961).

Sites

Chestnut Mixed Mixed ....

Species Oak Oak Mesophytlc Transltional

guercus Drlnus 66.5 23.4 2.7 24.9
_cer rubrum 28.0 23.1 3.9 17.7
_agus grandlfolla 1.3 8.2 17.5 9.5
Quercus cocclnea _ 21.1
Ouercus alba . 11.4 16.1 8.---8
Nyssa svlvatlca _ 5.1 5.0 12.4
Prunus serotlna 16.5

Llrlodendron tullDlfera ...... 18.3 14.6
Ouercus borealis 14.8

........

Slope (o_ <5° 15_2_o 20_25° 25_3_o
Aspect(v) 230v 500 50
Basal Area (m2/ha) 36.4 32.4 33.4 30.5
[Mean, (std. err.)] (6.1) (2.9) (5.3) (2.3)

, .
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_ndy TABLE 2.--Sell series, texture, profile characteristics, and classlflcatlon of the four sites.
:h have CiassifIcatlons are from Petro et al (1967) whlle profile data are from three-flve sell plts per site
Id;all
1964). (Finney et al, ]962).

Site Series and Texture Classification A-horizon depth Depth to Bedrock
B sites (cm) (cm)
4)

se steep
t (Petro

pth and Chestnut Oak Berk flne sandy _oam- Inceptlsol: 30-40 60-100
d to sl sllt loam Typic Dystrochrept
al. 1962

ution Mixed Oak OeKalb flne sandy loam Inceptisol: 50-60 60-120
r 1984a), Typic Dystrochrept

Mixed Mesophytlc
sites were and Neotoma flne sandy loam A_fIsol: 30-40 80-720

:m)samp TransitionaJ MolllcHapludalf
Sell
nl
)hate).
! atomic TABLE 3_--Selected A-horizon sell characteristics In four forest types In Neotoma Valley, Ohlo.
lle Extractable nutrient concentrations are In uEq/1OOg (except C.E.C.: mEq/1OOg). Values followed by the
p same lower case letter were not slgnlficantiy different at p=.05. Base saturations were arc-slne

B$hod, transformed, and pH values converted to hydrogen Ion concentrations, before anaiysls of variance, and
_Io|et WaIfar-Duncan K-ratIo post-test.
n and
d at the
ant

Base Cation

Site pH Nitrate Phosphate Calcium Magnesium Potassium Saturation Exchange
more th_ (%) CapacIty

, and
,II
mixed oa

udlng a Chestnut Oak 3.7 a 26o2a 87.2a 457.4a 144.0a 69.5a 3.0a 21.7a
and slx_ Mixed Oak 4.0 a 33.3a 192.1a 831.7a 268.8ab 76.3a 7.8b 15.3b

_iilty Mixed Mesophytlc 4.7 a 48.8b 361.6b 1114.4a 294.8ab 156.4ab 11.8b 13.0b
lange Transltlonai 5.2 b 80.9c 513.4b 2985.7b 481.3b 181.6b 35.6c 11.3b
;Ites,

lty al I
_tern. LIT-FERFALLAND LITFER DECAY years at each site, and varied directly wlth the

avallabillty of each In the sol| (Fig. I).

The mass2of leaf iitterfall during 198_ varied
nce from 332 g/m /yr (Chestnut oak) to 496 g/m /yr While the mass of leaf lltterfallwas not

fs per sl (Transltlonal) (Table 4). These values fall within significantly different among the chestnut-oak,
occur I the range for temperate deciduous forests of the mixed oak and mixed mesophytlc sites, the higher

region (Bray and Gorham 1964, Sharpe et al. 1980). fertility site (mesophytlc)had higher fluxes of
LItterfall mass was significantly higher at the all elements in leaf lltterfailthan the lower
transitional site than at the other three sites fertility sites. The transltlonai slte, the most
(Table 4). fertile site, had the highest rates of litter mass

(Table 4) and nutrient (Table5) transfer In leaf

Translti Over 90% of annual leaf lltterfall occurred litter of the four sites. Thus, while lltterfal!
between I September and 15 December (Table 4). mass differed relatively littleamong sites,
Rates of autumn leaf fall were similar In the two litter nutrient concentrations,and therefore

24 _ years except In the mixed oak stand where several lltterfall nutrient fluxes,differed markedly.
treefaiis occurred during April 1982. The removal17,
of several large canopy trees from the Immediate Mass loss and nutrient mineralization from

9,
area of several llttertraps resulted In a 20% leaf litter were measured by placing 3mm mesh,
decrease In harvested leaf iltter In the mixed oak polyethylene lltterbags wlth 20g of alr-dried

8.1 site during autumn 1982. While this change was litter In each site on 15 November 1980 and 1981
12, statistically significant, It was well within and recovering them In groups of 3-5 monthly over

established ranges of year-to-year variability In the next 24 months. Mass loss rates flt single
14. IItterfall In declduous forests (Bray and Gorham exponential functions closely, though year-to-year

1964). differences dld exist (Table6).

While the total mass of leaf Iltterfali was not Regression of mass loss rates vs environmental
determined during autumn 1980, fresh litter was factors (litter N and P content, titter and sell

5( trapped that autumn for use in lltterbags. Thus,
nutrient concentrations In autumn leaf iltter are

( available for three years. Nitrogen and phosphorus sell N and P pool sizes) showed Initlal litterN
concentrations were consistent over the three concentration to be the single strongest correlate
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TABLE 4.--Lltterfail ma_ss In g/m2/yr In four forest stands during 1981 and 1982. Means are based on
collections from six 0•25m- ilttertraps per slte harvested biweekly. Standard errors are given In
parentheses• Values followed by the same lower case letter were not signlficantly different at (p=.051.

Slte

Chestnut Mixed Mixed
Lltterfail Oak Oak Mesophytlc Transitional
Component

Full Year 1982 332 (19.3) a 365 (11.6) a 386 (18.8) a 496 (15.1) b
Autumn 1981 355 429 367 358
Autumn 1982 310 342 358 368

1981-I982 DIfference n.s. p<.01 n.s. n.s.

to decay rate (r2_.799); only litter nltrogen
and phosphorus (r_=.396) were significant single
factor corr. Iates to re lat Iv. decay rate.

C 0 M T C 0 M T C 0 M T The lack of strong correlations with I lgnln

1.4 ' ' ' 7_11]' ' ' ' and evapotransplratlon (c.f• Meentemeyer 1978)_ - were likely due to relatively small ranges among
1.2 - sites for these variables (e.g. I lgnln ranged

O 16.1-20•7% of dry mass). Thus whlle microcllmate
- and I ignin may be the best predictors of decay

1.0 r=='957 rate on a broad scale, on this narrower landscapescale, Initial litter N and P concentrations,
m r 2=.654
= which are dependant on the avallability of these
r_
o elements In the sol I, correlated most strongly
= 0.8 [] r=:.917 with decay rates
0
z Nitrogen was Immobilized In IItter during the

(_8 _[]r first year of decay In all sites and during both
_]--E_ Initial years. Litterbags at the more fertlleLJ

---- mixed mesophytlc sites gained 7-20% nitrogen by
OA _ mass, depending on site and year, while Iltterbags

11.0 1980 1981 1982 at the less fertile chestnut oak and mlxed oak
E C'CHESTNUTOAK sites gained 18-29%. Thus, while I ltterbags at
"" O:MIXEDOAK

-- M'MIXEDMESOPHYTIC all sites lnu_oblllzed nitrogen, proportional and

I T=TRANSITIONAL absolute nitrogen Immobilization were higher at

10.0 ._ the less fertile sites (Table 71• Net nitrogen

L mineral Izatlon began during the second year at the
4_g__- more fertile sites while the less fertile oak9.0

z _ sites continued to Immobilize N during the second
'" _ year (Tab le 7).

o ]01_8.(]

_ TABLE 5.--Fluxes of nitrogen and phosphorus
-E_ _ (kg/ha/yr) in leaf I ltterfall estimated as the

4_g-'E_- product of leaf I itterfal I mass and mean nutrient
7.(] r2=.943 r==.400 r2=-766 concentrat Ion from col l ect Ions made blweek I y

during 1982. Values fol lowed by the same lower
6.Or , , , , , . , , case letter were not slgnlficantly different at p

C 0 t_ T C 0 M T C 0 M T = .05, following analysis of varlance and
SITES Waller-Duncan K-ratio post-test. Standard errors

of the means are given In parentheses•

FIGURE 1.--Litter N and P concentrations in
leaves from four forest stands. Means and standard Sites Nitrogen

errors are plott_d and coefficients of
r _ _ determination (r) from regressions of litter
i concentrations on soll pool sizes given• Leaf

nitrogen content was determined by Kjeldahl Chestnut Oak 24•1 (1.61a 1.9 (0.1)a
dlgestlon (Bremner 1965) whlle phosphorus was Mlxed Oak 27•5 (1.21a 1.7 (0.1)a
determlned by dry-ashlng (Llkens and Bormann 19701 Mixed Hesoph_rtlc 33.6 (1.71b 5.8 (0.2)b
followed by stannous chloride determlnatlon Transitional 38.1 (1•1)b 5.8 (0.2)c

:_ (A.P.H.A. 19761.
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TABLE 6.--Prgportlon of mass remaining (% mass), relative decomposition rate (k), and coefficients of
ed on determination (r-) from non-linear regression of mass losses from lltterbags over one and two years.

Standard errors of estimates are given In parentheses. Rates followed by the same lower case letter were.05).
not slgnlflcantly dTfferent following palrwlse t tests using the standard error of the slope estimate from
the non-linear regressions.

Sites
Chestnut Mixed Mixed

Parameters: Oak Oak Mesophytlc Transitional

i 1980 Litter: One Year% mass 68.2 (2.9) 62.3 (4.6) 53.0 (I.?) 59.5 (5.6)

i .403 a .454 a .595 b .594 bk2

i r .877 .823 .907 .8701981Litter: One Year

I % mass 70.6 (2.1) 80.3 (7.5) 60.2 (3.8) 59.0 (2.0)

k2 .332a .275a .507b .531b
en r .750 .635 .815 .866
Ingle

1980 Litter: Two Years
% mass 63.9 (2,6) 57.7 (5°0) 40.8 (1.7) 49.4 (4.3)

gnln k2 .238 a .290 a .437 b .442 b
78) r .648 .707 .888 .753
a_ong
ed
llmete

cay

dscepe TABLE 7.=-Nutrlent mineralization (Immobilization) during litter decay In four Ohlo forest stands.z
s, Fluxes (mg/m /yr) are the product of 1982 Iltterfall fluxes and the proportion of mass of each nutrient
these remaining at the end of one and two years of Incubation in Iltterbags.
giy

Slte Nitrogen Phosphorus

ng the
both 1980 Litter: First Year
lie Chestnut Oak (593) 69

n by Mlxed Oak (495) 90
terbags Mlxed Mesophytlc (269) 276
oak Transitional (282) 444
s at
I and
r at 1980 Litter: Second Year

Chestnut Oak (161) (227)
ogen
at t_ Mixed Oak (74) (176)

ak Mlxed Mesophytlc 441 (268)
second Transitional 419 (350)

1980 Litter: Two Year Net

I Chestnut Oak (754) (139)

Mixed Oak (569) (85)opus
the Mixed Mesophytlc 172 8
trlent Transitional 141 326
Y

ower Litter phosphorus was mineralized rapidly at THROUGHFALL
t at p all sites during the first year, and Immobilized

errors during the second year (Table 7). Over a two year Throughfall chemistry can affect cycling of N
perlod, litter at the mixed mesophytic and and P in two ways: (1) by moving nutrients from
transitional sites was a source of soluble N and P leaves and leaf surfaces to the forest floor and

to the surface soil while Iltter at the less (2) by buffering acids In Incident precipitation
fertile mixed oak and chestnut oak sites was a slnk thus amelloratlng potentlal hydrogen Ion effects
for soluble N and P. In the forest floor.

Thus, both the absolute mass and rate of Throughfall was collected biweekly from six
cycling of N and P varied with soil nutrient funnel collectors per site, The funnel tops were

(0.1 availability. The lower the availability, the covered with polyethylene mesh to minimize
(0,1)_ smaller the flux of N and P In iltterfall and the contamlnatlon by large particles. Chloroform was

longer the resldence time In Iltter. added weekly ¢o mlnlmlze algal and bacterial
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TABLE B.uThroughfall pH and element fluxes In four forest stands. Means are based on six collectors
per site, samples collected and positions randomized biweekly. Rainfall flux means were based on three
collectors. Data for cation fluxes In Iltterfall are from Boerner (1984a). Net canopy Immobilization is
Indicated by negative values.

(Growing Season (4/28 9/13)) FULL YEARE

Net H+

Exchange2 Net NH4+ Net NO_ Net PO.3-
H÷ Flux in Net H+ (% of Ca± Mg Flux In Flux I_ Flux ?n

Throughfall 2 Exchange2 + K In leaf Throughfall Throughfall Throughfall

Site pH1"2 (mEq/m2) (mEq/m2) Iltterfall) (mEq/m2) (mEq/m2) (uEq/m2)

Chestnut Oak 4.15 39.3 8.2 3.9 15.4 1,35 11.0
Mlxed Oak 4.28 30.5 17.0 7.8 16.5 -0.80 -88.0

Mixed Mesophytlc 4.52 17.5 30.0 9.3 21.0 -4,97 2741.0
Transitional 4.64 15.1 32.4 7.1 17.6 -3.79 4159o2
Rain 4.02 47.5

1
Geometric Weighted Mean2
No Differences Existed Among Sites During Litterfall (9/13 - 11/15) or Leafless

(11/15 - 4/28/83) Seasons.

growth. The posltlons of the collectors were Total net Inorganic nitrogen transfer In i

changed to new, random posltlons after each throughfall averaged about 16 mEq/m and did not isampling, differ significantly among sites. This total
masks, however, patterns of Increasing ammonium i

For purposes of comparison, the year was leaching and nitrate Immobilization with site _i
divided Into three throughfall leaching seasons: fertility (Table 8). Phosphorus leaching was more i
the leafless season (15 November - 28 Aprll), the than an order of magnitude higher at the two more
growing season (29 April - 13 September) and the fertlle sites than the less fertile sites (Table
iltterfail season (14 September - 14 November). No 8). Therefore, fluxes of cations and phosphorus
signlficant differences in throughfall volume among In throughfall, at least, follow the same general
sites were recorded for any of the seasons, or for pattern as dld transfers In Iltterfall and
the entire year. In addition, pH and fluxes of N decomposition: Increasing flux rate with
and P in throughfall among sltes were similar increasing fertility.
during the iitterfall and leafless seasons; during
the growing season, however, significant NUTRIENT USE EFFICIENCY: FOREST STANDS
differences in these fluxes were found (Table 8).

The nutrlent mass necessary to support annual

The geometric weighted mean pH of throughfall growth of foliage and wood comes from Internal !
collected during the growing season Increased wlth storage as well as from uptake from the soll
site fertility (Table 8). When pH was converted to system. Prlor to Iltterfall, some of this
hydrogen Ion flux, and the buffering capaclty of nutrient mass Is resorbed (=retranslocated), and

the canopyestlmatedt as the dlfferencet between some ls leached from the leaves. Those nutrients
lnclde_t H flux In rain and H in throughfall not resorbed or leached from Ilve leaves are added
(Net H exchange), It was apparent that the to the forest floor as litter. In such a system,

canopies of the tw_ more fertile sites exchanged nutrlent use efflclency can be defined In several
2-4 fold as much H flux as did those of the ways. One Indication of a more efficient forest
nutrient poor sites, stand (or tree) Is the ability to generate

equivalent amounts of foliage and wood utilizing a
Given that hydrogen Ions are exchanged for smaller mass of nutrients. A second lndlcator of

calcium, magnesium and potassium lons (Cronan and high nutrient use efficiency Is a lower rate of
Reiners 1983), the relative magnltude of the ieachlng of essentlal nutrients from Ilve foliage,
throughfali pathway can be evaluated by comparing thus minimizing uptake needs Finally, a more

net hydrogen exchange to total base cations in leaf nutrient efficient stand would resorb a larger
Iltterfall. Among the three forest stands with mass and/or proportion of follar nutrients prior
similar leaf Iltterfall masses (chestnut oak, mixed to lltterfall.
oak, mixed mesophytlc; Table 4), the relative
magnitude of cation flux via throughfall ranged To determine to what degree nutrient use
from 4-9% and Increased with site fertility, efflclency varled among the four study stands In
Throughfail cation transfer was also relatlvely Neotoma Valley, nutrient concentrations In foliage
large at the transltlonal site (7%), but not as and litter were determined durlng the 1982 growing
large as that of the mixed mesophytlc slte. season for all species with relatlve basal area

130



Ictors TABLE 9°--Welghted average foliage and litter nutrient concentrations (mg/g dry mess) for four forest
ree stands. Weighted averages are based on each species maximum follar and litter nutrient concentrations,
on Is and the species contribution to stand basal area. Weighted estimates were made for three 0.1 ha plots

within each stand, then averaged. Within a parameter, values followed by the same lower case letter were
not significantly different at p = .05.

) 3- I Chestnut Mixed Mixed_n Parameter Oak Oak Mesophytlc Transitional

_fall I

n2) Maximum Follar Nitrogen (mg/g) 19.8 a 19.5 a 20.3 b 20.3 b
Litter Nitrogen (mg/g) 7.0 a 7.1 a 8.9 b 9.8 c

i Percent Resorptlon* 64.6 a 63.6 a 56.2 a 51.7 b
t.O Maximum Follar Phosphorus (mg/g) 1.59a 2.05b 2.06b 2.23c

B.O Litter Phosphorus (mg/g) 0.65a 0.50b 1.22c 1.36c

1.0 Percent Resorption* 59.2 a 75.9 b 40.7 c 38.9 c

9.2 *calculated on a concentration basis

i >5%. Weighted averages for each stand were difference In N resorption among sites. ThlsI calculated based on each species contribution to difference between elements has also been
stand basal area. discussed by Blrk and Vltousek (1984).

i I Both maximum follar nitrogen and phosphorus

n were significantly higher In the fertile sites than NUTRIENT USE EFFICIENCY: SPECIES RESPONSES
d not the Infertile sites (Table 9). The Inverse of

al maximum follar concentration can be considered an Two mechanisms may be involved In any Increase_nlum estimate of the leaf mass produced per unit In nutrient use efficiency of forest stands along
te nutrient Invested. This Is an appropriate a gradient of decreasing soll fertility: (1) the
ras parameter of nutrient use efflclency, glven the replacement of nutrient Inefficient, but
ro requirement that stand production rates do not fast-growlng, species on rich soils with more
Table differ. Whlle the lack of wood, root and leaf nutrient efflclent species on poor soils, and (2)
}horus production rates for all the species In these an Increase In nutrient use efficiency with
tenera stands precluded robust estlmates of production, It decreasing fertility In species found throughout

was clear that the stands on the less fertile the gradlent. While ample evidence exists for the
sites, wlth lower foilar N and P concentrations, former (Small 1972, Chapln and Kedrowskt 1983),
were generating equlvalent leaf mass (Table 4) with little Information, especially for deciduous
a smaller nutrient Investment than was the mixed species, exlsts with which to evaluate the

qDS mesophytlc stand. What was unclear was whether Importance of the latter.
those lower N leaves are capable of equivalent net

annua production. A comparison of resorption rates for species
rnal present In Infertile or fertile Neotoma sites only
11 Lltter N and P concentrations also paralleled showed species from the Infertile sties resorbed

site fertility (Table 9). Estimates of resorption significantly more P than did fertile site species
), made on a concentration basis show the two less (75.2% vs 52.3%, p<.05), though no differences
trlent_ fertile stands (Chestnut Oak and Mixed Oak) to have existed for N resorption (61.3% vs 55.5%, p>.20).
re resorbed a significantly higher proportion of N and Thus, some of the differences In P use efficiency

P prior to iltterfall than dld the most fertile may be due to the replacement of
severa sites (Transltlonal), though the differences nutrlent-lnefficlent, fast-growing species on
forest between resorption rates were considerably larger rich, molster sites with nutrient use efficient

for P than for N. species on poor, drier sites.
llzing
ator o Estimating resorption on a concentration basis To evaluate the degree to which species found
Lie of can, however, produce unreliable estimates since on both fertile and Infertile sites contribute to
fol both the mass of nutrients and the mass of differences in N and P use efficiency, we measured
more structural material In the leaf change with time. several nutrient use parameters In populations of
irger As a result, the concentration of N or P might four species found In the mesophytlc (fertile) and
; decrease with time as structural carbohydrates are mixed oak (less fertile) sites: __l]/ZCt, _.

deposited In the leaf, even wlth no actual N or P prinus, _¢j_r__and_ajandlfolla.
resorption. To eliminate this potential error,

=se resorption was determlned on an absolute mass basls In each site, three Individuals of each of the
snds i for the major species In each slte (Flg. 2). four species were selected for monitoring. All
I Regression of resorption on nutrient mass In were canopy Individuals >50 yrs. of age, with a

Iitterfall Is a common Indicator of nutrient single main stem, and no obvious sign of damage.
I area availability (Vltousek 1982, 1984; Boerner 1984a), Neither mean age nor diameter of Individuals of a

and showed a consistent decrease In P resorption species differed slgnlflcantly between sites.
with lncreaslng P avallablllty, but no slgnlflcant Ages and radlal Increments were determined from
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100- absolute bases. Maximum follar nitrogen
concentrations were higher at the more fertile
mixed mesophytlc site than the mixed oak slte In

80 -- ARe.AR

_ O_oz: r2 0.470 p<.01 _. Drlnus, _. _LU;_, A. r_ubrum_ though the
C _QC_F = ' differences observed among _. alba trees were not
0 QAe "QP ...........

_ 66 -- HAeC_'_'_-_ OQB significant (Table 10) , As a result,

_QA_ significantly more dry leaf matter was producedper unlt N Invested by _. _rlnus and A. r_lJJ_EgmQp_ = eQP
QPe AR_FG _ o_

40 eHA_ when growing on the lower fertility soil (Table
_ .CF 10). Maximum foilar phosphorus content at the

fertile site significantly exceeded that at the
20 Infertile site for both J_tL_ spp., so these two

specles produces more dry leaf matter per unit P
I I I I I I I I Invested on the nutrient-poor soil (Table 10). No

0 1 2 3 4 5 6 7 u significant differences in maximum follar N and P
P in Litterfall levels between sites were observed ln_j_gt_

100- arandlfolla (Table 10). Thus three of four

'_,! r2=0.015 n.s. species (_, orlnus, _, alba, A. r_gJ2r_Q=)had
consistently higher follar nitrogen and phosphorus

80- concentrations, and lower leaf masses produced per©QC ellA

C CFe.. unit N or P Invested, when growlng on the more0 eCF
._ .Op ARt; _ .CF _060- eAR _OA BLCOCC eQP fertile site. Faaus arandlfolla showed no

eCF_ OQB
= .Qp LT_Qp consistent lnterslte differences on follar N or Po

eQA

40- Both the litter and follar nutrient
z =QA concentrations used In estlmatlng proportlonaleAR

resorption were calculated on an absolute basis
2u- (mass/unit leaf area) to allow for differences In

dry mass/unlt leaf area caused by differential
I I I I I I I _ resorption or deposition of materials Into the

C # 24 26 28 30 32 34 36 _8 leaf prior to abscission (Ostman and Weaver 1982).
N in Litterfall Nitrogen resorption was 41-140_ higher on the less

fertile site, except for g. prlnus which resorbed

ii similar proportions of N from leaves on the two
FIGURE 2.--Percent resorption of N and P on an sites (Table 11). Phosphorus resorption was

absolute mass basis vs nutrient transfer (kg/ha/yr) 25-86_ higher also in the mixed oak stand, again
in Iltterfail. Species found in both fertile and except for _. Drlnus In whlch P resorption did not
Infertile sites are lndlcated by closed symbols differ between sltes (Table 11). Ostman and
while species found on fertile or infertile sites Weaver (1982) have also reported small differences

_i only are indicated by open symbols. Best fit lines In resorption by _. prlnus In sites of dlfferlng
and coefficients of determination from linear quality.
regression are given. Species codes are: AR =
Acerrubrum, BL = Betula lenta, CO =Cd_3zJ/_ Because lower follar N or P concentrations may
carollnlanum, CF =Cornus florida, FG = Fagus result in lower photosynthetic rates (Chabot and
arandlfoila, HA = Hamamells vlralnlana,_ LT = Hicks 1982), and therefore less growth, relatlve
Llrlodendron tullolfera, QA = Ouercus alba, QB = _. growth rates were examined as well. Stem and
borealis, OC = _. coccinea, OP = _. orlnus, OA = branch production rates for the 1983 growlng
Oxvdendrum arboreum, season were determined from winter 1984 standing

• mass, estimated from dbh, and wlnter 1983 standing
mass, estimated from dbh-radlal Increment. Since

dupllcate cores taken from north and south sides at growth rate generally decreases with Increasing
1.35-1.40 m height during March 1984. Standing tree size, analysis of covarlance was used to
mass at the end of the 1983 growing season, and compare relatlve growth rates (g woogd produced/kg
production of wood and leaves during that season, wood present/yr) between sites, In relation to
_ere determlned using dimension regresslons based tree size.
on regression equatlons publlshed by Trltton and
Hornbeck (1982). Four estimates of radial For three of four species, relative growth
Increment were made for each tree: t_o based on rates were hlgher on the less fertile site (Table
the 1983 ring _Idth of the north and south side 12); _. alba relatlve growth rates did not differ
cores, and two based on the mean radial Increment between sites. Even _here differences _ere
for the five year period, 1979-1983. In general, statlstlcally significant, however, they _ere
flve year mean Increments differed from 1983 small In absolute magnitude: on the order of 7-25
Increments by <10_. Leaves _ere sampled every 2-3 g/kg/yr, or 1-3_, and based on only three trees
weeks from the end of leaf expansion through the per species per site. The Important observation
end of Iltterfall. was that relative growth rates _ere not Io_er at

the mixed oak slte despite lower soil fertility
Follar nitrogen and phosphorus concentrations and follar nutrient levels, perhaps due to a

generally decreased throughout the gro_lng season somewhat deeper solum at the mixed oak slte

in all species at both sites, on both mass and (Rlememschnelder 1964).
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TABLE 12.--Relatlve growth rate (g wood produced/kg wood/yr), nitrogen growth efficiency (kg wood and
_tlle leaves produced/g nitrogen lost In leaffall) and phosphorus growth effclency of four forest tree species
site in are relatlvely fertile mesophytlc and Infertile oak sites. Significant differences foIlowlng analysis of

variance are indicated by *, ns = non significant. Standard errors of means are given In parentleses.
_ePe not

_duced RelatIve Growth Nitrogen Growth Phosphorus Growth
_ _cKo_ecI_ Rate Eff lcIency Eff lctency

(Tab Ie

the Mixed Mixed Mixed Mixed Mixed Mixed

_t the _phyt !c _ I_s_Qpbyt.!q. Oak _by__,!c_hese two,
un It P
10). No _. _tnu_ 14.6 * 22.1 123,7 * 149.0 1018,5 * 1616,4
N and P (2.7) (1.6) (4.0) (5.8) (75.2) (46.6)

_. _ 21.9 ns 22.6 139.6 * 204.2 I080.0 * 18134.3
Jr (1,9) (2.7) (10.0) (5.7) (78.4) (94,2)
_d

1osphorus A. £ubruII1 17.9 * 33.3 179.6 * 267.7 1807.1 * 3173.5
_uced per (3.0) (5.9) (17.7) (24.9) (176.0) (375.2)
more
)
" N or P, F. gr__llIt]_tp_L_ 10,6 * 23.2 138.6 * 155.6 1574,8 ns 1715.8

(2.5) (6,9) (7.9) (12.9) (84.9) (77.3)

lonal not been widely reported. Three general lines of marketable basal area uslng a model sensitive tobasis
_nces |n research have been explored in an effort to predict changes In forest floor nitrogen dynamics and the
Itlal [ongterm effects of acid deposition on forests: differential tolerance of various tree species to
the (I) laboratory microcosms, (2) field changes In soil nitrogen availability. Increases

_r 1982). acidifications, and (3) mathematical modellng, of 10-20% and decreases of 10-50% in litter
Laboratory experiments using artificial acld decomposition rates were evaluated as potentlal

the less precipitation have focused on tree seedlings, and Indicators of acid rain effects. Decreases would
resorbed have yielded conflicting results on seed be expected if biota were sensitive to a drop In
le two germination, growth, foliar leaching and leaf pH or an Increase In sulfate; increases would be_as

p again damage. In general, direct effects only become expected If nitrate additions decreased the C:N
did no_ significant at raln pH <3.0 (Wood and Bormann 1977; ratio of the litter. In the i0-20% range,

_nd Lee and Weber 1979). Laboratory experiments increases on decomposition resulted In larger
Involving leaching of Intact soll profiles, either decreases in marketable basal area over 90 years

fferences with or without plants, have demonstrated than dld similar decreases in decomposition rate
fferlng progressive leaching of calcium, potassium and (+10%:14% decrease vs -I(7_:3% decrease; +20%: 23%

other cations, and profile acidification, though decrease vs -20%: 7% decrease). A large decrease

tlons may once again, significant results are generally in decomposition rate (-50%) resulted In a large
)of and obtained only when rain pH <3.0 (Overreln 1972; decrease in marketable yield (34%) (Aber EL al.WoodandBormann1977). 1982).
_la_Ive

and A common field approach has been the Thus, while longterm changes on soll chemistry
Ing
tandlng application of dilute H^SO4 directly to forest may occur as a result of acid precipitation,or plantation solls. I_ some cases, surface solls Information currently available does not
standing have decreased In pH and base saturation (Baath et adequately demonstrate that either direct or

Since al. 1980; Abrahamsen et al. 1976; Johnson and Cole indirect effects of acld precipitation alone
_aslng 1976), though no consistent response In tree growth decreases tree growth rates or marketable yield.
d to to such manipulations has been reported (Bormann
_duced/kg and Wood 1977, Tveite 1980, Tvelte and Abrahamsen As an alternative to longterm, manipulative
_n to 1980). Such results are difficult to generalize studies of forests subjected to acid deposition,

since (I) treatment solutions are applied dlrectly this study compared neighboring stands of similar
to the forest floor and are thus not affected by cutting history, parent material, soll texture and

rowth canopy Interactions, especially throughfall basal area, but different soil chemistry. Strong
e (Table buffering (Cronan and Relners 1983) and (2) the correlations existed among soil pH, extractable N
f dlffer number of samples necessary to show significant and P pool sizes, folIar nutrient concentrations,
re soil effects is very large (Lloyd and McKee 1983). nutrient transfers In IItterfall and throughfall,
were and nutrient mineralization from leaf litter. In

of 7-25 The mathematlcal model of forest tree growth short, rates of N and P cycling were considerably
trees developed by Anderson et al. (1980) Indicated that lower, and turnover times higher, in the less
rvatlon nitrogen dynamics in humus and soil were a fourfold fertile sites. This baseline Information was
_wer at more sensitive Indicator of effects of altered soil used, then, to determine the effect that soll

flllty chemistry than were tree rings. Aber et al. (1982) acidification might have on both tree nutrient
o a modeled the changes In relative abundance of dynamics (N and P) and growth rates (carbon
te northern hardwood forest tree species and dynamics).
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TABLE 10.--Mean maximum folfar concentration (mg/g dry mass) and dry mass produced per unlt nutrient Stu(

Investment (ragdry mass/ragN or P) In four deciduous tree species growing on relatlveiy fertlie and ;deci<
Infe_lie sites. Standard errors of the concentration means are given in parentheses. Significant _slgnl!

differences following analysis of variance are Indicated by *. :_lhesqcks I

Phosphor_ :is_r tb
_ per :Ther.

_UnI t _ _,:ierop

_ec!_ C;o,nc_eJlJLr__/]On _ Concentrat |on Inv_ :_rbon
_'_Is _s
I _esp_

llti

Mixed Mesophytlc 25.4(0.2) 39.4 I.98(0.06) 504.8

M ixed Oak 22.9(0.2) 43.7 I.76(0.04) 566 o9 Su<_ast I,

_'rCrU_ _ _if fer
MixedMesophytIc 23.7(0.5) 42.2 2.22(0.18) 450,5, _ s

Mixed Oak 22.4(0.8) 44.6 1.85(0.06) 539.4 :_f _a
?_tter

MIxed MesophytIc 17,7(0.6) 56.5 I.42(0.03) 702.7 _tri(
, _rowtl

Mixed Oak 13.8(0,4) 72.4 I.37(0.15) 727,8 _#flu(
!c_SU,

MIxed MesophytIc 22.7(O,5) 44.I I.34(0.05) 749.I _0_ve

MixedOak _.2(0.6) 43.I I.42(0.1O) 702.7 _l_nt
so{l
_ore

TABLE l I.--Hean percent resorption of nitrogen and phosphorus from leaves of four tree species prior _{_
to {!tterfall Significant differences among sites, as Indicated by analysis of variance following _ail

" high_
arc-slne transformation, are shown by *. leac{

t_us

N ltrooen Phosphorus _utr
reso

_utr

Sttes Oak Mesophyt Ic Oak Oak Mesophyt Ic Oak
Mesophyt ic Mesophyt I c star

pati
_ 50.3 48.1 1.05 43.7 45.2 0.97 _St_
_J_ 46.2 * 30.8 I.50 65.6 * 52.4 1.25 _i i'<

_ 63,7 * 26.5 2.40 79.0 * 42.4 I.86 coral
grand! tO! [a 63.2 * 44.9 1.41 72.7 * 42.7 1.70 elf

COn

_V8

Cha

The nutrientgrowthefficiencyof each tree was The differences In phosphorus growth ex_
calculated as the ratio of wood and leaf mass efficiencyamong sites and species, and the dre<
produced to nitrogen or phosphorus mass lost In relative contributions of relative growth rate and in
l itterfaII. Nitrogen growth efficiency was higher proportional resorption, paralleled those of _v_
In trees from the Infertile slte than the fertile nitrogen growth efficiency (Table 12). Relatively th_
site for all four species (Table 12). The higher large tree-to-tree variation In Faaus arandlfol la _o'
nitrogen growth efficiency of j_. alba was related, In both sites resulted In differences In
primarily, to lower I ltterfall nitrogen losses and phosphorus growth efficiency which approached, but
higher _esorption, while the differences between did not achieve, statistical significance (p=.07). nu
sites In _. _b.ro.u.mand E. arandlfolIa were the Le
result of both higher rela:flve growth rate and pe
lesser iltterfal i losses, the result of greater DISCUSSION r_
proportional resorption. Because nitrogen _t
resorption In _. pr!n_u__did not differ between While direct effects of acid precipitation and ol
sites, Its higher nitrogen use efficiency at the runoff on fish and other aquatic organisms has _
mixed oak site was due to a higher relative growth been repeatedly demonstrated, direct effects of c_
rate at that site. acid deposition alone on forest ecosystems have s_

e
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lent Studies of carbon balance and nutrient turnover exhibited higher nutrient use efficiency In 4 of 7
In deciduous and evergreen plants have demonstrated cases whIle_._E__ was more efficient at the
a significant nutrient component In the evolution Infertile slte In 6 of 7 cases, in no Instance

of these growth strategies (review by Chabot and was nutrient use efficiency significantly higher
Hicks 1982), and in the current geographic on the more fertile soli. Moreover, unlike
distribution of species with one strategy or the coniferous trees (c.f. Miller et ai. 1976), the

E other. Evergreen plants, particularly those with Increase In nutrient use efficiency tn these four
sclerophyllous leaves, exhibit a larger gain In deciduous tree species occurred without a
carbon per unit nitrogen or phosphorus absorbed, significant decrease In relativegrowth rate.
This Is accomplished by combining long leaf Thus, within some limits, these deciduous trees
llfespan, efficient resorption of nutrients prior may maintain productivity, despite decreasing soll
to litterfall, and mlnlmizlng leaching losses (Monk nutrient availability, by Increasing nutrient use
1966, Small 1972, Schlesinger and Chabot 1977). efficiency. If, as currently projected, longterm

acid deposition wlll result In decreasing soll
Such studies demonstrate how species wlth such nutrient availability (Abrahamsen 1980, Anderson

drastically different growth strategies as the et al. 1980), the limits of this physiological
evergreen and deciduous habits can persist In sites plasticity will be directly testable, though only
differing greatly In soil nutrient availability, over a lengthy period. One alternatlve Is to
They shed little light, however, on the Importance analyze growth and nutrient dynamics of these
of plant-soil nutrient dynamics In determining specles under even more nutrlent-poor conditions,
patterns of abundance of various deciduous tree such as those of coastal plain sandy soils, though
species along more limited gradients of soil this then introduces further problems associated
nutrient availability, despite data which suggest with comparison of distant, clImatologically
growth per unlt nutrient uptake may be Important In distinct sites. Another alternatlve is to
influencing the outcome of competitive Interactions experimentally manipulate the sites described
in such species (Racine 1971). here, elther by acidifyingor fertilizing,but

this, once again substitutes a short-term,
"Nutrient use efficiency" has been used as a high-dosage regime for a long-term, chronic

convenient term describing the Interactions among process.
plant growth, plant tissue C:element rations, and
soil nutrient availability. One indication of a Nonetheless, an appreciable portion of the
more efficient plant Is the production of higher nutrient use efficiency of deciduous forest

rlor equivalent amounts of foliage and wood utilizing a stands on less fertile soils may be due to
smaller mass of nutrients. A second indicator of Increased efficiency In persistent species. The

higher nutrient use efficiency Is a lower rate of ability to compensate, or adjust metabolically,
leaching of essential nutrients from live foliage under changing or stressful conditions has been
thus minimizing uptake needs. Finally, a more shown to be an Important component on the
nutrient efficient plant or forest stand would evergreen strategy (Mooney 1969, Chabot and Hicks
resorb a larger mass and/or proportion of follar 1982). This study suggests It Is an important
nutrients prior to lltterfall, component In the strategy of some deciduous forest

trees as well, and suggests that forests on soils
Several prior studies suggest that forest moderately susceptible to acidification may be

yt|c stands on Infertile soils do demonstrate these able to compensate, to some degree, for the
patterns of higher nutrient use efficiency affects of acid deposition on soil fertility.

7 (Stachurski and Zlmka 1975, Miller et al. 1976,
15 Vltousek 1982, Boerner 1984b). Other studies
6 compare one or more parameters of nutrient use LITERATURE CITED
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