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A tree is a large, long-lived, perennial, compartmented, woody, shedding, 
walling plant. This definition is based on new tree biology concepts (Shigo, 
1986a,b, 1991) and explains much about how lnature trees function 
through their unique structure. When the tree begins its life, it is mostly 
leaf in Inass (Fig. 7.12~). As a tree grows in stature, it beconles lnostly sten1 
in mass and the foliage represents only a few percent of the total mass. 
Roots senlain relatively constant at about one-fifth the total nlass as a tree 
grows from a snlall sapling to a mature standard in the forest canopy. 
Branches represent only a snlall fractioil of total mass, which decreases 
over time, as older branches are shed. Also shed are leaves, roots, and 
outer bark. However, aging wood cannot be shed, but dies internally as 
sapwood is transforn~ed into a core of protectiorl wood, often called 
"l~eartwood" (Fig. 7.1 b,c; Table 7.1). 

Annual rings are formed each growing season in the wood of trees in the 
telnperate zone (Fig. 7.lb). The rings can be used in dendrochronology 
and dendrochemistry as a record of a changing extcrnal environment. 
These rings are f~lr t l~er  compartmented into cells. Large, dead, thick- 
walled cells function for transport and support. Small, live, thin-walled 
cells store food and defend against the spread of infection (Table 7.1). The 
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Figure 7.1. Developmeilt of individual trees. (a) Change ia dry inass fraction of 
F = foliage, S = stein, R = roots, B = branches associated with increasing 
height growth in red spruce. (b) Record of diameter growth see11 as annual 
growth rings in red spruce froill pith (a) to cailibiuin (d); see also outer band 
of liviilg sapwood and iilner core of protectio~i wood. Note that segment a--b 
coiltaiils wood forinatio~l duriiig the sapling stage of tree growth, b-c contains 
wood forined duriiig the pole stage, and c-d wood fori~lcd as a iilature standard. 
(c) Wood decoinpositio~l model (see Table 1). (d) Tree survival ~ilodel illustrated 
in red maple, a = protective zone, b = protective zone iilcorporated into 
protective wood, and c = barrier zone (see Table 1). 

siuall cells iilake up over 90% of the cell number, but only 10% of 
tlie mass. Most of the Inass is coillposed of large, dead, woody cells that 
give stei~lwood its coiillllercial value. Wlzeii the live cell i~etwork dies due 
to age, illjury, or infection, a protective tissue is fornied to reduce the 
iiiterilaI rate of infection and decomposition followi~ig exposure to 
the external eiiviroilmeiit by illjury. The protective tissue may be of the 
protectio~i wood type, which forms in tlie core of the stein, or it may be a 
protective zone, which forms in the peripheral sapwood to stop the spread 
of infectioii illto the outer living wood, vascular cambial zone, and illiier 
living bark (Fig. 7.lc,d; see Table 7.1). Iilfectioil in living trees will spread 
at highly variable rates througli the dead core of wood exposed by 
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Table 7.1. Suin~liary of Properties of Major Types of Wood For~iled in the Stem 
of Living Trees 

Wood type Derivation Composition Characterization 

Sapwood Cell division by Mostly live Stores food 
the vascular cells Defends against infection 
cainbiuill Conducts sap 

Supports crow11 

Protection Forms from Mostly dead Preservatives for~~ied 
wood sapwood cells fi-om stored food 

Reduced rate of iilfectioil 
Dehydrated and deionized 
Partial support of crown 

Infected Forii~s in Live cells of Preservatives degraded 
wood protection bacteria and Onset of decay process 

wood fungi Ionized and rehydrated 
Partial loss of support 

Rotted Final stage of Colilplex living Preservatives lost 
wood infection cornii~uiiity Cell wall structure lost 

Retains water aiid 
nutric~lts 

Humus-like 

Protective F o r ~ ~ i s  from Dead cells: Layer of highly 
zones sapwood hypersensitive preserved cells 

as a colu~nn reaction Bloclcs infection spread 
boundary layer, or Low pernleability 

Fro111 the vascular High mineral coiltent 
ca~llbiunl as a Results in tree survival, 
barrier zone and not disease resistance 
woui~dwood 

sheddi~lg and injury. Trees may live a very long time with internal 
infectioils due to thc forillation of protective "walls" of altered tissue by 
a process called coinpartmei~talization. 

The use of dated stemwood tissue to study dendrochcnlistry as a record 
of external change requires knowledge about the internal developiileiit of 
sapwood, protectioil wood, infected wood, decon~posing wood, and 
protective zones because these processes can alter tlie pattern of external 
clie~~lical change recorded in functioning sapwood. Furthermore, differ- 
ences i11 anatoiilical structure associated with the sapling, polc, and 
illatuse stages of trees (Fig. 7.1 b) result in a greater density of binding sites 
in the core of tlie tree than in the periphery. The consequence of this 
structural change is a decreasing conceiltration of exchaiigeable divaleiit 
base cations from the core to tlie periphery ~ ~ n d e r  constant uptake 
conditions. 

Talting a standard stocl<ii~g chart for liorthern conifers as a model of 
how populations of trees develop (Fig. 7.2a), the ilun~bcr of trees per unit 
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Figure 7.2. Developiiie~it of tree populatioiis as derived fro111 a forest stocking 
table. (a) Staiidard stocking table for ilortlierli coiiiferous species. The A-line 
indicates overstocl<ed stand, B-line indicates f~llly stocked stand, and C-line 
indicates understocl<ed stand. (b) Decreased stand density associated with 
increased ste~ii diameter (dbh). (c) Cuiiiulative frequency of dead and decaying 
trees as trees progress from saplings (< 10 clli dbh), poles (10 to 30 ciil dbh), and 
niature standards (>30 cm dbh). (d) Survival frequency of iiidividual trees 
through stand development. The tiiile scale for stand developmelit is highly 
variable from several decades to centuries. 

area decreases at all stocking levels as trees increase in size (Fig. 7.2b). The 
greatest rate of loss of trees takes place during the early pole stage (trees 10 
to 20cn1dbh). Losses contitiue through tlie late pole stage (20 to 
30 cm dbli), but at a decreasing rate. Further decreases in niature standard 
trees (>30 cin dbh) will occur when various disturbances take place in the 
forest. Pests, pathogens, and declines caused by tiiultiple stressors can 
cause tree loss to occur at rates observed in earlier stagcs of forest 
dcvelopnient. 

By thc time tlie average tree diameter reaches 40 cni dbh, the death and 
decay of 90% of the large sapling population (10cmdbh) will have 
occurred (Fig. 7 .2~ ) .  As in the individual tree, death and decay always 
accompany population growth. Forests are sustained through the survival 
to maturity of 10% of the initial sapling population (Fig. 7.2d). Survival 
occurs because of a highly developed defense system in tlicse remarltable 
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plants that sustain the forests of the terrestrial ecosystem. Trees cover o11ly 
10% of the land area, but produce 90% of the terrestrial biomass. 

Human activities of forest clearing, tree harvesting, and air pollutioil 
have added a new dimensioil to the delicate balance of life and death that 
sustaiils forest life. Will trees adapt to illoderil enviroiln~ental change to 
sustain forest health and productivity? 

We have iilvcstigated the response of the ilortheril spruce forests to 
environn~eiztal change during the 20th century, which has experienced 
illasked increases in acidic deposition. We have looked for records of 
changing tree growth and changes in the base cation ilutritioll of the root 
zone in the stelllwood of mature trees. Wc have related the current status 
of tree stress from below ground change to biochemical nlarkers in the 
foliage. What have we learned? 

Tree Growth and Dendrochronology 

Assessinents of tree growth are part of illost illvestigatioils of tree health 
and eilviroillllelltal changc. Illcreases in the number, girth, and extent of 
stems, branches, and roots occur as a tradeoff. Tree energy is partitioned 
between growth and defensive investmeilts (Herms and Mattson, 1992; 
Loehle, 1988). A growth iilvestineilt such as anilual ring width is far easier 
to ineasure thail any defensive investment. Constitutive defensive invest- 
illents include the programilled cell death and cheinical enrichlllent 
associated with the transfornlatioil from sapwood to heartwood. Induced 
defensive investlllents include the enrichment of wound-altered sapwood 
with phenolics and resins (Hillis, 1987; Sinith, 1997). Enhanced wood pro- 
duction call be an induced defensive feature through the formation of 
abnorinally thick woui~dwood or "callus" ribs near a wou~ld (Mattheck 
et al., 1992). 

Dcndrocl~ronology, the interpretation of patteri~s of precisely dated tree 
rings, can provide a reliable tenlporal record of tree growth as affectcd by 
enviroilmental change. The decline of red spruce in the ilortheasteril U.S. 
pronlpted a detailed application of de~ldrochroilology to tree health and 
forest disturbailcc (Cook and Zedalcer, 1992; Johnson et al., 1995). 
Prinlarily through research on climate and the dating of wooden cultural 
objects, basic priilciples of dendrochronology have been developed (Fritts, 
1976). With some adaptation, these priilciples may be applied to 
iilvestigations of tree health and physiology in a changing enviroilille~lt 
(Table 7.2). 

The principle of integrative growth states that tree-ring characteristics, 
such as width and density, are a coillposite response to intrinsic and 
extrillsic factors. Intrinsic factors include the genetic capacity for growth 
of the individual trce, provenance, and species. Extrinsic factors that lilllit 
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Table 7.2. Revised Prillciples of Dendrochronology" 

1. Integrative growth 
2. Liinitiilg factors 
3. Range sensitivity 
4. Site selection 
5. Crossdating 
6. Uniform linkage 
7. Signal and noise 

" Modified from Fritts (1976) 

growth include competition from other plants, biotic and abiotic stressors, 
edaphic conditions, and climate. This integration is rarely linear and 
additive, although it limy be approxiinated with a linear nlodel (Van 
Deusen, 1989). 

To characterize growth in red spruce forest stands across the 
ilortheastern United States, we extracted two core sailiples from each of 
36 trees at niile locations (Fig. 7.3). Although san~pliilg was restricted to 
appareiltly healthy, canopy-dominant individuals, trees varied with 
respect to age and canopy crowding. The ineasured ring width series 

Big Moose Battlett Crawford Whiteface Bear Howland Kossuth Cone Pond Groton 
Notch Mt Brook 

Location 

Figure 7.3. Tree age at breast height (solid circles) and location inealis (white 
crosses) for bored red spruce trees at the sampled locatioils across the 
northeastern U.S. 
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frequently appeared quite different from one another in general outline 
(Fig. 7.4a,b). Ring series were analyzed by two separate processes to 
exaniirle ( I )  the high-frequency variation that niay be attributable 
to annual climate variation and (2) the long-tern growth trend. 

In order to remove the medium- and long-term growth trend and to 
lllaiiltaill as tnuch as possible of the annual growth variation that may 
contaiil a year-to-year climate signal, the individual ring series were 
standardized. For standardization, each ring width series was fitted with 
a trend line calculated as a cubic spline (50% frequency cut-off of 30 years) 
using ARSTAN software (Cook, 1985; Holnies et al., 1986) (Fig. 7.4a,b). 
A standard index series was calculated by dividing the nleasured ring 
width by the trend line value for each year. 

Patterns among index series (Fig. 7 . 4 ~ )  are more siiililar than they are 
anlong ring width series (Figs. 7.4a,b). The averaging of index series 

Figure 7.4. Tree ring data from rcd spruce s a ~ ~ ~ p l e d  at I<ossutl~, Mainc. 
(a,b) Spliiles representing individual growth trends were fitted to ring width 
series. (c) For dendroclimatic analysis, dimensionless index series were calculated 
by dividing the ring width by the trend for each ycar. (d) Index series werc 
averaged to produce a standard cl~roi~ology for cach location. Each index series 
was also fitted with an autoregressive illode1 and the residuals averaged to 
produce a residual chronology. 
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resulted in a standard index chronology for each location (Fig. 7.4d). One 
property of ring width series, index chronologies, and most naturally 
occurring time series is autocorrelation. Autocorrelation is the property 
that each value is dependent in part on the value for the preceding year or 
years. Given the physiological carryover of tree energy reserves, foliage 
production and retentioil (in tlze case of conifers), etc. autocorrelation lnay 
be expected. Autocorrelation violates the underlying assumption of 
independence for regression analysis. Additionally, as index chrollologies 
may be more autocorrelated than climatic series, autocorrelation in tree 
rings may obscure sensitivity to climate. To reduce this effect, each index 
series was fitted with an autoregressive model. The mean of the residuals 
produced from autoregressive modeling was used to produce a residual 
chronology for each forest location. Although similar through most of the 
time period, the residual cl~ronologies did diverge from the standard 
chronologies (Fig. 7.4d). 

The principle of limiting factors states that although growth is 
integrative, growth is restricted by the essential factor or condition that 
is most limiting in supply. Ring width may be limited by damage to 
shoots caused by winter injury in the previous year or a shortened 
growing season due to adverse weather conditions. This principle is 
analogous to the "rate-limiting step" of chemical reactions, that the 
overall rate of a multi-part reaction is determined by the rate of the 
slowest component step. Limiting factors in coinmoll throughout a stand 
can result in the formation of "pointer years," an unusually narrow ring 
or series of rings that aids in the synchronization or crossdating of tree- 
ring series. 

To determine the overall growth trend, tree-ring series were partitioned 
by location and age class. Bootstrap coilfidence intervals were calculated 
for mean ring widths to indicate variation about the mean (Cook, 1990). 
Trends in certain combinations of tree species and forest locations 
produce ring series wit11 identifiable characteristics. For example, ring 
series of red spruce from Maine frequently contain growth suppressioli 
about 1920 (Fig. 7.5, plots for Howland, Kossuth, and Bear Brook). This 
suppression was likely due to defoliation by the spruce budworm followed 
by decreased availability of carbohydrate for growth. As this form of 
defoliation primarily takes place in the bud, and spruce typically retains 
f~~nctional needles for several years, the period of growth suppression can 
persist beyond the actual outbreak period. The general pattern for all age 
classes of red spruce sampled across the northeastern United States 
includes a peak in ring width about 1960 followed by a decline in radial 
growtl~ (see Fig. 7.5). 

The principle of range sensitivity states that trees sampled at or near the 
edge of their range are likely to contain a stronger common signal, 
especially of climate. Range in this case ]nay be deternli~led by latitude, 
elevation, edaphic, or climatic characteristics. This concept is related to 
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Figure 7.5. Mean ring width and 95% confidence intervals for red spruce at  nine 
locations and various age classes. For each plot, the .x-axis represents the years of 
growth from 1880-1993. The y-axis represents tree-ring width. 

but not identical with ecological amplitude. Ecological amplitude is the 
capacity of a tree species to grow across a range of environmentai 
conditions (Fritts, 1976). Ecological amplitude varies among species, from 
narrow, as in the case of coastal redwood, to broad, as in the case of red 
maple. Despite the breadth of the ecological amplitude, ring series from 
trees at the edge of the range are likely to contain a stronger common 
signal of envirollmental events. 

The principle of site selection states that sampling sites can be identified 
as being likely to produce tree-ring series sensitive to the environmental 
variable being investigated. Investigatiolls of tree health and forest decline 
may sample stands at various distances from the center of disturbance and 
decline (Bartholomay et al., 1997; McLaughlin et al., 1987). 

The principle of crossdatillg is the process of n~atcl~ing patterns among 
several to many ring series. By including series with a known samplillg 
date, the exact year of formatioll may be assigned to a particular ring. 
Crossdating is the rigorous process that moved tree-ring analysis from 
"ring counting" to dendrochronology. Crossdating is aided by the 
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presence of a recurring enviroilinciltal factor, such as drought or extreme 
cold, that periodically suppresses growth throughout the stand or region. 
In this manner, crossdatiilg relies on coinmoil patterns of high frequency 
variation in ring width. Linkage of overlapping series contained in living 
trees, wooden structures, and subfossil remnants permits the constructioil 
of long tree-ring chronologies (Stokes and Smiley, 1968). Unfortunately, 
even long and perfectly coilstructed chronologies do not provide 
inforination on trends longer than the length of individual segments (the 
"segment length curse") (Cook et al., 1995). 

Crossdatiilg wooden timbers contained in old churches to existing 
chronologies allowed for the estiillatioil of the timiilg of spruce budworm 
outbreaks for the 1700s and 1800s in Quebec (Krause, 1997). ICrause 
(1997) coilstructed floating index chronologies (tree-ring chronologies not 
fixed to caleildar dates) from structural inembers of buildings coilstructed 
of white spruce, a host species for the budworin, white cedar, a nonhost 
species, and other tree species. Crossdatiilg with a local, recent spruce 
chroilology allowed the assigninent of calendar dates to both the white 
spruce and white cedar chronologies. Illspectioil of the crossdated spruce 
and cedar chronologies indicated pcriods of acute growth suppressioil in 
the spruce host chronologies that were not present in the cedar noilhost 
chronology. These periods of suppressioil were interpreted as indicators of 
episodic spruce budworm infestation (Krause, 1997). 

Use of tree rings as a proxy record of climate or eilviroilillental 
disturbance depends on unifornlity of linltage between external coilditions 
and tree biology. This concept is an exteilsioil of the uiliformitarian 
principle developed by 18th century naturalist James Huttoil to describe 
geological processes. Briefly stated, "the present is the key to the past," 
those currently observable natural processes are thc saine processes that 
occurred in the past. Although this inay seem to be self-evident, 
dendrochroilology in a chailging eilviroilillent provides a cautioilary note 
to the uncritical applicatioil of geological uiliforn~itariailisin to growth 
patterns of trees. 

The decline of red spruce is still coiltroversial with respect to causes and 
in~plications, although the deildrochronology of spruce decline has been 
well studied and reviewed (Cook and Zedalcer, 1992; Johns011 et al., 1995). 
The linkage at some locatioils between red spruce growth and climate 
markedly changed at about 1960 (Van Deusen, 1990). We tested this 
linkage at nine of our study locations. For all nine locations, significant 
regression models (nominal P < 0.95) of residual ring index chronologies 
were calibrated to climate variables for the 1896 to 1940. Although the 
true probability value was likely to have beell less than the nominal value 
due to the multiple regression process, the probability values for the 
correlation coefficieilts determilled for the verification periods could not 
have been siillilarly inflated. The portioil of the index chroilology for 1910 
to 1929 was not i~lcluded in the calibration of the Howland model due to 
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previously discussed growth suppression. Each model was verified for two 
periods, 1941 to 1960 and 1971 to 1990. The endpoints for the verification 
period were cliosen to test periods prior to and following the 1960s, the 
time of most rapid increases in environmental perturbation attributed to 
acidic atinospheric deposition. This procedure allowed model verification 
using independent data not used in the construction of the model. 
Significant inodels that related growth to temperature were used to predict 
ring indices for the verification periods. Total nionthly precipitation had 
no significant effect on any of the constructed models. The predicted 
indices derived from the regression models were significantly correlated 
(P 5 0.05) to actual indices for the 1941 to 1960 verification period at five 
locations (Fig. 7.6a-e). Actual and predicted indices were not significantly 
correlated for the 1941 to 1960 verification period at four locatioiis (not 
shown). The lack of correlation for these four sites indicated that either 
there was no predictive relationship betweeii index chronologies aiid mean 
nioiithly temperatures or that the nature of the predictive relationship 
differed betweeii the calibration and the verification periods. For the 1971 
to 1990 verification period, predicted indices were not correlated to the 
actual indices at any location. This suggests that at least five locations, the 
relationship of growth to temperature for the 1941 to 1960 verification 
period was similar to the 1896 to 1940 calibration period. However, 
growth in the 1971 to 1990 verification period was no longer responding to 
temperature as growth responded to tenlperature in the 1896 to 1940 
calibration period. 

I11 an earlier investigation of spruce decline, conceiitrating especially on 
montane trees, Johnson et al. (1988) found a similarly tinled change in 
climate depeadeiice. They hypothesized that this change may have beell 
due to a decade of unusually cold winters that killed foliage and buds aiid 
shifted carbon allocation away from wood production and into producing 
new shoots and foliage (Jolinson et al., 1988). In contrast with Jolinson 
et al. (1988), inonthly cliniatc variables with a significant effect on growth 
were specific to each sampled location (see Fig. 7.3). This inay reflect that 
trees in our invcstigatioii were f ~ ~ r t h e r  removed from the edge of their 
elevation rangc and may have been affected differently by the factors 
causing the change in climate dependence. Other changes in climate 
dependence dated to about 1960 have been reported for red pine and 
Norway sprucc (Leblanc et al., 1987) and shortleaf pine (Grissino-Mayer 
and Butler, 1993). 

As a niatter of faith, uniforn~itarianisni is quite appealing. Wlien all 
else is equal, conditioiis that limit growth in the prescnt are likely to 
have limited growth in the past. However, environmental change and 
associated changes in tree energy allocation could change the growth 
response of trees to climate, as has been shown in white pine exposed to 
atniospheric ozone (Bartholomay et al., 1997). This is a cautionary note 
for dendroclimatic reconstructions based on the premise that trees had 



W.C. Shortle et al. 

R = 0.53 0.01 / Random l autoregressive model 

9 
Y- 

LD 
0 

1890 1910 1930 1950 1970 1990 1910 1930 1950 1970 1990 

Year 

Figure 7.6. Red spruce and nlodel growth series. (a-e) Residual index chronol- 
ogies were coinpared with chroi~ologies esti~liated by dendroclimatic models. 
Correlatioll coefficieilts (R) for the observed and estimated chro~~ologies for the 
1941 to 1960 and 197 1 to 1990 verificatioil periods arc listed. Correlatio~ls were 
significant for all co~i~par iso~ls  in the 1941 to 1960 period (P 2 0.95). No 
sig~lificailt correlatio~ls were observed for co~llpariso~ls in the 1971 to 1990 period. 
Sinusoid waves (0 and their suill (g) approxiillate the appearance of tree ring data 
(after Reains and Huso, 1993). (11) AII autoregressive process acting on random 
values assigned to 1890 lo 1930 produces a smooth periodic series rese~llbliilg 
series derived from tree rings. 
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the same rcsponse to climate in the past as trccs in the present (Smith 
et al., 1999). Fig. 7.6a-e argues against the acceptance of simple uniform- 
itarianism. 

The principle of signal and noise arises froin the integrative growth of 
tree rings and the variety of research questions to which the tree-ring 
record is applied. The principle is son~etin~es stated as the replication 
principal, that illultiple observations within and aillong trees will remove 
individual growth responses and better represent growth of the stand or 
region. However, even with adequate replication, the maximization of the 
desired inforination (signal) still needs to be separated froin the informa- 
tion not believed to be useful (noise) in answering the research question. 

An individual tree-ring series inay contain trends, for example, of low 
frequency due to tree age and canopy closure, illedium frequency due to 
local gap formation and recovery, and high frequency due to weather. 
Which of these trends is signal and which is noise is entirely dependent on 
the rescarch question. Year-to-year variation can be illaxiinized by 
detrending (Fig. 7.4a-d) or n~iniinized through averaging by tree age 
class (see Fig. 7.5). 

An individual tree-ring series typically contains cyclic as well as unique 
peaks and valleys. Model cyclic process can be represented by sinusold 
wavcs of specific frequency and amplitude (Fig. 7.6f). The s~uinmation of 
thesc cyclic processes can yield a pattern suggestive of ring series (Reams 
et al., 1993) (Fig. 7.6g). Numerical techniques such as the Kalinan filter 
(Van Deusen, 1990) inay be able to increase our ability to precisely 
identify the timing of the change in cliinate dependence. However, purely 
mathematical approaches are not likely to identify the biological basis for 
growth cycles. Robust interpretation of ring patterns will require coining 
to grips with the inechanisins of the underlying cyclicity. Any suggested 
liillting inechanisin is liltcly to still leave doubt. Successive randonl events, 
entering autoperiodic processes such as ring formation, can theinselvcs 
result in cycles or regular periodicity (Slutzky, 1937). In Fig. 7.611, j)-values 
for the 1890 to 1930 period were randomly drawn from a nornlal 
distribution. The JS-values for 1931 to 1990 were calculated as a first-order 
autoregressive process seeded from the 1890 to 1930 period. The modeled 
values (1931 to 1990) quickly daillpened the wide variation of the earlier, 
randoin portion of the series and appear to contain soille pattern. 
Consequently, random series acted on by an autoregressive process can 
forin the basis of an apparently periodic series. 

Dendrochronology provides a record of tree growth and current and 
past enviroilinental change. Interpreting that record requires a clearly 
specified hypothesis that may not bc obvious from the record itself. The 
dendrochronology of red spruce indicates that across the northeastern 
U.S., growth has declined since the 1960s (Cook and Zedaker, 1992). The 
growth decline is apparent at all elevations and for all age classes. 
The change in climate dependence of red spruce and other species 
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following 1960 niay be of greater significance than the growth decline 
itself. These results are consistent with a widespread, f~~ndamental  change 
in the response of trees to the environment. The potential relationship of 
this change to perturbatioils in soil chemistry, land use patterns, and 
overall stress loading is unclear. Defining that relationship of biology and 
ellvironinent is made more difficult through the presence of natural cyclic 
processes in growth and climate. Identifying the cyclic processes is itself 
hindered through the natural integratioil of cycles of various frequencies 
and amplitudes and the generation of cyclic processes through the 
autoregressive process itself. 

The body of principles for dendrochronology will coiltillue to evolve. As 
more researchers apply the concepts to diverse problems, both the 
linlitatioils and strengths of the concepts will become Inore apparent. This 
emphasis on the concept~ial structure of the process should enhance the 
power of the tree-ring record to identify and explain environmeiltal 
change. 

Dendrochemistry: Change in Cation Mobility 

Dendrochemistry is the interpretation of radial trends i11 the chemistry of 
dated wood. Dendrochemistry is based on the chemical relationship 
between the environmeilt external to the tree and to the wood active in 
water conduction. For dendrochemistry, increinent cores or stem sections 
are dated and samples of wood foriiled at different time periods are 
researched and analyzed. The application of dendrocheinistry to environ- 
nlental change requires distinguishing between the chemical characteristics 
of internal processes of maturation, defense, and infection from external 
environiliental conditions (Smith and Sliortle, 1996). 

Process models predicted a mobilization of essential base cations in 
response to acidic deposition (Shortle and Smith, 1988; Lawrence et al., 
1995). A signal of the inobilization of the essential bases calciuln (Ca) and 
n~agnesiunl (Mg) appears in the dendrochelllical record of red spruce 
(Shortle et al., 1997). Interpreting this signal of potential mobilization 
requires an understandiilg of transport processes of Ca and Mg. The 
binding of divalent Ca and Mg to ion exchange sites in the wood cell wall 
system follows the characteristics of a Donnan equilibriuln (Momoshima 
and Bondietti, 1990). In brief, the anlount of Ca and Mg in wood is 
a function of pH, the peak conceiltratioil of Ca and Mg in the surrounding 
sap, and the nuinber of binding sites available for exchange. Under 
uniform soil and sap conditions, Ca and Mg concentrations tend to 
decrease with increasing radial distance from the pith, due to decreasing 
nunlbers of available binding sites (Momoshima and Bondietti, 1990). 

In a deildrocheniical analysis of red spruce across the northeastern U.S. 
(Shortle et al., 1997), wood formed in the 1960s was more frequently 
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enriched in Ca (Fig. 7.7a) and Mg (Fig. 7.7b) than at ally other time over 
the past eight decades (P < 0.05). The enrichment frequency of 28% for Ca 
and 52% for Mg in wood formed froin 1961 to 1970 is remarkable because 

upper llmlt 

-lnwdmL upper llmlt 

Figure 7.7. Dendrocl~emical illaskers of cation illobilization and coincident 
e~lviron~ne~ltal changes. The vertical, dashed lines mark the years 1960 and 
1970. (a) Percent frequency of Ca enrichmeilt by decade. For example, the 1961 
to 1970 bar indicates that the meall frequency of Ca enrichlne~~t relative to the 
preceediilg decade was 28% across all sainple locations (f SE). (b) Enrich~~~eil t  
frequency for Mg was calculated as for Ca in (a). (c) Co~llbiiled e~llissio~ls of SO2 
and NO, for the United States (NAPAP, 1993). (d) Combined depositio~i of 
noilmarine SO4 and NO3 in ice core 20D collected from south cellti-a1 Greenland 
(Mayewski et al., 1986). (e) Water pH at Big Moose Lalte in the southwest 
Adiroildacks of NY. Acidity was estimated through stratigraphy of diato~us in 
sedirucllts (Charles, 1984). (f) Historical range of coilce~ltratioll of Ca and Mg in 
the forest floor of the northeastern U.S. according to available reports (Shortle 
and Bondietti, 1992). 
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the enrichment indicates a perturbatioil in the equilibrium between soil 
chemistry, sap chen~istry, and cation binding sites in stemwood. The 
observed Ca and Mg enrichment is also reillarkable because of its regional 
nature. 

What internal or external factors could cause the enrichment in Ca and 
Mg for wood formed in the 1960s? Internal infection processes and the 
tree response to injury and iilfectioil can greatly alter Mg and Ca 
concentration in the wood of living trees. However, the careful screening 
of both candidate trees and cores argue against that explanation. In some 
tree species, especially those (unlike red spruce) that contain a highly 
colored heartwood, heartwood formation call affect wood chemistry. 
Simply because of tree age and the inaturation process of red spruce, 3 1 of 
the 40 (78%) marked sapwood-heartwood boundaries occurred in wood 
formed in 1961 to 1970 (Shortle et al., 1997). However, the sapwood- 
heartwood boundary coincided with peak Ca enrichment in only 22 of the 
40 cores (55%). We suggest that if Ca enrichmeilt was a coilstitutive 
feature of heartwood forn~ation in red spruce, essentially all, rather than 
the observed 55%, of the peak Ca enrichinellt would coincide with the 
sapwood-heartwood boundary. 

The pattern of steinwood enrichment in Ca and Mg is consistent with 
the hypothesis that Ca and Mg were mobilized in the soil as acidic 
deposition increased, and trailsported in unusually high concentrations to 
sternwood via root uptake and sap transport (Shortle et al., 1997). This 
temporary increase in binding of Ca and Mg in wood formed in 1961 to 
1970 coincided with (1) increased sulfur dioxide (SO2) and oxides of 
nitrogen (NO,) emissions (NAPAP, 1993; Fig. 7.7c), (2) increased 
deposition of sulfate (SO4) and nitrate (NO3) in the Greenland ice sheet 
(Mayewski et al., 1986; Fig. 7.7d), (3) decreased pH of lake water in the 
Adirondacks (Charles, 1984; Fig. 7.7e), and (4) reduced conceiltrations of 
Ca and Mg in the forest floor (Shortle and Bondietti, 1992; Fig. 7.7f). 

If further reductions in the concentration of Ca and Mg froin the forest 
floor were due to exchange of hydrogen (H) for Ca, either from plant 
growth (Jol~nson and Anderson, 1994) or from acidic deposition, then the 
concentration of exchangeable Ca and Mg ([Ca + Mg],,) would be 
negatively correlated with the concentration of exchangeable H ([HI,,). 
Across our 12 study locations (Shortle et al., 1997), soil analysis indicated 
that [Ca + Mg],, was not significantly related to [HI,, for untrailsforilled 
or log, transformed data from the forest floor ( P  = 0.12) or mineral soil 
(P = 0.70) (Fig. 7.8a). However, log, [Ca + Mg],, was sigilificantly and 
negatively correlated to log, [All,, in the forest floor, the principle rooting 
zone of red spruce (Fig. 7.8b, P -= 0.001). Lawrence et al. (1995) have 
attributed this negative correlation between exchangeable Ca and 
exchangeable aluminum (Al) in the forest floor to increased translocation 
of A1 froin the mineral soil, where acidic deposition has increased A1 
dissolution. Acid-extractable A1 in the forest floor increased over the past 
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Figure 7.8. Relationships anlong inajor cations in forest soils and soil solutions 
(David and Lawrence, 1996; Lawrence et al., 1995) and the stress marker, 
putrescine. (a) Regression analysis indicates no significant relationship between 
log, [Ca + Mg],, to log, [HI,, either in ruinera1 soil (closed circles, P < 0.70) or 
forest floor (open circles, P  < 0.12). (b) Regression analysis indicates a significant 
relationship between log, [Ca + Mg],, and log, [All,, in the forest floor (open 
circles, P  < 0.001) but no significant relationship in ininera1 soil (closed circles, 
P <  0.36). (c) Regression analysis indicates that concentrations of putrescine in 
red spruce foliage are significailtly related to the Al/Ca binding ratio (molar 
charge ratio of exchangeable Al to exchangeable Ca) of the forest floor (open 
circles, P<0.027). (d) Regression analysis indicates a significant relationship 
between log, Al/Ca ratio in the forest floor soil solution to the log, Al/Ca binding 
ratio in the forest floor (open squares) and fine root tips (triangles), and between 
log, Al/Ca ratio in the illillera1 soil solution to the log, AI/Ca binding ratio in 
inineral soil (closed squares, P<0.001). Vertical, dotted lines indicate the 
suggested 50 and 100% risk level of forest damage due to adverse AI/Ca ratios. 

two decades at the Hubbard Brook Experimental Forest, and ratios of A1 
to Ca in mineral soil solutions (but not forest floor solutioi~s) were 
strongly correlated wit11 exchangeable A1 content in the forest floor. 
Mineral dissolutioil of A1 in the forest floor was ruled out as a cause for 
this relation because ininera1 A1 concentrations were uilrelated to 
exchangeable A1 concentratiolls (Lawrence et al., 1995). Leaching of Ca 
by S O :  has directly contributed to depletion of forest floor Ca, but 
mobilization of A1 in the mineral soil has also indirectly contributed to this 
process by (1) reducing uptake of Ca from the mineral soil (2) providing 



246 W.C. Shortle et a1 

a supply of reactive A1 that exchanges with Ca in the forest floor, enabling 
thc leaching of Ca from the forest floor, and (3) illcreasing A1 saturation so 
that the nunlber of exchange sites available for adsorbing added Ca is 
reduced. 

The foliar concentration of the stress marker putresciiie in putatively 
healthy red spruce trees was significantly correlated (P < 0.02) to the Al/Ca 
binding ratio of the forest floor (Fig. 7.8~).  This indicates that even 
healthy-appearing trees are stressed due to adverse Al/Ca ratios. Regrcs- 
sioii analysis indicates that log, Al/Ca binding ratio was strongly related 
with the log, Al/Ca ratio in the soil solution of both the forest floor and 
the inillera1 soil (Fig. 7.8d, P < 0.001). Nonwoody absorbing root tips in 
the forest floor appear to be binding A1 in the saille manner as the 
surrouilding soil, at the expense of Ca and Mg (Fig. 7.8d; Shortle and 
Bondietti, 1992; Smith et al., 1995). The Al/Ca ratio in the soil solutioil 
(expressed as the reciprocal Ca/Al ratio) was described as an ecological 
indicator of approximate thresholds beyond which the risk of forest 
damage increased due to A1 stress and nutrient iinbalailces (Cronan and 
Grigal, 1995). The risk of forest dainage was assessed at 50% when the soil 
solution Al/Ca ratio was 2 and at 100% when the ratio was 5. At all 
locations in the regional red spruce study, Al/Ca ratios of mineral soil 
solutioils exceeded the 50% risk level and half of the locatioils wcre above 
the 100% risk level (Shortle et al., 1997). Most forest floor solution ratios 
were below the 50% risk level and trees appeared generally healthy. The 
forest floor solution ratio was above the 50% risk level at only one 
location, Mt. Abraham, Vermont, where half of the canopy spruce were 
dead or dying. Because we sampled the most healthy portioiis of thc red 
spruce forest at each location, the area we investigated at Whiteface 
Mountain, New York, did not have a particularly high Al/Ca binding 
ratio (0.8) in the forest floor. This particular area contained neither 
evidence of uilusual inortality or current tree decline. 

These results support and expand upon the tilode1 that Robert Hartig 
proposed in 1897 to relate sulfate deposition to dainage ("smoke injury") 
of spruce-fir forests (Hartig, 1897). Hartig stated that essential base 
cations would be lost from the root zone of trees subjected to high inputs 
of sulfate. We suggest that n~obilizatioil of A1 has accelerated the loss of 
essential bases. We make this suggestioil because of the evidence of 
a general inobilizatioil of base cations in the mid-20th ceiitury and the 
dynanlics of A1 behavior as described above. As Hartig described, the loss 
of essential bases would suppress root growth. Roots not able to grow into 
new areas of the forest soil would eventually starve and die, making the 
belowground parts of trees susceptible to attack by facultative pathogens. 
Aboveground parts would respond to the loss of roots by shedding 
needles. Most trees would survive but grow poorly, be more frequently 
infected by facultative pathogens and insects, and be less tolerailt of 
abiotic stressors such as drought. 
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I11 conclusion, the patterns of the dendrochemical inarker of Ca alld Mg 
enrichinent in red spruce stemwood is inconsistent with a stable chenlical 
environinent in forest soil for the 20th century in the northeastern United 
States. The enrichnlent in wood forlned in the 1960s is consistent with 
mobilization of base cations in the mid-20th century. This hypothetical 
inobilization coincides with increases in the atn~ospheric emission and 
deposition of nitrates and sulfates. The biochemical marker, foliar 
putresciile concentration, indicated that even apparently healthy trees 
are under stress due to adverse Al/Ca ratios in the forest floor. The 
hypothetical niobilizatioil of Al, which would result in greater AI/Ca 
ratios, would be enhanced by acidic deposition (Cronan and Goldstein, 
1989; Driscoll et al., 1984; Lawrence and Fernandez, 1991). Spruce stands 
most vulnerable to multiple stressors, such as those at high elevations, 
have already been damaged. We anticipate that red spruce and other tree 
species growing uiider less harsh conditions will become stressed and more 
vulllerable with continued depletion of essential base cations and 
inobilization of Al. 

Biochemical Markers: Indicators of Changing Stress 

Trees, by their perennial nature, are coilstantly exposed to a variety of 
biological and environn~ental stresses. Plants, including forest trees, 
respond to these stresses with physiological and developmeiltal changes 
that lead to either an avoidance or a tolerance of the stress factors. 
Depending upon the duration of exposure, plants einploy either short- 
tern1 responses that overcoine stress or long-term adaptation to that stress 
by long-lived epigenetic changes. Seine species have developed genetic 
inechanisms to adapt to harsh and variable environments. The complex 
response to stress begins with the perception of stress which, through 
a series of signal transduction pathways, leads to changes at the cellular, 
physiological, and developn~ental levels (Vernon et al., 1993). While soine 
physiological responses may be specific to the stressor, other responses are 
generic. Also, whereas some of these responses may be localized to the 
tissue or organ that was stressed, others may be systemic responses of the 
whole tree. In all cases, stress-induced genes are activated, some of which 
lead to nletabolic changes that can be used as physiological and 
biochemical markers of stress. 

Whereas some of these metabolic changes are quantitative, for example, 
an increase or decrease in cell size or the cellular content of one or more 
metabolites, others are qualitative, for example, the presence or absence of 
certain inetabolites or proteins. The first step in alleviating stress in plants 
is to detect and characterize the stress response at an early stage. Certain 
forms of stress (e.g., drought) occur intermittently and the stress periods 
are followed by recovery periods. Other forms of stress are more constant 
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and require different adaptive mechanisms. For example, plants grown in 
high salinity develop mechanisms to exclude sodiunl ( ~ a * )  or acculnulate 
potassium (K+) ions. On the other hand, plants exposed interlnittently to 
salt may accumulate organic solutes, such as proline and polyamines, 
to stabilize cell membranes and achieve osmotic balance. In most cases 
these changes persist for some time even after the stress is temporarily 
removed. Thus, if these changes could be detected early, they could be 
useful indicators or marlters of stress in visually nonsymptomatic trees. 

The need to assess a number of early pl~ysiological and biochen~ical 
marlters of stress in trees is obvious. With slow and long-term changes in 
the soil and environmental factors due to huinan activity, forest trees have 
been affected in inany ways, leading to loss of productivity in the forest. 
Unfortunately, in inost cases, symptoins of stress appear too late to 
manage or treat trees to reverse the effects of stress. Thus, the availability 
of marlters that can assess the current status of stress in apparently healthy 
trees in a forest is crucial for planning a potential treatment or 
a manageinent practice for either alleviating the deleterious effects of the 
stress or removing the cause of stress. To be useful, a physiological or 
biocl~emical marker should be a part of an adaptive mechanism and not 
a short-term response to applied stress. A useful marker is easily detected, 
quantified, and able to reliably estimate the health status of a stand. 

The process to identify such markers involves (1) a coinparison across 
a gradient of environinental change (e.g., acid precipitation, urban 
pollution, increased fertilization, etc.) and (2) experiinents to study the 
effects of specific stressors on plant metabolism. While a few studies of the 
former type have been reported with forest trees, most of the experimental 
work has been done with either crop plants or young seedlings and tissue 
cultures of tree species. 

Osn~otic stress, salt stress, mineral deficiency, and increased solubilizat- 
ion of A1 are some of the soil factors that have changed in recent years and 
have affected forest productivity. Ainong the important atmospheric 
factors are increased 03 ,  NO,, sulfur oxides (SO,), and particulate 
deposition. All of these factors can contribute to a decline in tree health 
and forest productivity. Metabolic changes associated with soil and 
environmental factors are changes in photosynthetic rates, foliage 
fluorescence characteristics, organic metabolites or inorganic ions, 
phytochelatins, activities of antioxidative enzymes, and the presence of 
certain stress-induced proteins. The following discussion examines these 
changes in plants, including trees, followed by a summary of our work on 
biochemical indicators of A1 stress in woody plants. 

Many stress factors, such as ozone, low temperature, and drought, 
induce the production of reactive oxygen species, such as oxygen radicals 
and hydrogen peroxide (H202). These oxidants damage cellular metab- 
olism, particularly photosynthesis. To prevent oxidative damage, plant 
cells utilize a scavenging system consisting of low molecular weight 
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antioxidaiits (e.g., ascorbic acid, glutathione, and vitamin E) and a set of 
inducible protective enzymes, including superoxide dismutase (SOD), 
glutathione reductase (GTR), dehydroascorbate reductase (DHAR), 
inonodehydroascorbate reductase (MDHAR), and ascorbate peroxidase 
(APX). Thus, the constaiit presence of elevated levels of tliese oxygeii- 
scaveilging co~npounds call be indicative of one or more forms of stress, 
such as O3 stress in birch and drought stress in oak and pine (Scliwanz 
et al., 1996). Spruce sliowliig syn~ptoii~s of decline disease at high elevation 
have higher concentratioils of ailtioxidants (Nageswara et al., 1991; 
Bermadinger-Stabentheiner, 1996). Molecular genetic techniques to affect 
stress tolerance tlirough the modulatioi~ of cellular levels of tliese 
antioxidants aiid antioxygenic enzymes are being investigated in several 
species, including poplar (Foyer et al., 1995). 

Polyamines (putrescine, spermidiiie, and spermine) are a group of open- 
chained polycatioiis of low iliolecular weight tliat are found in all 
organisms and exist in both free aiid bound forms. They play an important 
role in the growth and development of all organisms. The biological 
function of the polyaniines could be partly attributed to their cationic 
nature and their electrostatic iiiteractioiis with polyanionic nucleic acids 
and negatively charged functioilal groups of ineinbraaes, enzymes, or 
structural proteins in the cell (Houman et al., 1991). Recently, consider- 
able attenti011 has been paid to the study of chailges in polya~nine 
iiletabolisin in plaats subjected to various kinds of e~iviroiimeiital stress. 
External stress can result in an increase or a decrease in cellular 
polyamines, depending upon the type of stress, the plant species, and 
the time of stress application (Zliou et al., 1995). Abiotic stress conditions 
that affect polyamine concentration include low pH, SO2, high salinity, 
osmotic shock, nutrient stress (e.g., K or Ca deficiency), low temperature, 
and ozone (Flores, 1991 and references therein), and A1 (Minocha et al., 
1992, 1996a,b, 1997). Polyami~les ge~ierally show a reverse proportioiiality 
to ioiis such as Ca, Mg, nlailganese (Mil), and K in response to A1 
treatment (Minocha et al., 1992, 1997; Zhou et al., 1995). Houinail et al. 
(1 991) observed a 25-fold increase in putrescine in the leaves and an 80- 
fold increase in roots of Pol?ulus M Z C I X ~ ~ N O M J ~ C Z ~ ~  stem cuttings grown in low 
I<. Sper~nidine and spermine conteiit decreased under low I< conditions. 
The increased levels of putrescine were sustained over several weeks, thus 
acting as useft11 markers of I< deficieiicy. 

In addition to polyaini~ies tliat liiay stabilize cellular membranes, 
nucleic acids, and some proteins, another mecl~anism often used by plants 
to protect tlien~selves under proloiiged stress conditioiis is the accumu- 
lation of compatible solutes. These solutes are a group of compounds that 
are not highly charged, but are polar and highly soluble. They include 
proline, glycerol, glycine, betaine, and so forth. Besides osmoregulation, 
they perforin the i~nportaiit function of osmoprotectio~l by helping to 
preserve the native confor~natioii of proteiiis (Rudolph et al., 1986; 
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Carpenter and Crow, 1989). While higher coiicentrations of inorganic ions 
inay be inhibitory to enzyme activities, compatible solutes at higher 
coiicentrations are not inhibitory to most enzyme activities (Pavlicelc aiid 
Yopp, 1982; Richter and ICirst, 1987). At present, the literature on the role 
of conipatible solutes in ostnoprotection in trees is scarce. An increase in 
foliar proline content has been shown in several species of oak in response 
to drought stress (ICini and Kiiil, 1994), and in spruce aiid Euculj~ytus in 
response to elicitor-induced stress and insect lierbivory, respectively 
(Lange et al., 1995; Marsh and Adanis, 1995). Factors that affect fine root 
structure and function, which would in turn affect the water aiid iiutrieiit 
status of tlie plant, could affect the levels of conipatible solutes in the 
foliage. 

Plants growing in soils rich in heavy metals are known to accuniulate 
high concentrations of metal-binding peptides called phytochelatins (Grill 
et al., 1987). These peptides, which have the general structure (y-Glu- 
Cys),,-Gly ( i z  = 2 to lo), are synthesized from glutathione by enzymatic 
peptide synthases and not by direct traiislatioii of messenger riboiiucleic 
acid (niRNA). Phytochelatins have also beell referred to occasioiially and 
erroneously as metallothioneins. True inetallothioiieins are a group of 
sinall metal-binding proteins found mostly in bacteria and animals 
(Hamer, 1986). Metallothioneins are direct products of tlie genes 
synthesized tlirough inRNA translation. More recently, inetallothioneins 
have been located in plants. The correlation of metallothein to phytoclie- 
latin conceiitrations remain unknown. Phytochelatins bind to heavy 
nietals, such as cadmium (Cd), lead (Pb), and chroniium (Cr), and 
effectively reduce tlie cellular coiicentratioiis of free metals. The biosyn- 
thesis of pliytoclielatins is induced only by heavy nietals and thus their 
presence in high quantities is a reliable aiid specific indicator of heavy 
metal stress (Grill et al., 1988). Gawel et al. (1996) have proposed tliat 
heavy nietals may be tlie likely contributing factor in the decline of forests 
in the northeastern U.S. Their data showed tliat the pliytochelatin 
concentrations were higher in red spruce, a species in decline in 
ilortheastern U.S., as compared with balsam fir, a species that is not. 
Phytochelatiii concentrations increased with increasing altitude aiid had 
a positive correlation with decline. They also increased across the region in 
forest stands with increasing tree damage. 

There are iiiany classes of stress-inducible proteins, for example, heat- 
shock proteins (hsp), nietallothionein-like proteins, late enibryogenic 
abundant (lea) proteins, calinodulin, and several proliiie-rich cell wall 
proteins that have also been reported to be synthesized in stressed cells of 
several plant species. In most cases, specific functions of these proteins are 
not known. Likewise, increased cellular levels of salicylic acid, pathogen- 
related proteins (PRPs) and changes in foliage fluorescence have been 
suggested as potential inarkers of stress. 
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Biochemical Indicators of Aluminum Stress 

The adverse effects of acidic deposition oil soil productivity, due to the 
solubilization of A1 and leaching of bases, are of major concern to forest 
land managers because such processes inay impact growth over large 
areas. Moliomeric A1 is an important toxic species to plants, both in the 
rhizopshere and within the plant syniplasln (Shortle and Smitli, 1988; 
Cronan and Grigal, 1995; Icochian, 1995) Alulnilium iiiterferes witli 
cation uptake and can cause damage to plant cells by interaction with 
sensitive iiiacroiiiolecules (Haug, 1984; Sucoff et al., 1990). Aluminum is 
known to affect the needle biomass, root growth, seedling height, and 
cellular illorganic ion content in plants (Schier et al., 1990). However, very 
little is known about the primary site(s) of action of A1 and the chain of 
biocheniical and molecular events associated with short- and long-term 
effects of Al. We have eniployed suspension tissue cultures of two woody 
plants, periwiiiltle (Catharanthus roseus) and red spruce as a inodel 
experiiiiental systeln to study cellular responses to Al. We have also 
conducted field studies to correlate foliar polyaniines and inorganic 
cations to soil Al/Ca ratios. 

Tissue Culture 

Cell cultures are a reliable tool for gaining insights into the effects 
of certain eleme~its on plant cells under controlled coiiditioiis. This is 
a valuable approach as it is extremely difficult and expeiisive to 
create a controlled environineiit for mature trees. Model systems using 
cell cultures can identify biochemical and molecular processes that are 
early indicators of a particular stress, for example, A1 exposure. Methods 
developed using the model systein may then be applied to foliage 
or other tissues of inature trees collected across a natural or nianipulated 
stress gradient to evaluate tlie current and future healtli status of forest 
stands. 

Rapid methods for the extraction of free polyalnines and exchangeable 
inorganic ions and for tlie quantitation of polyamines using liigh 
pressure liquid cliroinatography (HPLC) were developed in our labora- 
tory using several herbaceous and woody plant tissues (Minocha et al., 
1990, 1994; Miiiocha and Shortle, 1993). Prelilniliary work on A1 stress 
was done using a woody plant model culture systein of periwilikle until a 
suspeiision culture liiodel systeln of red spruce becaine available in 
our laboratory. 

Addition of 0.2, 0.5 or 1 .O mM aluniinu~n chlorate (AlC13) to 3-day-old 
periwinkle cells showed a small but sigiiificaiit increase in cellular levels 
of putrescine at 4 hours followed by a sharp decline by 16 hours (Minocha 
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et al., 1991). Tllere was no further decline in putrescine during the next 
32 hours. Spernlidine levels did not change appreciably as cornpared with 
the control cultures. However, spermine levels increased by 2- to 3-fold 
at 24 and 48 hours. Whereas all concentrations of A1 caused a slight 
decrease 111 total cell number, cell viability was affected only by 1.0 n1M Al. 
There was a decrease in the cellular levels of Ca, Mg, Na, K, Mil, P, 
and iron (Fe) in the cells treated with A1 at 4 hours but a significant 
illcrease by 16 aiid 24 hours. The results suggest that both the absolute 
amounts of A1 and the length of exposure to it are important for cell 
toxicity (Minoclla et al., 1992). 

Similar to the results with periwinkle, treatment of 3-day-old red 
spruce cultures with 0.2, 0.5, and 1.0 mM AlC13 caused a dose-dependent 
inhibition of fresh weight production. Tliese levels of A1 also caused 
a significant increase in cellular putrescine concentrations. This increase 
was dose-dependent up to 2 days and could be observed as early as 4 hours 
(Fig. 7.9). Spermidine levels were either not affected or showed a slight 
increase, which was not always dose-dependent. A1 generally caused 
a dose-dependent increase in sperinine and a decrease in K, Ca, Mg, and 
Mn (Minoclia et al., 1996a). 

Aluniili~iii tolerance varies considerably ainoiig species and even ainong 
genotypes within species (Delhaize and Ryan, 1995). The different 
responses observed for putrescine content during long-term incubation 
with A1 for periwinltle (Minocha et al., 1992) and red spruce suspeiisions 
are probably due to their different sensitivities to Al. Periwinkle showed an 
increase in putrescine content in response to A1 treatinent during the first 
4 hours, but an inhibition thereafter in response to A1 treatment. In 
contrast, tliis stress response (increase in putrescine levels) lasted for 
several days in red spruce. Differences in the growth rates of cell cultures 
(i.e., periwinltle is faster growing than red spruce) ]nay be partly 
responsible for this observed difference (Minoclla et al., 1996a). 

Uilder conditions of increased oxidative stress, such as low teniperature 
and/or nutrient deficiencies, adjustnleiits of enzyinatic activities and 
antioxidant levels have been observed in herbaceous plants as well as 
spruce needles (Hendry and Broklebank, 1985; Price and Hendry, 1991; 
Baker, 1994). Aluniinuni has been reported to cause Ca deficiency in 
spruce. Thus A1 inay also induce cells to respond to nutrient deficiency by 
changing their antioxidant levels. 

There is 110 available information in the literature on the effects of A1 on 
antioxidants and their biosyiithetic enzynles in plants. However, research 
done using rats, animal cell culture systems, aiid in vitro assays has shown 
that aluniiiluin was responsible for altered GTR and SOD activities 
(Zaman et al., 1990; Shainkin-Kestenbaum et al., 1989). Our work with 
red spruce suspension cultures treated with A1 showed a dose-dependent 
decrease in GTR, MDHAR, and APX. Thse changes in GTR were not 
consistent froin experiineilt to experiment. 
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Figure 7.9. Effects of AICI3 on cellular putrescine. A1 was added to 3-day-old red 
spruce cell suspellsioii cultures of red spruce and subsequently analyzed. Values 
are lllcan +Z SE of three replicates. 

Recently, several researcliers have postulated a protective role for 
organic acids (e.g., illalate or citrate) in alleviating A1 stress in herbaceous 
plants (Delhaize and Ryan, 1995 and references therein). The ainount of 
nialate released by an Al-tolerant genotype of wheat was 5- to 10-fold 
greater tliail tlie aniouiit released from a near-isogeneic, but Al-sensitive 
genotype (Ryan et al., 1995). Following tliese suggestions we undertook 
a study (I )  to determine whicli organic acids, if any, are accuniulated or 
secreted by red spruce cultures in response to A1 trcatment and (2) to 
deteriiiine if exogenous addition of ally of these orgailic acids along with 
A1 would reverse the effects of A1 on red spruce cultures. Our data show 
that addition of 0.5 and 1.OmM AIC13 to 3-day-old suspension cultures 
caused a significant increase in tlie cellular content of succinate with 
a concoillitant decrease in tlie concentration of oxalate at 48 hours. 
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However, both succinate and oxalate were present in significantly higher 
aiiiounts in the spent media of Al-treated cell cultures. The cellular 
amounts of inalate, ascorbate, and citrate were not affected by A1 and they 
were not present in detectable quantities in the spent media. Exogenous 
addition of succinate alone or along with A1 had no effect on cellular 
polyainine concentrations or tlie cell niass. Addition of either oxalate, 
ascorbate, or citrate alone to the cultures caused an increase in polyamine 
concentratiolls without any effects on cell niass. However, while the 
addition of malate by itself had no effect on cellular putrescine and cell 
mass, its addition along with A1 caused a complete reversal of A1 effects on 
putrescine metabolism and the growth rate of cells. The data support the 
postulated role for malate in alleviating A1 stress. 

Field Studies 

The next step in the study was to validate observable changes in polyamine 
metabolism to A1 exposure under field conditions. If valid, we could 
then use polyamine chemistry as an early biochemical marker of stress in 
apparently healthy trees (Minocha et al., 1996b, 1997). Six red spruce 
stands from the nortl~easterii U.S. were selected for collectioii of soil and 
foliage samples. These stands all had soil solution pH values below 4.0 in 
tlie Oa horizon but varied in their soil A1 concentrations. Some of these 
sites were apparently under some forin of environnlental stress as indicated 
by a large number of dead and dying red spruce trees. Saniples of soil and 
needles (from apparently healthy red spruce trees) were collected from 
these sites four times during a 2-year period. The data showed a strong 
positive correlatioll betwecll Ca and Mg content in the needles and that of 
the Oa horizon of the soil, the area of greatest occurrence of fine absorbing 
roots. Needles from trees growing on relatively Ca-rich soils with a low 
exchangeable A1 concentration and a low Al/Ca soil solution ratio had 
significantly lower concentrations of putrescine and spermidine than those 
growing on Ca-poor soils with a high exchangeable A1 concentration and a 
high Al/Ca soil solution in the Oa horizon. Tile magnitude of this change 
was several-fold liigher for putrescine concentrations than for spermidine 
concentrations. Neither putrescille nor sperinidine was correlated witli soil 
solution clieniistry (Ca, Mg, and A1 concentrations) in the B horizon. The 
putrescine conceiitratioils of the needles always correlated significantly 
with exchangeable A1 (r2 = 0.73, P 5 0.05) and soil solution AI/Ca ratios 
(Fig. 7.10) ( r2  = 0.91, P < 0.01) of the Oa horizon. This suggests that in 
conjunction with soil chemistry, putrescine and/or sperinidine liiay 
potentially be used as early indicators of A1 stress before the appearance 
of visual symptoins in red spruce trees. 

We conclude that similar inferences on the effects of A1 inay be drawn 
from cell cultures and the foliage of mature red spruce in the field 
(Minocha et al., 1996a). This indicates that the cell culture studies are 
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Figure 7.10. The relatiollship of foliar soluble putresciile to the Al/Ca luolar 
ratio calculated for total rnollomeric A1 and Ca in the soil solution of the forest 
floor. Foliar data are inealls of 40 replicate observatiolls except for Kossuth, 
Maine, and Big Moose, New Yorlc, which are lneans of 20 replicate observations. 
Soil data are means of 12 replicate observations. 

a valuable and reliable tool for investigating the effects of potential 
chemical stressors on trees. We have also demonstrated that an increase in 
foliar putresciile and/or spermidine concentrations in response to direct or 
indirect stress imposed on red spruce trees by A1 exposure may possibly be 
used as an early warning tool for assessing and predicting tree health 
before the appearance of visual synlptonis of damage. 

Polyamines, in addition to a role in menibrane stabilization, act as 
scavengers of free radicals, inodulators of the metabolism of reduced N 
and modulators of free Ca in the cells (Slocuni and Flores, 1991). Since 
their biosynthetic pathway conlpetes with the biosynthesis of ethylene, 
a senescence hormone, they call also modulate ethylene metabolism. Thus, 
the elevated cellular polyanline content could help the plant in tolerating 
a variety of stresses that affect the above mentioned cellular functions. 

Belowground Processes 

Root Physiology and Pathology 

Acidic deposition can deplete soil nutrients, promote soil acidification 
(Robarge and Johnson, 1992), and increase the concentratioi~ of anions. 
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Increased deposition of acidic anions increases tlic coilcentration of A1 in 
tlie soil solutioii (Reuss, 1983). These changes adverscly affect root viability 
and sustainability. 

Root physiology aiid pathology are affected indirectly by acidic 
deposition priniarily by two iizeclianisms. The first ineclianisin is a cliange 
in soil cheiiiistry tliat iiiodifics (1) root morpliology, longevity, aiid 
turnover rates, (2) the inycorrhizal status of tlie root, and (3) root 
chemistry, nietabolisiii, and ultimately the ability to tale up nutrients. Tlze 
second inechaiiisni is a change in carbon allocation patterns to the roots 
caused by reductions in total tree carbon production due to reduced 
nutrient uptake, reduced photosynthetic area (foliage) related to dieback 
pheiloinena (e.g., winter injury i11 spruce), aiid increased root niortality. 
Change in carbon allocatioii reduces the available carbohydrate, required 
to iiiaiiitain existing roots, replace dead and dying roots, aiid provide 
defense cheniicals needed to protect roots against pathogenic fungi aiid 
other microorganisins (Bloomfield et al., 1996). 

Ulrich (1983) proposed that the adverse effects of acidic deposition on 
forest ecosystems resulted from decreases in the base cations in soil 
solution, especially Ca levels, resulting in low Ca/Al ratios. Studies on fiiie 
root deterioration in conifer forests in Germany linked fiiie root death, 
decreases in growth, deteriorating crowns, and increased tree iiiortality to 
changes in the molar ratio of Al/Ca in tlie forest floor (Bauch and 
Schroeder, 1982; Baucli et al., 1985a,b; Stieilen et al., 1984). These studies 
found that where decreased growth or tree iiiortality occurred, Al/Ca 
ratios in the cortex of fine roots were >1. 

Higher levels of A1 seem to decrease the uptake of Ca by tree roots 
eventually resulting in the loss of root integrity. Radioisotope studies 
showed tliat when equi~nolar concentrations of and ca2+ existed at 
pH 4, Ca uptake by tlze roots was reduced (Schroder et al., 1988). The Ca/ 
A1 molar ratio of the soil solution seems to be one of the priiiie 
mechanisms by which acidic deposition affects forest growth aiid it has 
been proposed as an iniportant indicator of potential stress in forest 
ecosysteiiis (Cronan aiid Grigal, 1995). This ratio is especially critical in 
the forest floor where the fine root systenis of coniferous species are 
predoiniiiantly located and capture nutrieiits (Vogt et al., 1981). 

Fine Root Distributioii in the Forest Floor 

The forest floor is an iniportant source of nutrieiits for forest trees, 
especially for coniferous trees in cold temperate and boreal forests (Cole 
aiid Rapp, 1981; Vogt et al., 1986); the importance of this horizon as the 
dominant site for nutrient capture increases as the stand ages and 
develops. In the Pacific Northwest, Douglas fir (Pseudotsugn rve~ziesii 
[Mirb.] Fraiico) forests about 70 years old obtained almost 100% of their 
nutrient requirements from tlie forest floor (Johnson et al., 1982b). At this 
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stage of stand developnient, trees have fully occupied the site, and foliar 
and root biomasses have stabilized (Vogt ct al., 1987). There is also some 
evidence that suggests that as the stand ages, fine roots concentrate in the 
forest floor. Fine roots in a 23-year-old stand of Ahies ar71abilis Forbes in 
the Pacific Northwest was predominantly located in the E horizon while in 
an older stand (-180-year-old) root bioiiiass was niostly located in the 
forest floor (Vogt et al., 1980). 

The few studies conducted in forests of tlie northeastern U.S. show that 
fine roots of conifers occupy predoniiilantly the forest Aoor, which in these 
forests can be quite deep (5 to 15ciii) (Fernandez, 1992; Joslin et al., 
1992). In a survey of hardwood and spruce-fir forests in the Adiroiidack 
Mountains of NY, fine roots of red spruce (Picerr rubeizs Sarg.) and balsain 
fir (Ahies Balsrrr~zea L.) occupied the forest floor predominantly, while fine 
roots of yellow birch (Betztlrr alleglzrrrzien,sis Britt.), sugar maple (Acer. 
saccalzarur~~ Marsh.), and beech (Fngzts grnridifolin Ehrh.) were distributed 
throughout the forest floor and mineral horizons (Hopkins, 1939). For 
example, about 95% of balsam fir roots and 100% of red spruce roots 
were found in the forest floor horizons designated as the F or fernientation 
layer (Oe) and H or huliius layer (Oa). In contrast, yellow birch had about 
half (40 to 50%) of its fine roots in the forest floor, while beech (37%) and 
sugar iizaple (12%) had a third or less of their roots in the forest floor. 
More recent studies in the same area, but over a greater range of sites than 
~tsed in the Hopkins study (Hopltins, 1939), showed that 70 to 80% of the 
conifer fine root biomass (<2-mni diameter) occurred in the forest floor, 
while more thali 50% of the fine roots of hardwood species were in the 
mineral horizons. 

This preponderance of fine roots in the surface organic liorizons has 
also been observed in spruce-fir forests in the southern Appalachians, 
where fine roots were almost exclusively limited to the Oa horizon and 
surface of the utlderlying nlinet-a1 horizon (Johnson and Fernandez, 1992; 
Kelly and Mays, 1989). Both of these reports indicated that fine roots 
(<0.5 cni) were found in tlie lower depths of the mincral horizon but they 
represented only a very small fraction of the total fine roots. 

In these northern forests, tlie restriction of conifer roots priinarily to 
the forest floor is in strong contrast to the distributioil of hardwood roots. 
In the Adirondacks, fine root abundance of yellow birch in the mineral 
horizon ranged fro111 32 to 100% depending on associated species 
coniposition and site type (Hopkins, 1939). In the same sites, total 
abundance of sugar niaple and beech roots in the inineral horizon ranged 
from 88 to 100% and 63 to loo%, respectively. The same trend has also 
been recorded for iliixed mesophytic forests in eastern Kentucky. 
Root abundance was consistently and significantly higher in the mineral 
soil and represented 79%, 83% and 88% of the total root abundance 
for oalt, transitional, and beech forest types, respectively (ICalisz et al., 
1987). 
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Soil Clieinistry Effects on Fine Roots 

The effects of acidic deposition on the humus-root relationships in 
sensitive forest sites and its role in subsequent localized damage was first 
proposed in the late 1800s in Germany for conifer sites apparently 
suffering from sulfur einissions (Hartig, 1897). Sulfur einissions were 
postulated to affect the soil, which led to suppressed root growth and 
nutrient uptake, and, eventually, dieback, decline, and nlortality. How- 
ever, it was not until the late 1970s and early 1980s that significant large- 
scale tree mortality was reported in Europe and stimulated research on its 
cause(s), which to some extent corroborated Hartig's hypothesis (Ulrich 
et al., 1979). This led to specific studies that showed significant disruption 
of root functions and damage to root tissues due to the mobilization of A1 
and its uptake by trees (Godbold et al., 1988). 

In general, spruce on acidic "mor" soils carry larger bio- and necro- 
masses and have greater turnover rates than trees on more fertile soils 
(ICottke, 1987; Ulrich, 1987; Vogt et a]., 1986). Thus, trees must allocate 
a larger percentage of their net primary production to root system growth 
to provide sufficient nutrients and water for growth (Rehfuess, 1989). Any 
significant reduction in root growth and turnover rates would have 
a significant adverse effect on above ground productivity. 

The impact of acidic deposition on root growth and hence on overall 
productivity is mediated most likely through its effect in the rooting zone 
on the abundance of aluminuin (Al), which interferes with and regulates 
processes at the soil-root interface (Cronan and Grigal, 1995). The effect 
may be manifested through two mechanisms. One mechanis~n is the 
competition by A1 for nutrient uptake exchange sites, and subsequent 
physiological alterations to plant growth and resource acquisition. The 
other is the restriction of the rooting zone where roots can acquire 
resources. The first nlechanisni is related to the affinity of root exchange 
sites for A1 at low pH and high Al/Ca ratios (Cronan, 1991; Dahlgren 
et al., 1991). This allows A1 to significantly interfere with the uptake of 
other important cations (Ca and Mg), thus eventually causing nutrient 
imbalances within the whole plant, for example, the observed Mg 
deficiencies in Norway spruce in Germany (Schlegel and Hutterman, 
1990). Also, increased uptake of A1 by the fine roots directly and adversely 
affects their physiology, causing reduced water uptake and decreased fine- 
root biomass, branching, and terminal elongation (Cronan et al., 1989). 

The second mechanisln is related to the potential toxicity of A1 in the 
rooting medium (Dahlgren et al., 1991). Organic horizons typically have 
high cation exchange capacities and low AI/Ca ratios; B horizons, in 
contrast, have lower exchange capacities, higher relative amounts of 
exchangeable acidity, and high Al/Ca ratios (Cronan, 1994; Dahlgren 
et al., 1991). Thus, as concentrations of anions from acidic deposition 
increase in the mineral soil, the concentration of A1 (primarily ~ 1 ~ + )  in the 
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soil solution increases making the mineral horizon an inhospitable rooting 
nlediuin for roots of Al-sensitive species. Root concentrations of A1 
tracked closely with the ~ 1 ~ '  concentrations but not total aqueous 
A1 concentrations showing that the forin of A1 is important to toxicity 
(Dahlgren et al., 1991). In addition, A1 concentrations in the forest floor 
increased with illcreased depth. This relationship was due both to changes 
in the chemical affinity for A1 and to the progressively greater incorpo- 
ration of mineral soil and/or mineral soil aluminum with increasing depth 
into the organic horizon (Rustad and Cronan, 1995). This increase in A1 
concentrations in the B mineral horizon and lower depths of the organic 
horizon will decrease the availability of hospitable rooting zones and 
further decrease the ability of tree roots to capture necessary quantities of 
base cations other than Al. 

The effects of these chemical changes on roots and their relationsl~ips 
with aboveground deterioratioll have been documented for several forest 
systems. Prolonged suppression of cambial growth and crown diebaclc and 
mortality were linked with high inolar AI/Ca ratios in fine roots of red 
spruce in stands in New England (Shortle and Smith, 1988). Sl~ortle and 
Bondietti (1992) showed that in stands receiving high acidic deposition, 
Ca/Al ratios in the root tips were low (0.3 to 1. l), root density was sparse, 
and tree conditions were poor, based on crown condition and abundance 
of mortality. The Ca/AI ratio was higher (2.5 to 10) in root tips of red 
spruce in stands receiving less acidic deposition and where tree condition 
was judged good. Similar relationships with acidic deposition were 
observed in high-elevation red spruce stands in the southern Appalachians 
(Joslin and Wolfe, 1992). Restricted root growth was attributed to an 
unfavorable soil chemical ellvironlnent characterized by high A1 concen- 
trations in the soil solution and a low Ca/AI molar ratio. Fine roots of red 
spruce have a high affinity for A1 at low soil pHs and especially at low Ca/ 
A1 ratios; A1 is taken up in preference to "nontoxic" cations. In the root 
itself, A1 is co-precipitated with phosphate (PO4) and oxalate thereby 
decreasing the availability of P to the trees. This co-precipitation of A1 
with PO4 decreases with depth and thereby decreases the ability of roots to 
avoid A1 toxicity by co-precipitating A1 (Dahlgren et al., 1991). Smith 
et al. (1995) showed that this preferential uptalce can occur differently 
depending on the location of roots in the organic horizon. Root tips in the 
upper portion of the organic horizon (Oa, F) had higher Ca and lower A1 
concentrations than root tips in the lower portion of the organic horizon 
(Oa, H). Smith et al. (1995) also observed that the AI/Ca ratios in the root 
tips were consistently higher at higher-elevation sites compared with 
lower-elevation sites. This differential concentration of Ca and A1 in the 
fine root tips corresponds to the observation that the A1 concentrations 
are higher in the lower portion (Oa) of the organic horizon in these stands 
(Rustad and Cronan, 1995). 
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Mycorrhizal Relationships 

Not a great amount of work has been done in the northern forest 
ccosystems on the relationship of inycorrhizae and acidic deposition. One 
study in West Virginia coinpared ecton~ycorrhizal-basidioinycete coininu- 
nities in red spruce with those in northern l~ardwood forests (Bills et al., 
1986). Twenty-seven species of putative n~ycorrhizal partners were 
identified by sporocarp presence in red spruce stands, and thirty-five were 
found on nortl~ern hardwood stands; eight of the species were corninon to 
both areas. The spruce sites were on ridge crests between 1200 and 1350 n~ 
but there was no con~parison with stands at higher elevatioils that are 
potentially more polluted. In a linlited study of root pathology on red 
spruce on Mt. Abraham, Vermont, fewer mycorrhizae were found on fine 
roots of declining (crown deterioratioil-dieback, needle loss) trees than 
on healthy trees in a high elevation stand (Wargo et al., 1993). In addition 
to lower percentages of root tips that were mycorrhizal, declining trces had 
fewer mycorrhizae inorphotypes (Glenn et al., 1991; Wargo et al., 1993). 

In a inore extensive study of root pathology on red spruce conducted on 
trees in plots above and below cloud base and on windward and leeward 
aspects on Whiteface Mountain, NY, no consistent relationships between 
mycorrhizal measurements and tree health were detected on random 
sainples of fine roots froin healthy and declining trees (Wargo et al., 1993). 
In general, percentages of mycorrhizae on the Whiteface Mountain site 
(avg. 27%) were significantly lower than those reported for other red 
spruce sites in mesic and wetland sites in New Jersey (avg. 89%) (Glen 
et al., 1991) and at high-elevation sites on Mt. Mitchell in North Carolina 
(avg. 35%) (Bruclc, 1984). 

Data on abundance of inycorrhizae on red spruce from the Whiteface 
Mountain study and studies at Mt. Mitchell (Bruck, 1984) suggest that 
trees in high-elevation sites, regardless of health, havc fewer mycorrhizae. 
This could be a function of soil type, climate, or nutrient status. In the 
Whiteface Mountain study, the percentage of root tips that were 
inycorrhizal on randomly selected fine roots was significantly lower than 
on fine roots chosen for their healthy appearance. Percentages of 
mycorrhizae on these healthy-appearing roots were 2 to 3 tiines higher 
than on the randoinly chosen fine-root systeins and were siinilar to those 
found on healthy red spruce at lower-elevation sites on Mt. Mitchell, 
North Carolina (Bruck, 1984). This suggests Illat the turnover rate of 
mycorrhizal roots is higher in those high-elevation sites. 

Studies in Bavaria related changcs in mycorrhizae on declining Norway 
spruce (Picea aOies L.) to soil chen~istry (Meyer et al., 1988). In these 
Bavarian stands, mycorrhizae numbers were highly and positivcly 
correlated with the inolar Ca/A1 ratio in the mineral soil. The low 
incidence of mycorrhizae on red spruce at Whiteface Mountain sites also 
could be related to the Al/Ca soil chen~istry. For example, total Ca and 
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Mg conceiltratioils in the forest floor on Whiteface Mountain were higher 
at the low-elevation spruce site than at the higher-elevation site, and were 
lower at the single site on Mt. Abraham (Shortle and Bondetti, 1992) 
where root danlage was greater than at both elevations on Whiteface 
Mountain (Wargo et al., 1993). Also, exchangeable Ca and Mg were 
considerably lower on Mt. Abraham (Shortle and Bondietti, 1992). In 
addition to the low Ca and Mg, both sites had relatively high Al/Ca ratios; 
it was 0.9 on Whiteface Mountain and 3.1 on Mt. Abraham. The value for 
Whiteface Mountain is just slightly above the Ca/A1 ratio at which 
Cronan and Griegel (1995) estimate that there is a 50:50 risk of impact on 
tree growth or nutrition. The Ca/Al ratio at Mt. Abraham is well below 
that estimated to have a 75% chance of causing or resulting in damage. 

Other studies have shown negative relationships between A1 and 
degree of n~ycorrihzal abundance on fine-roottips. The degree of 
mycorrhizal infection on Norway spruce in Germany was positively 
related to the Ca/Al ratio in the mineral soil and increased as the ratio 
increased (Schneider et al., 1989). Mycorrhizal forination on balsam fir 
seedlings growing in environmental chambers was inhibited by A1 at 50 
and lOOmg A1 g-l substrate and at pH 3 and 4 (Entry et al., 1987). 
Reduction in mycorrhizal colonization on pitch pine seedlings also was 
caused by A1 at 50mglP1 concentration (McQuattie and Schier, 1992). 
111 addition, the inantle hyphae were devoid of cytoplasm, and cortical 
cells of the fine roots contained dense material and were often disrupted. 
Also, the zone of actively dividing cells in Al-treated seedlings was 
significantly less than controls, thus significantly reducing the amount of 
overall root growth. 

Similar relationships of colonization rates by illycorrhizal fungi and Ca 
and A1 properties of the soil have also been observed in northern 
l~ardwoods. A survey of 18 mature sugar maples showed that the 
frequency of endoinycorrhizal forillation was positively related to soil pH 
but negatively related to the level of H + A1 held on the soil exchange sites 
(Ouin~et et al., 1995). In this sanle study, the frequency of mycorrhizal 
formation also was positively correlated with the foliar and fine root Ca 
content. In contrast, evaluation of fine roots in sugar maple stands that 
had been treated with a base cation mixture showed that fertilization had 
no effect on the incidence of endomycorrhizae (Coolte et al., 1992; 
Moutoglis and Widden, 1996). However, this lack of response to fertilizer 
may reflect the short duration (1 year) between treatment and evaluation 
of inycorrhizal colonization of fine roots. 

Fine Nonwoody Root Pathology 

The basic processes of root turnover and senescence in forest trees have 
been recently revicwed (Bloomfield et al., 1996). However, the role of fine 
root pathogens in contributing to root turnover and senescence is not well 
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understood, nor are the biotic and abiotic factors that influence the 
iinportance of fine-root pathogens in forests. 

Primary fungal pathogens of fine noilwoody roots of trees, though 
comlnon on tree seedlings in nurseries, have been rarely observed in natural 
northern forests. Most of thc known aggressive fine root pathogens have 
been documented in tlie lower latitudes where soils are generally warm 
(Sinclair et al., 1987). Even fine root pathogens that develop on tree 
seedlings growing in nurseries fail to spread to other seedlings or trees when 
infected seedlings are transplanted to forest soils (Sinclair et al., 1987). It 
has beell suggested that for those fine root fungal pathogens that do 
develop in forest settings, some forin of stress may be required to predispose 
roots to infection by these fungi (Manion, 1981). 

The relatioilship between stress and fine root pathogens has not been 
thoroughly studied. Woody roots in both deciduous and colliferous trees 
are coinn~only predisposed by stressors (e.g., drought, dcfoliators, 
temperature extremes, pollutants, etc.) to less aggressive root pathogens 
such as Arr~zillaria spp. (Carey et al., 1984; Hudalc aiid Singll, 1970; 
Wargo, 1977, 1981; Wargo and Houston, 1974). The same pheiloinenoil 
probably occurs for fine roots; however, since these relationships have not 
been studied extensively, the pathogens have not been identified. 

One potential stress-induced pathogen of fine roots of conifers is 
Myceliur~~ radicis atrovirens Melin. This naine was originally given to 
a sterilc gray fungus that was isolated fro~ii  fine roots of Pinus syh~estris L. 
aiid Picen nbies Karst. (Melin, 1922). It was designated a pseudo- 
mycorrhiza that was potelltially harmful to tree roots. Richard and Fortin 
(1973) observed the same fungus on fine roots of black spruce (Picen 
~?rtrinrzn [Mill] B.S.P.) and M. I.. crtl.oriren,s has been isolated from fine 
roots of declining Norway spruce (P.  al~ies) in Bavaria (Livingston and 
Blaschlce, 1984). Subsequeilt work has shown that illany isolates of dark- 
pigmented fungi that were designated as M. r. afro~~irerz~s actually represent 
many different fungi (ICowalslti, 1973). Two such fungi have beell 
identified as Plzialoceplznln den1orp1zos~1ol.a Kendrick (ICendrick, 1961) 
and Plzialoceplznln fortinii Wang and Wilcox (Wailg and Wilcox, 1985). 
Both forin pseudomycorrhizal associations with conifer roots (Wang and 
Wilcox, 1985). Phinloce~~lzalafortinii is considered to be a pathogen of fine 
roots and illay be triggered to cause mortality of fiilc roots on trees 
wealcened by stress that accelerates senesceilce and reduces resistailce in 
root tissue. Recent studies have shown that P. forfinii was pathogenic on 
rcd pine seedlings in greeilhouse experinie~lts (Harney, 1994; Wailg and 
Wilcox, 1985). 

Ill studies on root vitality on declining red spruce, dematiaceous fungi 
were consisteiltly isolated froin putative dead, lloilwoody roots from 10 
sites in the states of New Yorlc, Vermont, New Hampshire, aiid Maine 
(Harney et al., 1995). Several of tliese isolates were identified by RFLP 
analysis of PCR amplified rDNA as being geiletically related to P. fortirlii 



7. Tree Health and Physiology 263 

(Harney et al., 1995). These sites represented a putative west-to-east licalth 
and acid deposition gradient, and, consequcntly, a potential Al/Ca ratio 
gradient from a high deposition, poor health, central NY site, east to a low 
deposition, good health, ME site. There was a tendency for the sites witli 
greater mortality or greater crown deterioration of red spruce to have 
greater levels of fine-root mortality but no correlatioii witli these 
denlatiaceous f~uigi have been verified as yet. 

Tomato mosaic virus (ToMv) is atlother pathogen that has been found 
in fine roots of red spruce trees in areas potentially inipacted by 
acid deposition. ToMv was initially detected in stream water exiting 
a deteriorating red spruce-balsam fir stand on Whiteface Mountain in 
New York (Jacobi and Castello, 1991). The virus was subseq~~ently 
transmitted to herbaceous hosts. The virus also was detected in red spruce 
needles and subsequently transmitted to herbaceous hosts as well as red 
spruce, black spruce, and balsam fir seedlings (Jacobi et al., 1992). The 
virus was found in the roots of these infected seedlings, suggesting that the 
root system was the potential point of ToMv infection in infested soils in 
red spruce stands (Jacobi and Castello, 1992). Additional studies in 
windward and leeward red spruce stands, above and below cloud base (see 
Wargo et al., 1993), verified the presence of ToMv in fine roots of mature 
red spruce (Castello et al., 1995). The incidence and concentration of virus 
varied, but in general were greater in the healthier trees witli little-to- 
moderate crown dieback than in declining trees with severe dieback. There 
was a higher percentage of virus-infected trees at the higher-elevation 
plots, that is, above cloud base on tlie windward and leeward aspects, but 
there was no aspect affect. Infected trees had smaller live crowns than 
uninfected trees, suggesting a long-tcrm effect of virus infection 011 tree 
growth (Castello et al., 1995). 

The role of this virus and other potential viruses in red spruce decline 
is unclear. The randolii pattern of virus occurrence in the fine iloiiwoody 
roots of red spruce (Castello et al., 1995) is coincident with a random 
pattern of fine root deterioratioii observed on these trees on Whiteface 
Mountain (Wargo et al., 1993). This coincidence suggests possible cause 
and effect. However, this randoill pattern of fine-root deterioration was 
in sharp contrast to apparent simultalleous and progressive deterioration 
that occurred on red spruce growing on Mt. Abraham in the Green 
Mountains of Vermont (Wargo et al., 1993). Root deterioration on trees 
on Mt. Abraham was related to low energy reserves (starch) in the woody 
root system and may indicate that these root systeins were observed 
at a later stage of deterioration than those on trees on Whiteface 
Mountain. 

The greater deterioration of fine-root systems on red spruce on 
Mt. Abraham also may be related to the chemical environment in which 
tlie roots were growing. The niolar Al/Ca ratio of 3.1 in fine roots of 
red spruce in the humus layer on Mt. Abraham was significantly greater 



264 W.C. Shortle et al. 

than the ratio of 0.9 nleasured in fine roots of red spruce on Whiteface 
Mountaiil (Shortle and Smith, 1988; Shortle and Bondietti, 1992). The 
soils on the two sites are also distinctly different, which helps explain 
the chemical differences in the fine roots. On Mt. Abraham plots, the 
forest floor rests directly on bedrock predominantly, while on Whiteface 
Mountain, plots had a well developed illinera1 soil (Wargo et al., 1993). 
Other studies on Whiteface Mountain on soil and foliar chenlistry 
of red spruce have corroborated the lower A1 to Ca ratio in soil, 
soil solution, and red spruce foliage on Whiteface Mountain (Johnson 
et al., 1994a,b). 

Woody Root Patliology 

No pathogens of the coarse woody root system have been consistently 
observed nor isolated from synlptolnatic trees and related to acidic 
deposition levels or putative gradients of acidic deposition in the northern 
forests. Arinillaria root disease was reported on trees on Whiteface 
Mountain but the rolc of the fungus in the decline of red spruce was 
discouilted because it was coilsidered to be a secondary agent and not 
a direct cause of decline (Weidensaul et al., 1989). The secondary role of 
Ar~willciri~( seems to be exactly what its role in decline generally is, to attack 
trees after they have been wealcened by stress agents (Wargo and 
Harrington, 1991). No inforillation was given in the Weidensaul et al. 
report (1989) to determine if there was a relationship between Ar~? i I l~ i r i~~  
and decline severity or elevation. Lack of root pathogens as contributors 
to decline of red spruce and frazier fir also has been reported for the 
southern Appalachiails (Bruclc, 1989). 

Where species of Ar.i~?il/rrirr have been observed and isolated from roots 
of declining red spruce, no coi~sistent pattern or link between its presence 
and decline sylnptonls has been observed. I11 studies on red spruce 011 

Mt. Abral~am, Vernlont and Whiteface Mountain, New York, Armillaricr 
was found occasionally on sonle woody roots of trees classified to the 
severe decline category (Wargo et al., 1993). However, it was not on all 
severely declining trees and the fungus occurred only occasionally oil trees 
with better crown conditions. In a survey to determine the incidence and 
severity of Armillaria root disease on red spruce at nine sites in the 
Northeast, the f ~ ~ n g u s  was frequently found colonizing and l<illing trees at 
lower elevation sites (<SO0 in) (Carey et al., 1984). However, colonization 
by Ar.i~~il/~~rirr was less severe and less frequent at elevations above 800 in. 
An aerial assessinent of spruce n~ortality in New York, Vermont, New 
Hampshire, and the western mouiltains of Maine indicated t l~a t  mortality 
was heaviest at elevations above 800 111 (-2600 ft) (Miller-Weelts and 
Sinoronk, 1993). The reasons for these differences by elevation were 
speculative. However, subsequent studies in seven sites (five in the 
Northeast and two in the southern Appalachians) 011 the distribution of 
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rhizoinorphs (the major infection and spreading structure of the fungus 
(Shaw and Kile, 1991) of Ar~?illcil"ia in soils in declining red spruce stands 
showed that both the frequency of occurrence and the abundance of 
rhizoinorphs were significantly less in higher-elevation sites, thus decreas- 
ing the chances for root contact and infection (Wargo et al., 1987b). In 
this study on Ar117illm.icr, forest type or elevation, pH, and lead were 
significant variables that were related to rhizornorph density across all 
sites; all three variables were highly correlated anlong tliemselves. Lead 
concentration increases in the soil with elevation aiid has beell related to 
atluosphcric pollutant deposition (Johnson et al., 1982a). In addition, in 
vitro studies with Ar~izillaria showed tliat concentrations of soluble lead as 
low as lOpprn could significantly reduce thallus growth and inhibit 
rhizomorph formation and subsequent growth (Wargo et al., 1987a). 

Species of Ariq~illciria are not t l ~ e  only fungi that decrease in abundance 
with elevation in the northern forest ecosystems. Root and butt rot fungi 
in spruce-fir forests in New Hampshire decreased in iniportance as causes 
of gap-makers (trees that die and or snap-off and create forest gaps) as 
elevation increased (Worrall and Hasrington, 1988). The relationship of 
acidic deposition or related factors wit11 the reductioil in fungi was not 
measured. 

Conclusions 

Few young trees survive to maturity. Tree survival depends on resisting 
tlie adverse effects of environn~ental stress. The stress to which an 
individual tree is subjected is the results of several to inany stressors. 
Stressors include pests, pathogens, and adverse environmental conditions. 
Resistance to stress results from the application of metabolic energy 
within the genetic linlits of the individual tree. Changes in landuse 
patterns, climate, soil nutrition, insect infestations, and the constant threat 
of disease all contribute to tree stress and all affect forest health aiid 
productivity. 

Air pollution is an additional stressor to which trees have been 
constantly subjected throughout most of the 20th century. Air pollution 
comes in several forms, such as acids that alter the availability of essential 
elements in the soil, oxidants that disrupt leaf function, and heavy nletals 
that block nietabolism. Is there evidence tliat in t l ~ e  20th century new 
stressors from hunian activity added to those already at work in tlie forest 
have had any iiilpact on health and productivity? 

We investigated the potential impacl: of acidic deposition on northern 
spruce forests. These forests naturally develop a thick raw or "mor" 
~UII IUS  or organic layer in which the cation exchange capacity is highly 
sensitive to acid input. In this scenario, rapid increase in tlie atniospl~eric 
deposition of sulfate and nitrate in the middle of the 20th century 
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nlobilized esseiltial Ca and Mg that were then available either for uptake 
by tree roots or for leaching from the rooting zone. This period of 
historical mobilizatioil appears to be contained in the dendrocheinical 
record of red spruce. Ei111anced leaching inay be responsible for the 
decreased storage of Ca and Mg in the soil as seen in the coillparison with 
historical analyses. Acid deposition also mobilized A1 from the mineral 
soil beneath the organic layer. Mobile A1 ions displace Ca and Mg from 
the soil's organic layer and reduce the storage of Ca and Mg, which is 
essential for tree growth and development. In addition to displacing Ca 
and Mg from organic nlatter in the soil, A1 binds to root cell walls, 
bloclting the uptalce of essential Ca and reducing root elongation. Roots 
unable to elongate and spread soon exl~aust the local supply of esseiltial 
ele~nellts and die. Dying roots are susceptible to attack by facultative root 
pathogens. Loss of roots leads to loss of crown and stem growtlz that 
results in reduced productivity and increased vulnerability to harmful 
abiotic and biotic stressors. Apparently healthy trees are stressed in 
relation to adverse A1:Ca ratios in the soil, as indicated by co~lcelltrations 
of putrescine, a biochen~ical il~arker in foliage. 

These results talten together are consistei~t with widespread, fundamen- 
tal change in the response of trees to the environment, which is due at least 
in part to acidic deposition. No one stressor, such as acid deposition, can 
be seperated from other perturbations of soil chen~istry, landuse patterns, 
and overall stress loading, but the perturbation of cation cycliilg caused by 
acidic deposition can clearly be a sigilificailt coiltributiilg factor to the 
decline of productivity, and soinetimes tree l~ealt l~,  on base-poor forest 
sites. 

In the 1980s Robert Hartig, the great German forest biologist, deduced 
that "smolce illjury" (localized acidic deposition) reduced stein growth 
before the appearance of crown symptoms. Hartig l~ypothesized that loss 
of basic cations Ca and Mg from the root zone leads to root dysf~inctioil, 
root death, and root infection. In the 1980s after modern tecl~nology had 
pushed acidic deposition to the regional level, Josef Bauch found that A1 
bound to the outer cortex of absorbing root tips reduced the uptake of Ca 
and Mg. The concept of aluminum-induced calcium deficiency syndrome 
was then developed to explain how acidic deposition can have an adverse 
effect on northern conifers growing on forest mar. Bauch further stated 
that the "bottom-up" disease described by Hartig coupled with "top- 
down" disease due to the direct action of' air pollutants, such as ozone, on 
the crowns of trees could produce a "pincer effect." Either the bottom-up 
problem or thc top-down probleill alone caused growtl~ suppression, but 
in coinbination caused mortality. Early detection, improved diagnosis, 
and managenlent strategies designed to reduce levels of external stressors 
and enhance the effectiveness of trees to respond to stress will be needed to 
meet this challenge. 
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