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Abstmct: Tree diameter growth models are widely t~sed in forestry applications, often to predict tree size at a future 
point in time. Also, there are instances where projections of past diameters are needed. A relative diameter growth 
model was developed to allow predictirtn of both future and past growth rates. Coefficients were estimated for 15 spe- 
cies groups that cover most uee species in the noraeastern United States. Application of the model to independent 
data generally showed slight unde~prediction of growth, although the bias was negligible. Correlated observations were 
accounted for via a mixed-effects modeling approach, and an error function was specified to addresc heterogeneous 
variance. The models use a minimum amount of field-collected data, thus keeping data acquisition costs low and facili- 
tating use in many forest growth apptica~io~~s. 

RCsumC : Les mod2leq de croissance en diamktre des arbres sont largement utilisCs dans des applications relikes ti la 
foresterie, souvent pour pr6dire la dimension des arbres ?i un moment donnC dans le futur. 11 y a aussi des situations o t ~  
des projections du diamktre dans le pass6 sont nkcesssires. IJn mod&le de croissance relative en diamktre a CtC dCve- 
IoppC afin de permettre la prediction des taux de croissa~~ce tant futurs que passCs. Les coefficients ont Ctk estimes 
pour 15 groupes d'esphces qui incluent la plupart: des especes d'arbres dans le nord-est des ~ t a t s - ~ n i s .  L'application du 
rnodkle h. des donnCes inddpendantes montre en gCnCral une lCgbre sous-estimation de la croissance qui est par contre 
nkgligeable. Les observations corrClCes ont CtC prises en compte en ayant recours ?I une approche de modCIisation h. ef- 
fets mixtes et une fonction d'erreurs a CtC spCcifiCe pour tenir compte de l'hCterogCn6itC de la variance. Les modeles 
utilisent un minimum de donnCes collectkes sur le terrain, ce qui permet de garder le coQt d'acquisition des donnCes 
bas et facilite leur utilisation dans plusieurs applications de croissance de la for& 

[Traduit par la RCdactionl 

Introduction Regardless of model form, it is common in diameter- 

One of the most common and important measurements in 
forestry is tree diameter at breast height (DBH). Tree diame- 
ter is easy to measure and often is highly correlated with 
other tree attributes, such as crown characteristics and bole 
volume. The importance of tree diameter has led to numer- 
ous efforts to develop diameter (or basal area) growth mod- 
els (Belcher et al. 1982; Amateis et al. 1989; Teck and Hilt 
1991; Cao 2001); Schrijder et a]. 2002). A common modeling 
strategy is to formulate a potential or average growth com- 
ponent combined with a modifies function (Burkhart et al. 
1987; Hilt and Teck 1988; Lessard et al. 2001). These modi- 
fier functions often are refened to as being distance dependent 
or distance independent, depending on whether the locations 
of competing trees are taken into account (Avery and 
Burkhast 2002, p. 371). Other researchers have modeled di- 
ameter growth directly with a single equation. These com- 
posite models estimate growth using tree- and stand-level 
vmiables as predictors (Wykoff 1990: Dolph 1992; Zhang et 
al. 2004). 
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growih research to standardize the time frame for the change 
in diameter. For instance, diameter growth over a measure- 
ment interval is divided by the interval length to obtain peri- 
odic annual diameter growth. This type of standardization 
approach assumes linear diameter growth over the period. 
The accuracy of this method depends on the nleasurement 
interval and the degree of nonlinearity in tree growth pat- 
terns. MacLean and Scott (1988) illustrate the unreliability 
of assuming either constant diameter growth or constant 
basal area growth. Other methods of interpolation over a 
measurement interval and their relation to growth modeling 
are described by McDill and Amateis (1993) and Gao et al. 
(2002). However, the complexity of these methods often lim- 
its their use for many practical forest growth applications. 
Martin and Ek (1984) avoided the interpolation issue by re- 
writing their model to estimate periodic growth. Periodic 
growth models are desirable because they allow direct pre- 
diction of growth over any reasonable time period without 
ineo~porating assumptions implicit to interpolation methods. 
In this paper, models are presented to estimate periodic di- 
ameter growth for tree species in the northeastern United 
States. These models allow for prediction of both future and 
past changes in tree diameter. Applications include growth 
projections and tietermination of tree sizes at earlier points 
in stand development. The ability to predict tree size at a 
previous point in time will facilitate proper assigtlment to 
classes of growth components (e.g., ingrowth - when a tree 
crosses a specified diameter threshold), a capability that has 
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been lacking for accurate estimation of trends for noheast- 
ern forests. 

The data used in this study were collected by the north- 
eastern unit of the USDA Forest Service's Forest Inventory 
and Analysis (NE-FIA) progam. Growth was computed 
from a single interval for trees having DRH of 5.0 in. 
(12.7 cm) or larger on remeasured sanrple plots frotn Maine, 
Vermont, New Hampshire. Connecticut, Rhode Island, Mas- 
sachusetts. New York, New Jersey, Delaware, Pennsylvania, 
Ohio, West Virginia, and Maryland. These data originated 
from subplot 1 of the current FIA plot design (Bechtold and 
Scott 2005), as most locations had transitioned to this design 
for the most recent measurement. Trees on subplot 1 are in- 
cluded in both previous and current plot designs. The plot 
radius is 24.0 ft (7.3 m). The plots had relatively uniform 
geographic spatial distribution, but sampling intensity varied 
by state, depending on whether the data were from the last 
periodic inventory or Erom the newer annual inventory in 
which full tneasurement cycles have not been conlpleted for 
all states (McRoberts 2005). Plot-level data pertinent to this 
research included length of remeasurernent period, latitude, 
longitude, and elevation. Longitude values are negative, as 
all locations are west of the prime meridian. Individual tree 
nreasurements vary by state and time of rrreasurement, but 
included species, DBH, and conrpacted crown ratio (USDA 
Forest Service 2004). 

These data were obtained from mapped plots where for- 
ested portions of plots were assigned to different conditions 
when there were changes in reserved status, forest type, 
stand size, owner group, regeneration status, or tree density 
(USDA Forest Service 2004). When these changes are ob- 
served, a boundary line is delineated to identify each unique 
condition, and this information can be used to "map'differ- 
ent conditions occurring over the plot area. A plot will have 
one or more conditions. Because of the potential for large 
differences among conditions, basal area per acre values 
were computed for each condition. Sometimes a condition 
occurred over a small portion of the plot, which could result 
in basal area per acre values that do not accurately reflect 
tree density for the condition. 

Some species were combined into species groups to cok7er 
all forest tree species encountered and to maintain a sample 
size adequate to describe relationships between tree growth 
and predictor variables (Table I f .  These groups predomi- 
nantly were based on the aggregations used by Scott (1981), 
which were based on sinrilarities ill tree form. Table 2 shows 
a summary of the data used to fit the past diameter growth 
model. The data set used to fit the forward growth model 
was slightly smaller (about loC%), as some trees were 
dropped because of inability to obtain crown ratio values 
from the previous inventory. The attributes of these data are 
very sirnilar to those of the data shown in Table 2, as these 
data comprise a large subset of those used in that summary. 
A validation data set was constructed by randomly withhold- 
ing 20% of the observations. 

Another independent data set was used to assess how 
model predictions would affect plot-level attributes of qua- 
dratic mean diameter and cubic-foot volume. These data rep- 

resent the first cycle of remeasureinent plots available in the 
NE-FIA region where data were collected under the FIA an- 
nual inventory system (MeRoberts 2005). The attributes of 
these data are similar to those of the data used in model fit- 
ting (described above). The observations were collected be- 
tween 1999 and 2003 from 2370 forested plots. 

Model development 

A wide range of attributes have been correlated with di- 
ameter growth rates. Often, stand- and tree-level measure- 
ments that are observed or computed are used as predictor 
variables in diameter growth models. Stand-level predictors 
often include age, site productivity, stand density, and stand 
size (Burkhart et al. 1987; Teck and Hilt 1991; Andreassen 
and Tomter 2003). Initial tree size, crown attributes, and so- 
cial position descriptors often are used to tailor the predic- 
tion for a given tree (Cole and Lorimer 1994 King and 
Arner 1999; Zhang et al. 2004). In some iastances, ancillary 
data (e.g., elevation) also have been useful (Wykoff 1990). 
In keeping with other modeling efforts aimed at mixed- 
species and largely uneven-aged stands, age and site index 
were not considered to be viable predictor variables (Wykoff 
1990; Monserud and Sterba 1996; Schroder et al. 2002). 

Several predictor variables were identified for possible in- 
clusion in the model. NE-FIA collects forest inventory infor- 
mation at various levels of detail, which provides many 
potential contributors to diameter growth prediction. Be- 
cause the model needed to be fit to a number of species 
groups, the modeling strategy was to find a parsimonious 
model form that adequately describes the observed variabil- 
ity in relative diameter growth, defined as 

where 
AD, is the relative periodic increment 
D, is DBH at initial inventory (in.; I in. = 2.54 cni) 
D, is DBH at subseque~rt inventory (in.) 

Relative diameter growth was chosen as the dependent 
variable because it creates a frarne of reference that iin- 
proves model prediction accuracy when coinpared with urt- 
transformed diameter change (e.,o., large trees tend to have 
relatively s111al1 values of relative change). 

A number of potential predictor variables were evaluated. 
Those considered but not incl~ided in the final model were 
slope, aspect, temperature, precipi tarion, and various fosmu- 
lations of distance-independent co~npetition indices. Varj- 
ables retained iiz the final model are shown in the forin of 
the co~nposite model : 

w he-1.e 
i is the ith san~ple plot 
j is the jth condition on ith sample plot 
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Table 1. Species groups and within-group species composition. 

Croup Species 

Eastern white pine (Pirrus strobus L.) 
Red pine (Pinus resinosu Ait.) 
Black spruce (Piceu t~zuriunrr (Mill.) BSP) 
Blue spruce (Picru pungens Engelm.) 
Red spruce (Picets ruhetzs Sarg.) 
White spruce (Piceu gluucu (Moench) Voss) 
Balsam fir (Abies hulsunzeu (L.) -Mill.) 
Eastern hemlock (l'.sugu cunudensis (L.) Cardre) 
Douglas fir (Pl;euclritsugu menziesii (_Mirb.) Franco) 
Norway spruce [Piceu uhies [L.) Karst.) 
Scots pine (Pinus sylvestris L.) 
'kble Mountaln pine (Pinus pungens Lamb.) 
Virginia pine (Pinr.ls virginianu Mill.) 
Jack pine (Pillus hunk.siunu Lamb.) 
Larch (introduced) (Lurix sp. Mill.) 
Loblolly pine (Pinus tuedu L.) 
Pitch pine (Pintla$ rigidu Mill. j 
Shortleaf pine (Pinus echinatu Mill.) 
Tamarack (native) (Lurix luricinu (Du Roi) K. Koch) 
Atlantic white-cedar lChttmuec3;naris thyoides ( I 4 . )  BSP) 
Bald-cypress (Tuxodium distichurn (L.) 1,. Rich.) 
Eastern redcedar (Juniperus virginirrnu L.) 
Northern white-cedar (Thuju occidentulis L.) 
Sugar maple (Acer succharum Marsh.) 
Balsain poplar (Populus bulsam$er~z L.) 
Bigtooth aspen (Populus grurtdidentuta Michx.) 
Black ash (Fruxinus nigm Marsh.) 
Eastern cottonwood (Populu~ deltoides Bartr. ex Marsh.) 
Green ash (fiuxinzu peruzsylvunicu Marsh.) 
Quaking aspen (Populus tremufoides Michx.) 
Swamp cottonwood (Populms heterop/2ylln L.) 
White ash (Fruxinus uwricuna I,.) 
Yellow-poplar (Liritidendron tulipifem L. ) 
Black cherry (Prunus serotinu Ehrh.) 
Gray birch (Betulu populifoliu Marsh.) 
Paper birch (Betulu pupyriferu Marsh.) 
River birch (Betulu nigrct L.) 
Sweet birch (Betulu lentu L.) 
Yellow birch (Betulu ullegh~nietz~sis Britt.) 
American beech ( f igus  grundiJColiu Ehrh.) 
Bitternur hickory ( C a ~ u  ccrrd$i)r~?zis (Wangenh.) K. Koch) 
Black oak (Quercz~s velutirza Lam.) 
Black-gum (Nyssu .~lvuticu i2liarsh.) 
Cherrybark - swamp red oak (Qzdercus jklcatu var. p~lg(?d(defiliu Ell.) 
Hickory (Crtp-).a sp. Nutt.) 
Mockernrrt hickory (Curyu tomntilsu (Poir.) Nutt.) 
Northern red oak ( Q u e ~ u s  ruhru I,.) 
Pignut hickory (Caryu glubru (Mill.) Sweet) 
Pin oak (Quercus pulustris Muenchh.) 
Scarlet oak (Querctw c.acciaeu Muenchh.) 
Shagbark hickory (Curyu ovatu (Mill.) K. Koch) 
Shellbark hickory (C(lryu lucinio,ai~ (Michx. f.) Loud.) 
Shingle oak iQuerclcs imhricuriu Michx.) 
Southern red oak (Quercus frrlcutu var. Jitlclltu Michx.) 
Sweetgum (Liquidurnbur s~racifluu L.) 
Willow oak (Quercus phe1lo.i. L.) 

Percentage 
of group 

90.89 
9.11 

11.13 
0.09 

79.61 
9.17 

100 
100 

0.1 
2.5 1 
3.48 
1.74 

25.99 
0.97 
0.29 

19.42 
33.43 

1.35 
10.72 
1 1.27 
0.07 
5.92 

82.74 
100 

1.46 
10.73 
3.96 
0.47 
3.23 

16.2 
0.22 

40.37 
23.35 

100 
2.55 

37.1 
0.23 

22.66 
37.46 

100 
1.68 

15.04 
7.23 
0.03 
1.09 
3.5 1 

40.27 
6.6 1 
0.38 

12.04 
4.81 
0.03 
0.09 
1 
5.46 
0.74 
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Table 1 (eotzclucfed). 

Percentage 
Group Species n of group 

13 Chesrnut oak (Quercus prirrus L.) 942 100 
14 American basswood (li'lia umericr~tzu L.) 235 9.01 

Amerlcan elm ililrrtus um:vicurza I,.) 109 4.03 
American holly (Ilex r~puctz Ait.) 3 3 1.22 
American hornbem (Curpinus curoliniana Walt.) 19 0.7 
American mountain-ash (Sorbtar ampricunu Marsh.) 7 0.26 
Osage-orange (iWucluru ponziferu (Iiaf.) Sehneid.) 3 0.1 1 
Pac~lownia (Puulownit~ tomentosa (Tlxunb.) Sieb. & Zucc. ex Steud.) 1 0.04 
Ailanthus (Ailuntlzus ultissimu (Mill.) Swingle) 4 0.15 
Apple (Mtllus sp. Mill.) 46 1.7 
Basswood (Tiliu sp. L.) 3 0.1 1 
Black locust (Rofiiniri pseudoucaciu L.) 175 6.46 
Black inaple (Acrr nigrum Michx. f.) 1 0.04 
Black walnut (Jmgfrms nigru L.) 69 2.55 
Black willow (Sulix nigru Marsh.) 5 0.18 
Boxelder (Acer neg~!~~ndo I,.) 38 1.4 
Buckeye (Aeseuf~w sp. L.) 2 0.07 
Bur oak (Qrtercus mucroc.urpta Michx.) 2 0.07 
Butternut (Juglnns cinerea L.) 9 0.33 
Catalpa (Cutulpa sp. Scop.) 2 0.07 
Cherry, plum (Pntnus sp. L.) 11 0.3 1 
Chinkapin oak (Quercus muc:hlenheryii Engelm.) 8 0.3 
Chokecherry (Prunu~ virgini~i11u L.) 2 0.07 
Comrrlon persimmon (Diospyro,~ virginiuw L.) 9 0.33 
Cucumberrree lMugnolia ucr!~~minatu L.) 5 3 1.96 
Eaqtern hophornbeam (Ostryu virginiunu (Mill.) K. Koch) 208 7.64 
Emtern redbud jcercis canudensis L.) 3 0.11 
Flowering dogwood (Cornus JTnrirlu L.) 12 0.44 
Hackberry (Celt is occidetztalis L.) 7 0.26 
Hawthorn (Crutueg~s sp. L.) 16 0.59 
Honeylocust (Gleditsiu triucmtkos L.) I 0.04 
Magnolia (Magnolia sp. L.) 2 0.07 
Mountain magnolia (Magnolia .fruseri Walt.) 13 0.48 
Mountain maple (Acer spicatum Lam.) 1 0.04 
Pin cherry (Prunu,~ pens;r'lvunica L. f.) 25 0.93 
Post oak (Quercus stelluttr Wangenh.) 12 0 . 4  
Sassafras (Srissufrcls ulbidunt (Nutt.) Sees) 161 5.95 
Serviceberry (Anzelunchier sp. Medic.) 38 1.4 
Slippery elm (Ulmus rubru Muhl.) 5 6 2.07 
Sourwood (Oqde~drum urboreum (L.) DC.) 68 2.5 1 
Striped maple (Acer pensylvunicunz L.) 3 7 1.37 
Sugarberry (Cellis luevigutu Willd.) 1 0.04 
Swamp chestnut oak (Qtaercus michu~xii Nutc.) 13 0.48 
Swamp white oak (Quercus bicolor Willd.) 25 0.92 
Sweetbay (Mtgnoliu virginiunu L.) 4 0.15 
Sycamore (Plratunu~ oc~i(1entuli~ L.) 4 1 1.51 
Water oak (Quercus nigru L.) 12 0.44 
Water nlpelo (Nyssu tzyuuticu L.) 1 0.04 
White oak (Quercus ulbu L.) 1067 39.29 
Willow (Sulix sp. L.) 7 0.26 
Yellow buckeye (Aesculus octundrti Marsh.) 26 0.96 

15 Red maple (Arer rubrum I,.) 5302 99.44 
Silver maple (Acer sucehtrrinum L.) 30 0.56 
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effect on inferences for estimated rnodel parameters, With 
biased error estimates, model coefficients that are not statis- 
tically significant may be included in the model. Even 
worse, relevant predictor variables may be dropped from the 
model because of a false indication of nonsignificance. Cor- 
relations among observations were accounted for in the 
model-fitting process by incorporating random-effects pa- 
rameters into the model (Cregoire and Schabenberger 1996). 
This mixed-effects ]nodeling ~nethodology allows for indi- 
rect specification of the variailce-covariance matrix used to 
estimate model parameters (Cregoire et al. 1995) The 
mixed-effects model is specified as 

where 
Ohijk's are random-effects parame ter 
0, - N(0, a;), h = 1 ,  2 
other variables are as previously defined. 

This for~nulation allows coefficients for BAAC and CR to 
vary from tree to tree, essentially providing :I rrlodel tailored 
to each tree in the fitting data. Thus, the accuracy of predic- 
tion for these trees is improved. Howevel; in most practical 
applications for prediction the random-effects parameters are 
set to their expected value of zero. Thus, the predictive accu- 
racy Scfor new obseniations is rorighly the same as would be 
obtairled without addition of ratldorn-effects parameters. 
Methodologies have been proposed to predict random effects 
for new obseivations (Fang and Bailey 2001), but they re- 
quire additional information and computation. The primary 
appeal for a mixed-effects model is to obtain improved esti- 
mates of model variance when observations are correlated. 

Tlhe work described above is consistent with most 
diameter-growth research, where the primary application is 
to predict future growth based on current conditions. How- 
ever, there are situations where it is desirable to determine 
past rates of growth that led to the current conditions. For iu- 
stance, the estirnatioli procecfures outlinecl by Scott et al. 
(7,0051 assume that any reversion to forest land occurs at the 
midpoint of the plot tneasmement interval. To properly ac- 
count for growth, tree diameters at the interval inidpoint are 
needed and must be cornputed from current values. To facili- 
tate such computations, model /47 also was fitted to the data 
where the most recent inventory data foi-nled the basis for 
variables whose values change over time (i.e., GR, BA, 
BAAC). Under this data forlnulation, the definition of ADR 
in eq. 1 is changed to reflect the change in basis: 

where all variables are as previously defined. 
Although diameter growth is now being projected into the 

past, the ~neasure~lze~lt iiiterval (P) remains a positive value 
for prediction purposes. 

Results 

Models for both future and past diameter growth were fit- 
ted for each species group listed in Table 2. As expected, not 
all parameter estimates were significant at the 95% confi- 
dence level. For species groups where this occurred, 
nonsignificant parameters were eenloved and the model was 
recalibrated using only sigriificat~t predictors. 

'I'hese rnodels were used to predict relative dianeter 
growth for the vaIidation data. and the resulting residt~aIs 
were analyzed to evaluate model perforn~ance. 

The mean residuals from the validation data for both the 
future a~id past projection inodels are allnost all positive (Ta- 
ble 3 ), indicating a net underpredictioll of growth. However, 
the magnitude of error compared with the mean relative rate 
of growth is small (e.g., 5%- I O%), ancl generally, the magni- 
tude of error is proportional to rate of growth. Conversely, 
the median residuals are generally negative in value, sug- 
gesting slight overprediction of growth when the influe~ice 
of extreine values is removed. These residual patterns are 
due to a sm;%ll number of trees that grew at accelerated rates 
in relation to tree- and stand-level conditions, which had the 
effect of creating a positive mean residual and a negative 
median residual. This is probably due to one or more factors 
that contribute to particularly favorable microsite conditions 
for a given tree or group of trees. This same phenomenon 
was noted by Lessard et al. (2001) and appears to be a factor 
in the results of Zhang et al. (2004). 

To obtain optimal estimates of parameters, the rnodels 
were recalibrated using all available data. The final estimates 
of model parameters and variance components are given in 
Tables 4 and 5. hiiodel paarneter estimates not statistically 
significant at the 95% coilfidence level are denoted with ze- 
ros. Because the dependent variable is unitless, the only 
rnodi fications necessary for application 1.0 data measured in 
metric units are for coefficients of elevation (EI,EV), indi- 
vidual-tree basal area (BA), and condition-level basal area 
per acre (BAAC). For ELEV measured in metres, the re- 
ported coefficients should be multiplied by 3.281. for BA in 
square metres the conversion would be a factor of' 10.764, 
and for BAAC cornputed in square metres per hectare the 
coefficient translation is accomplished via ~nultiplication by 
4.359. 

An examination of performance for the final nlodels was 
accomplished using independent data from Maine. These 
Ineasurejnellts were not included in the data used to estimate 
the final model paraiueters. The future growth r~lodel was 
applied at the time of initial measurement, and results were 
cornparecl with observed data l'rorn the most recent measure- 
ment. Similarly, the past growth model used infomation 
from the 111ost recent nleasurenlent to project dianzeteis for 
conlparison with initial values. Application of the models to 
these data was performed by setting the random-effects pa- 
rameters to their expected value of zero. Assessrnents were 
made for quadratic mean diameter (DBH,) and cubic-hot 
volume per acre prediction. To compute individual tree vol- 
umes, a single-entry volume equation based on D B H ~  was 
fitted using the predicted volunles (Scott 1981) at the initial 
measurement. This was done because Scott's equations use a 
rnerchalztable height estimate, wllich was not available ill 
these growth projections. Only one tree appeared in group 
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13 (chestnut oak), so this group was not included in the 
analysis. 

Results for the future diameter growth model show 
underprediction of both DBHq and voIunle per acre for all 
groups except group 3 (Table 6). Differences between pre- 
dicted and observed DBHq were mostly near 0.1 in. 
(0.25 cm), and deviations in volume were on the order of 15 
ft3/acre (1.05 n13/ha) or less. Bias over the projection period 
for DRHq are generally near I % ,  while differences in vol- 
ume were primarily less than 3%. Projection period percent 
bias was computed as (observed - predicted)/observed. 
Computation of average annual bias shows most groups un- 
der 0.3% for DBHq and under I .0% for volume predictions. 
The percent annual bias is equal to the projection period bias 
divided by projection length. These results compare favor- 
ably with levels of bias for other efforts airned at prediction 
of future diameter or basal area growth (Andreassen and 
Tomter 2003 (and references therein); Zhang et al. 2004), 
where basal area growth prediction bias ranges from roughly 
10% to 50%. 

Predictions of past DBHq and volume were consistent 
with the future projections in that, generally, the change over 
the projection period was underestimated and biases were of 
similar magnitude (Table 7). Also consistent with future pro- 
jections was the behavior of individual species groups. 
Group 5 (pine) had notably poorer predictive accuracy than 
other groups for both future and past projections. The only 
instance of consistent overprediction of future and past 
growth occurred with group 3 (balsam fir). 

Discussion 

For the future projection models, all of the nonsignificant 
parameter estimates were associated with latitude, longitude, 
and elevation. Where this situation occurs, there is no influ- 
ence from these predictors on tree growth rates or the data 
laclc geographic extent to capture the effect. When sigaifi- 
cant, the effect of latitude was not consistent across all 
groups. Negative estimates were associated with groups 7 
(sugar maple), 9 (black cherry), 13 (chestnut oak), 14 (rnis- 
cellaneous hardwood), and 15 (red-silver maple), suggesting 
that growth rates decrease as location moves northward. 
Better growth in northern latitudes is provided for groups 1 
(red-white pine), 11 (beech), and 12 (oak-hickory). For red- 
white pine and beech groups, this is reasonable, as the natu- 
ral range of these species extends well beyond northeastern 
United States. The reason for this outcome in oak-hickory is 
not readily apparent. Significant parameter estimates for ef- 
fect of longitude were all negative, indicating better growth 
is attained in western areas of the region. This outcome is 
likely due to a number of factors, including soil type, topog- 
raphy, and distribution of the species within the region. Ele- 
vation was a significant predictor for only 4 of 15 species 
groups. Group 6 (cedar) had a positive parameter estimate, 
as the species presence in mountainous areas of West Vir- 
ginia is closer to the middle of the natural range of occur- 
rence (Harlow et al. 1991). Increased elevation was 
detrinlental to growth for groups 5 (pines), 8 (poplars), and 
13 (chestnut oak), likely because of factors such as cooler 
temperatures and relatively dry, shallow soils. These species 
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Table 4. Estimated parameters and variance components for future diameter growth model [41 with variance specified in i31 by species 
group. 

Croup Po PI aL P3 P4 Ps Pi5 

1 0.878 909 1.011 245 0.000 526 0 0 -0.013 147 -0.229 599 

Table 5. Estimated parameters and variance components for past diameter growth model [41 with variance specified in [31 by species 
group. 

Croup Po PI P2 P 3  P4 Ps P6 

1 0.933 035 1.02 I 482 0.000 257 0 0 -0.005 399 -0.099 140 
2 0.804 798 1.018 835 0 -0.000 160 0 -0.007 635 -0.437 110 
3 0.923 259 1.017 689 -0.000 268 -0.000 355 -0.001 094 -0.002 620 -0.315 822 
4 0.883 965 1.011 413 0.000 329 0 0 43.007 (I47 -0.2OCl 49 1 
5 1.229 973 1.011 141 0 -0.000 082 0 -0.004 929 0 
6 1.186 289 1.016 165 0 -0.000 054 0 4.001 354 -0.538 209 
7 0.881 443 1.013 129 -0.000 2 1 1 -0.000 33 1 -0.000 885 5 -0.008 924 -0.22'7 245 
8 0.885 465 1.015 237 0 -0.000 2 1 1 -0.007 203 0 -0.000 856 9 
9 1.084 245 1.010 913 0 -0.000 121 0 -0.006 800 0 
10 1.021 052 1.014 734 0 -0.000 140 -0.000 746 -0.004 597 -0.431 619 
11 0.922 177 1.011 145 0.000 3 1 1 0 0 -0.007 960 -0.288 444 
12 0.707 828 1.005 732 0.000 674 0 0 -0.01 1 176 -0.038 387 
13 0.756 939 1.009 653 -0.000 439 --0.000 498 -0.00 1 843 7 0 -0.162 899 
14 0.639 391 1 .007 645 -0.000 517 -0.000 582 0 -0.012 649 0 
15 0.799 012 1.015 157 -0.000 199 -0.000 3 10 0 -0.009 966 -0.103 28 1 

can occupy these poorer sites, but often exhibit slow growth 
rates. 

The remaining model parameters were significant with 
consistent signs across all groups. As expected, parameter 
estimates associated with projection length (P) and crown 
ratio (CR) were positive, indicating that growth rates in- 
crease as values of these predictors increase. Longer crowns 
usually produce more leaf area, which increases photo- 
syntketic capability, which, in turn, often accelerates growth 
rates. Sitnilarly, parameter estimates for tree basal area (BA) 
and condition basal area per acre (BAAC) were negative, re- 
sulting in less relative diameter growth as these values be- 

come larger. Because of the forn~ulation of ADR and tree 
growth patterns with age, larger trees (BA) tend to have less 
growth relative to their size than smaller trees. Increasing 
competition from neighboring trees, as indicated by larger 
values of BAAC, also produces slower growth rates. Nega- 
tive estimates for the mortality indicator ( M )  are associated 
with reduced growth rates for trees suffering mortality dur- 
ing the projection period. Most of these trees are suppressed 
and are dying because of their inability to compete for re- 
sources. 

The coefficients for past projection models are similar to 
those for future projections in that the preponderance of 
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no~lsignificant parameter estimates is associated with the en- 
vironmental predictors latitude, longitude, and elevation. 
Again. latitude had both positive and negative effects on 
growth rates. Magnitude and direction of influence were 
similar to those reported for future projections, except for 
groups 3 (balsam fir), 4 (eastern hemlock), and 9 (black 
cherry). For groups 3 and 4, latitude had a significant effect: 
negative in the case of group 3 and positive for group 4. 
These effects are consistent with the growth patterns of 
these species (Harlow et al. 1991). Latitudind influence on 
growth for group 9 was nonsignificant when fitting the past 
projection model. Again longitudinal effects consistently fa- 

vored western areas of the region. Results by species group 
were similar to those of the future projection model, except 
that group 4 (eastern hernloclc) had a nonsignificant parame- 
ter estimate. Significant effects of elevation were consis- 
tently negative. with groups 3 (balsam fir), 7 (sugar maple), 
and $0 (black cherry) showing a significant response and 
groups 5 (pines) and 6 (cedar) having no response to 
changes in elevation. 

A perplexing outcome was the nonsignificance of the esti- 
mated P6 parameter (RA) for groups 5 (pines), 8 (poplar), 9 
(black cherry), and 14 (miscellaneous hardwood), although 
this parameter was allnost significant for groups 5 and 8 
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Fig. 1. Estimated error variance from r31 for 5 ,  10, and 15 year future projection lengths iP)  for species group 12. BA, basal area; 
BAAC, condition-level basal area per acre. 

(0.05 < p < 0.10). Given that the dependent variable was rel- 
ative diameter growth (AD,), it was expected that a tree size 
predictor variable (BA) would always be important. One 
possible cause of nonsigni.t'icance of the P, estimate is that 
values of ADR for past growth are smaller and have less dis- 
persion than those for future growth. Thus, bnR is n~ore 
constant, and the importance of BA in defining relative 
growth rates is diminished. 

Shifts in significance of estimated parameters that occur 
when changing from future to past projections are puzzling, 
as one woulcl expect that factors influencing growth would 
affect both past and future rates. An underlying cause may 
be change in the basis of relativity I>etween the future and 
past model-fitting data. For a given rate of change, the rela- 
tive change is larger for forward projections. This creates 
more variability in the dependent variable, but more impor- 
tantly, creates differences in variability between the fitting 
data sets. Depentfing on how these differences arise, the 
ability of predictors to explain the variation may increase, 
stay about the same, or decrease. Hence, the significant pre- 
dictors for future projections may not match with those for 
past projections. There could be a number of alternative ex- 
planations as well. Further study is needed to fully under- 
stand the pl-tenomenon. 

The estimated parameters for the variance model can be 
used to examine trends in variance related to projection 
length (P). basal area per acre (BAAC), and tree basal area 
(BA), Figure 1 depicts the trend surface of species group 12 
for projection lengths of 5, 10, and 15 years. The variability 
in AD, is fairly flat for the 5-year projection with a trend to- 
ward increasing variability as projection length increases. 
Additionally, conditions where trees are relatively small and 
stand density is low create higher variability. These circum- 
stances likely occur in imniature stands where trees are sub- 
jected to varying levels of competition. Growth rates become 
quite variable as some trees assume dominance and others 

become suppressed. In contrast, there is low variability for 
large trees and stands having high basal area per acre values. 
In these mature stands, growth rates are more consistent, as 
the stand is not in a rapid development phase. 

Conclusion 

h4odels to estimate both future and past relative diameter 
growth were developed and fitted to data from 15 species 
groups occurring in the northeastern United States. Gorrela- 
tions among growth rates for trees on the same plot condi- 
tion were accounted for via a mixed-effects modeling 
approach. Additionally, a function was specified to account 
for heterogeneous variance among individual trees, plot con- 
ditions, and growth projection lengths. The models described 
can be used with a minimal amount of data. The only field- 
collected parameters needed are DBH, crown ratio, and for 
past projections, an indicator of mortality. Latitude, longi- 
tude, and elevation can be obtained in the field via GPS or 
acquired from one of many other sources (maps, GIS, etc.) 
at a later time. For future projections, mortality assumptions 
are needed and may be obtained via a mortality model or 
other methods. 

With the exception of group 3 (balsam fir), application to 
independent data showed that growth rates were slightly 
underpredicted for both future and past projections. How- 
ever, the magnitude of bias was minimal for most species 
groups. A wide range of flexibility is afforded across spe- 
cies, forest conditions, and projection lengths, which should 
make the models suitable for many applications. With this in 
mind, users are cautioned to avoid extrapolation, primarily 
for tree sizes, projection lengths, and geographic areas not 
represented in the model fitting data. 
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