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ADJUSTING STEMS GROWTH MODEL FOR WISCONSIN
FORESTS

Margaret R. Holdaway,
Mathematical Statistician,

Forest growth projection systems for estimating data included a wide range of forest types, varying
individual tree growth, developed from data col- species composition, sites, stand structures and den-
lected over a large geographic region, furnish broad- sities for even- and uneven-aged stands (Christensen
scale regional estimates (Wykoff et al. 1982, USDA et al. 1979).
Forest Service 1979). These regional systems may

STEMS uses species-specific, individual-tree-not provide satisfactory subregional projections as
demonstrated by Smith (1983) in Michigan; they do based growth and mortality models formulated on
not directly account for macro-climatic variations principles of biological growth. The growth model
and macro-soil differences. However, with appropri- treats the forest community as a cluster of interact-
ate adjustment, the benefits of the growth, mortal- ing, dynamic trees. The processes involved were ob-
ity, and regeneration models established from large served over a broad range of forest conditions. The
data sets can be retained for application on specific large size of the data base permitted the develop-
sites. ' ment of complex interacting model forms. The flexi-

bility of the resulting models facilitates their use in o
. Various approaches have been proposed to adjust a variety of region-wide inventory and silvicultural

regional growth models for local use. Gertner (1984) analyses.
applied a sequential Bayesian procedure to adjust
the model's parameters. Stage (1981) proposed a log- Special features and constraints are included in

•arithmic transformation to adjust basal area growth the model forms to produce biologically reasonable
rate Using past growth information. On the other behavior for certain rarely encountered extremes.
hand, Smith (1983), used a more elementary ratio of Hahn and Leary (1979) constrained tree diameter
the means adjustment by species for each of three growth to be less than or equal to a biologically real-

istic potential growth. Silvicultural literature wassize classes. This approach was used to adjust an
earlier Lake States STEMS version (Hahn et al. consulted to determine reasonable upper d.b.h, lim-
1979) for use in northern Michigan. its for each species. Also, a maximum stand basal

area limit was included in the competition modifier
This paper presents a simple method for adjusting (Holdaway 1984) to restrict stand density to biologi-

the tree diameter growth estimates of STEMS, the cally realistic values.
Standand TreeEvaluationand ModelingSystemof
theNorthCentralStation(Belcheretal.1982).We In spiteofthe broaddatabaseand biologically
give coefficientsforadjustingthe Lake States formulated models, applicationsand testing
STEMS totheforestsofnorthernand centralWis- (Holdawayand Brand 1983)revealedsmallsystem-

aticerrors for some species and conditions. There are
consin, several potential causes for this. The tree growth

BACKGROUND model coefficients were developed mainly from re-
search plots. Such plots usually are chosen for their
good location and minimum natural damage. They

A comprehensive growth projection system, are usually carefully managed, resulting in a more
STEMS, has been developed for the Lake States uniform stand than would be found on general forest
(Belcher et al. 1982). This regional growth model has land. When these models are used to project stands
many strengths; some result from the size and that have not been maintained under the same opti-
breadth of the data base used. The STEMS data base

mal conditions growth is usually overpredicted
included 1,501 plots containing multiple measure- (Bruce 1977).
ments on 92,649 trees. Data came from cutting ex-
periments, demonstration woodlots, industrial con- Also, the available sources for the calibration data
tinuous inventory systems, and personal records of were mostly young established stands--approxi-

• forest growth from across the Lake States. These mately 90 percent of the trees were from 3 to 7 inches



forsoftwoodsand 5 to11inchesforhardwoods.Thus calibrationdatafortheSTEMS modelwas collected

the growthmodelswere extrapolatedbeyond the duringa periodthatwas relativelyunaffectedby
limitsofthecalibrationdatainordertoaccurately aciddeposition,andthusthebasicmodelcoefficients
c0nstraingrowthestimatesattheupperdiameters, would estimatea "normal"growthcondition.How-
Extrapolationproblemsalsoexistedat the lower ever,in recentyears,aciddepositionhas been in-
limitsofthecalibrationdataformany ofthespecies, creasing.Ifslightdecreasesingrowthwere occur-
Fourteenspecieshad'veryfewobservationsbelow4 ringas a resultof aciddeposition,the "normal"
inches.As a result,thegrowthfunctionwas devel- STEMS modelwouldbe expectedtoovergrowtrees
oped from data representing anywhere from 25 to 60 on more recent validations.

percent of the full range of diameter for each spe- Thus, problems originating from the use of exper-
cies--although the mid diameters were well repre- imental plots, possible long-term cooling of the cli-
sented, mate, and/or possible forest decline due to acid depo-

A time element is also involved. The forest is a sition, would all result in overestimation of diameter
dynamicsystemundergoingcontinualchange.The growthon thegeneralforestplotsusedinmore re-
modeldevelopmentdataisaging--mostinitialmea- centstudies.Theseresultshave beenconfirmedby
surementsweretakenbetween1945and 1960,with the validationofSTEMS (Holdaway and Brand
finalremeasurementsmade in 1975and 1976.Has 1983)wherediametergrowth_wasconsistentlyover-
thegeneralforestconditionchangedrecentlyand if predictedon allpropertiesby an averageof0.11
so,what factorsarecontributingtothechange?The inchesin 10years.Limitationsintheoriginaldata
majorfactors possiblyaffectingtheforestcondition basecouldresultinunderestimationoroverestima-
arechangesinthemacroclimate,insectand disease tionofdiametergrowthforcertaindiametersizes.
outbreaks,andforestdeclineduetoaciddeposition. One routetoachievingup-to-dateresourceinforma-

tionconsistsofadjustingthegrowthmodeltoreflect
Climateisneverstatic.Precipitationand temper- theongoingchangesinherentina dynamicsystem.

ature,whichaffectgrowth,fluctuatebothyearlyand This paper presentsa simplemethod to adjust
alsooverlongertimeperiods.The averageannual STEMS forthesecombinedfactors.
northernhemisphericairtemperaturehas been
slowly dropping since 1940. This cooling followed a WISCONSIN APPLICATION
60-year warming of the northern hemisphere. Cli-

matic records of the past show that coolings last at Wisconsin is partitioned into five geographically
least 40 years (Bryson 1974). Kalnicky (1974) indi- homogeneous survey units--the Northeast, North-
Catedthat the temperature across Wisconsin has fol- west, Central, Southeast, and Southwest Units
lowed the same cooling trends. These climatic fluctu- (fig. 1). The Northern and Central Units--heavily
ations over decades have biological ramifications glaciated leaving gravel hills, sandy plains, bare
affecting the length of growing seasons, precipita- rock outcrops, extensive swamps and many lakes
tion distribution, species distribution, tree growth, and streams--are largely forested. Roughly 70 per-
and pathogen activity (Layser 1980, Moran and Mor- cent of the two northern survey units and 39 percent
gan 1976). Consequently, even modest temperature of the Central Unit are in commercial I forest land
changes between the calibration period and future (Spencer and Thorne 1972). This area is character-

_periods could have an effect on the accuracy of tree ized by high annual precipitation, received predomi-
growthprojections, nantlyduringthe summer and increasingas one

Three speciesin the Lake States--balsamfir, moves northward(Rauscher1984).

blackspruce,andelm--havebeensubjectedtoinsect Remeasurementforestinventoryplotsfromthese
ordiseaseoutbreaks.None ofthedamagingagents threenorthernunitswereusedtodevelopthemeth-
involvedWere presentathighlevelson thecalibra- odsdescribedinthisreport.The two southernunits
tionlocationsduringthe measurement interval, were excludedsincetheyare chieflyagricultural
Sincethen,theseinsectand diseaseinfestations and weredistinctlydifferentfromthenorthand cen-
have spreadintomuch ofthe area(Holdawayand tralinclimate.Subregionaladjustmentsofregional
Brand 1983_,oftenreducinggrowth.To modelcur- growthmodelsshouldberestrictedtosmallregions
rentgrowthforthesespecies,morerecentlycollected of essentiallyuniformclimateand similarbroad
datamust be incorporatedintotheoriginalmodel, physiographicfeatures.

F0restdeclinedue toaciddepositionisa recent
conjecture.The Lake Statesregionhasonlymoder-
atelevelsofaciddeposition,increasingin magni-
tudealong a gradient from northern Minnesota to 1Commercial forest land is land capable ofgrowing
southern Michigan. What wotfld be the effect of such industrial wood and not reserved from timber har-
a condition on forest growth projections? Much of the vesting.
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Figure 1.--Location of Wisconsin Survey Units--data from the three shaded
units were used to adjust the Wisconsin forests.

METHODS stands originating around 1920 (Spencer and Thorne
1972). Eighty-three percent of the stands were less

Data Base than 70 years old. Despite the general youth of the
forests, there were small areas of overmature stands

Permanent plots from the 1966-1969 survey of within most forest types. Consequently, the data
n0n-National Forest land and the 1974-1976 survey base contained ample moderate sized trees with
of the Chequamegon and Nicolet National Forests fewer large trees. Trees under 5 inches were well
were reme'asured in 1983. The permanent plots, sys- represented because of the three fixed radius sub-
tematica]ly distributed across each Unit, were plots taken on each plot. Approximately 90 percent
variable-radius plots established at 10 points uni- of all trees were between I and 14 inches--a consid-
formly Spaced over an acre. At each point, trees 5.0 erable increase in the d.b.h, range noted earlier for
inches d.b.h, and larger were sampled with a 37.5 the calibration data base, especially for the soft-
factor prism. At the first three points tree saplings woods.
(d.b.h. 1.0 to 4.9 inches) were recorded for fixed area

Stand history obtained during the second mea-subplots. Only forest survey data for the Northeast,
surement was used to identify all plots disturbedNorthwest, and Central Survey Units, including the
within the past 15 years. Disturbed plots, 32 percentNational Forests within these units, were used

(fig. 1). of the original plots, were removed; 1,177 plots were
retained for the analysis (table 1). Initially, every

• in 1968, forests in Wisconsin were generally fourth plot was reserved for validation.
young and rebuilding with the predominance of



Table 1.--Number of nondisturbed remeasured plots on commercial forest land
in Wisconsin used in the analysis

Non-Nalbnal National

SurveyUnit Forestlands Forestlands All

Northeast 308 113_ 421
Northwest 407 882 495
Central 261 0 261

..

All 976 201 1,177 .

_NicoletNationalForest.
_hequamegonNalionalForest.

Analysis Preliminaryresultsshowedthatthemean 10-year
d.b.h,errorwas reducedfrom0.17inchesbeforead-

STEMS 2was usedtogrowthetreesfromthetime justmentto0.03inchesafteradjustmenton theval-
oftheearliersurveyto1983.Treespecies,midpoint idationplots.The finalmodelcoefficientswerebased
observedd.b.h.3,and annualpredictedand observed onthe1,177combinedcalibration-validationplotsto
growth were used fordevelopingthe adjustment strengthencoefficientestimationforspeciesand di-
function.From thisinformation,species-specificameterclasseshavingfewobservations.
mean annualgrowtherrorsand ratiosofpredicted
over observed growth, grouped by 2-inch diameter RESULTS
classes Upto 30 inches, were graphed by d.b.h, class
and survey unit. The graphs indicated distinct curvi- Coefficients for the diamete_ adjustment function
linear error patterns related to tree d.b.h, were calculated for 25 species groups (table 2). The

' The merits of multiplicative and additive adjust- model showed close agreement between predicted
ment models were compared using a second-order and observed d.b.h.: maximum differences over vari-

polynomial equation. Each model was examined for ous initial conditions were seldom greater than 0.10
long-term projections under a wide selection of stand inches in 10 years. With the growth adjustment, the
characteristics. The additive model was more realis- average 10-year diameter prediction error based on
tic in overall projections of stand characteristics. On 17,646 trees decreased from 0.16 inches to 0.02

the average, it accounted for 3 percent more vari- inches; the standard deviation of the prediction error
ability than did the multiplicative model, using decreased, going from 0.70 inches to 0.65 inches.

ratio-of-means estimates. In addition, the multi- Previous validation results for unadjusted STEMS
plicative model does not have the flexibility _ the (Holdaway and Brand 1983)on two National Forests
additive model to increase or alter growth for large in Wisconsin and two in Michigan, plus an experi-
diameter trees, a major disadvantage, mental forest in Minnesota, revealed overprediction

The additive diameter adjustment (ADJ) for the of growth for the middle diameter classes. The di-
annual growth of a tree, ameter adjustment corrected much of this problem

(fig. 2).
ADJ = al-DBH + a2.DBH2 + a3 , (1)

A related area of concern, also revealed during the
Yields a new d.b.h, estimate, DBHNEw = DBH previous STEMS validation, was the overprediction
+ ADJ. DBH and DBH 2 were retained in equation of growth for overstory trees, i.e. trees with an initial
(1), i.e. al and/or a2 not zero, only if their contribu- relative d.b.h. (relative d.b.h. = d.b.h./average
tion to the prediction was significant at the 0.05 d.b.h.) greater than 1 (Holdaway and Brand 1983).
level. A large, negative diameter adjustment, which The diameter adjustment reduces this overpredic-
could produce negative growth, is prevented by re- tion by about 75 percent (fig. 3). The reduction of the
stricting growth after the adjustment to non- average error and the damping of these two error
negative values, patterns provide a general measure of confidence in

the adjusted model.

Diameter (DBH) errors measure how well the
2The mortality model used is the original model growth component functions; number of trees (NT)

deScribed in Buchman (1979). errors how well the mortality component functions
• 3Using the midpoint d.b.h, removed the effect of and its response to the growth function; and basal

varying interval lengths in the data. area (BA) errors, a combination of the two, measures



Table 2.--Annual diameter adjustment" function 1 coefficients for 25 species groups in North and Central
Wisconsin

Coe_cients Annuald.b.h,adjustment

SpeciesgrouP Trees a1 a2 as 1 10 20

Number ............ Inches............
Jackpine 664 -0.0174 0.00065 0.069 0.052 -0.040 -0.019
Redpine 390 .0000 -.00017 .018 .018 .001 -.050

..

Whitepine 538. -.0043 .00011 .029 .025 .003 -.013
Whitespruce 227 -.0225 .00067 .050 .028 -.108 -.131
Balsamfir 771 -.0112 .00040 .030 .019 -.042 -.034
Blackspruce 316 -.0248 .00162 .037 .014 -.049 -.049
Tamarack 342 -.0093 .00042 .048 .039 -.003 .030
N.white-cedar 813 • -.0050 .00000 -.004 -.009 -.054 -.104
Hemlock 452 -.0043 .00022 .039 .035 .018 .041
Blackash _ 605 -.0115 .00032 .051 .040 -.032 -.051
Silvermaple 48 .0109 .00000 -.106 -.095 .003 .112
Redmaple 1,792 .0008 .00004 -.017 -.016 -.005 .015
Elm 344 -.0102 .00023 .028 .018 -.050 -.084
•Yellowbirch 453 -.0021 .00010 .001 -.001 -.010 -.001
Basswood 813 .0000 .00007 -.037 -.037 -.030 -.009
Sugarmaple 2,251 .0014 .00002 -.024 -.023 -.008 .012
Whiteash . 148 -.0113 .00066 -.002 -.013 -.048 .037
Whiteoak , 480 -.0079 .00039 .048 .040 .008 .046
Selectredoak. 1,158 .0015 -.00003 -.026 -.025 -.014 -.008
Otherredoak 697 .0026 .00000 -.088 -.085 -.062 -.036
Bigtoothaspen 588 .0124 -.00022 -.079 -.067 .023 .080
Quakingaspen , 2,168 -.0132 .00079 .031 .019 -.022 .084
Paperbirch 1,242 -.0066 .00038 .011 .005 -.017 .032
Otherhardwoods 219 .0085 -.00026 -.088 -.080 -.030 -.022
Noncommercial 175 -.0046 .00000 -.070 -.075 -.116 -.116

-Total 17,694

tGeneralmodelisADJ=al.DBH+a2.DBH2+a3.Theadjustmentisaddedtotheannualdiametergrowth,suchthatgrowth___O.
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. Figure 3.--Mean l O-year d.b.h, errors plotted
Figure 2.--Mean l O-year d.b.h, errors plottedagainst against initial relative d.b.h, for all trees. The

. initial d.b.h, for all trees. The percent of the percent of the observations in each class is given in
obseruations in each class is given in parenthesis, parenthesis.
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how well the model functions as a whole. Thus, an overestimation uniformly spread over the BA--
evaluation of the DBH errors and NT errors sepa- DBH classes. The separate trends in DBH and NT
rately, plus the BA errors, helps understand how the were muted when the components were combined.
system is operating. Obviously, even large errors in the number of very

small trees have very little influence on estimating
Error patterns and interactions for DBH errors stand basal area.

after adjustment are shown for basal area by diame-
ter classes (table 3). Although the overall DBH error In summary, the major problem areas are:
is low, some potential problem areas are evident.

1. The adjusted STEMS Model overgrows the larger
The model appears to have a systematic bias with

trees (DBH ->4 inches) on understocked plots (be-
regard to basal area. It overpredicts for low basal

low 25 square feet/acre), representing one percent
area stands and underpredicts for high basal area of the trees.
stands. The worst overprediction is for the 3 percent
of all trees that are found in the very low basal area 2. The model severely overestimates NT (or under-
plots. In the low basal area stands there appears to estimates mortality) on very young stands (aver-
be a bias with respect to tree size, with overpredic- age d.b.h. <4 inches), especially for BA >75
tions of DBH increasing with tree size. square feet/acre. Translated into trees, this

means that the system may be off by 60 to 80
Analysis of NT error patterns by basal area and trees on young stands composed of over 1,000

average stand diameter classes (table 4) shows the trees per acre. The conditions under which this
number of small trees (trees <4 d.b.h.) is overesti- kind of error occurs are found on 19 percent of the
mated when stand basal area is less than 75 square plots and, presumably, roughly 19 percent of the
feet and greatly underestimated for the more dense land area.
stands. There is a sharp decreasing trend in estimat-
ing NT for the youngest stands (average d.b.h. <4 DISCUSSION AND CONCLUSIONS
inches). However_ because very young stands have a
large number of trees, mortality errors are magni-

. fled when expanded to a per acre basis. This trend is The design of STEMS provides coverage for a wide
most marked for the young stands with higher basal variety of conditions encountered in the Lake States,
area (75 square feet or more). These plots account for and the coefficients of the model are based on data

•19 percent of all plots in this study, throughout the re#on. Evidence suggests that the
performance of the model on a subregion of the Lake

Finally, performance of the adjusted growth model States could be improved by developing adjustment
in combination with the mortality model, as mea- coefficients that more accurately reflect local grow-
sured by the mean BA error (table 5), shows slight ing conditions.

Table 3.--Mean d.b.h, errors in 10 years by basal area and diameter class for all Wisconsin data sources using
the STEMS model with diameter adjustment. The number of trees appear in parenthesis. Positive values are
overpredictions

• Treediameter(inchesatbreastheight)
Stand

basalarea All
(ft2/ac) 0.0-3.9 4.0-7.9 8.0-11.9 12.0+ classes

..................................... Inches.....................................
0-24 ' 0.11 0.24 0.25 0.56 0.22

(208) (151) (62) (49) (470)

25-74 -.08 .12 21 .26 .11
(1,350) (1,996) (1,233) (636) (5,215)

75-124 -.07 .02 -.01 .08 .01
(1,271) (2,936) (2,383) (1,527) (8,117)

125+ -.06 -.06 -.16 -.10 -.10
(574) (1,323) (1,186) (761) (3,844)

' Allclassei -.06 .04 .01 .08 .02
(3,403) (6,406) (4,864) (2,973) (17,646)



Table 4.--Mean number of trees error in 10 years by stand basal area and average diameter class for all
Wisconsin data sources using the STEMS model with diameter adjustment. The number of plots appears in
parenthesis. Positive values are overpredictions

Averagestanddiameter(inchesasbreastheight)

Stand
basalarea All
(_/ac) 0.-3.9 4.0-7.9 8.0-11.9 12.0+ classes

•. .................................... Trees/acre.............................

0-24 17 2 -1 1 11
(86) (36) (6) (8) (136)

25-74 16 9 0 8 13o

(301) (184) (21) (4) (510)

75-124 -40 2 -2 4 -15
(169) (216) (17) (4) (406)

125+ -93 0 -1 -3 -39
(52). (67) (5) (1) (125)

Allclasses -9 4 -1 3 -3
• (608) (503) (49) (17) (1,177)

I .have demonstrated a simple method to recali- Tree growth models for estimating the biological
brate a regional tree growth model for use in a sub- behavior of and constraints on tree growth are non-
region of similar climate and geography--namely linear and often very complex in how the various
the commercial forests of northern and central Wis- submodels interact. Even a simple change in how
consin, one aspect of the model functions can have complex

Table 5.--Mean stand basal area error in 10 years by basal area and average diameter class for all Wisconsin
data sources using the STEMS model with diameter adjustment. The number of plots appears in parenthesis.
Positive values are overpredictions

Avmgeranddiameter(inchesatbreastheight)

Stand
basaiarea All

(_/ac) 0.0-3.9 4.0-7.9 8.0-11.9 12.0+ classes

.................................... SqNac......................

i 0-24 4 1 2 3 3
' (86) (36) (6) (8) (136)

25-74 3 4 3 11 4
(301) (184) (21) (4) (510)

75--124 1 3 0 11 2
(169) (216) (17) (4) (406)

125+ -3 -1 -2 2 -2
(52) (67) (5) (1) (125)

Allclasses 2 3 1 7 2
(608) (503) (49) (17) (T,177)
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forests of Northern and Central Wisconsin--an area of essentially
uniform climate and similar broad physiographic features. Errors are
presented for various combinations of stand and tree variables.
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